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Computer Aided Chemistry-Responsive Technology from Perkin-Elmer 

Olympic lab gets 
results in record time 

Athletes at the Lake Placid Winter 

Olympics knew when they were 

handed a green card by officials 

that their urine was about to be 

tested for drugs ranging from 

stimulants such as ampheta

mines to muscle-building 

steroids. With gold 

medals hanging in 

the balance, test 

results had to be 

fast and reliable. 

Much of the drug screening 

was carried out by chromatogra

phy, a technique for separating 

mixtures of compounds so they 

can be identified and measured. 

To handle the heavy volume of test 

data, the Olympic laboratories 

were automated with a dozen 

Perkin-Elmer gas chromatographs 

linked to six Perkin-Elmer S IGMA 10 

Chromatography Data Stations. 

By bringing the power of the 

small computer into the laboratory, 

the S IGMA 10 makes 

it possible to collect 

and analyze data 

from a number of 

samples In less time than it 

once took to perform a 

single analysis. With a 

powerful microcomputer 

and memory for its 

"braln" and versatile software 

for its "intelligence," a single 

Chromatography Data Station 

can guide the operator and handle 

up to four simultaneous analyses. 

At Lake Placid, data stations 

controlled operation of the chroma

tographs, processed the data 

generated, and printed the final 

reports. In other environments, 

they also can function as part of a 

network of "distributed intelligence," 

trading data with a computer and 

interacting with othE1r "intelligent" 

laboratory instruments. 

Write to Perkin-Elmer for a free 

booklet about laboratory data 

handling and automation systems. 
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Chromatogram reveals presence of ephed
rine, which dilates respiratory passages 
to increase oxygen intake. Other peaks 
indicate smoking and coffee drinking. 

Data station automates 
trace metal search 

How much sulfur is in this coal? 

Does this canned milk contain lead? 

Is this well water too high in iron? 

To answer such tough questions, 

analytical chemists turn to atomic 

spectroscopy, a method of measur

ing traces of metals in concentra

tions as low as one part per billion. 

The three most common atomic 

spectroscopy techniques are flame 
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atomic absorption (for rapid determi

nation of up to six elements), graphite 

furnace atomic absorption (for trace 

and microsample analysis), and the 

newer inductively-coupled plasma 

emission (for multielement analysis 

and for elements that can't be readily 

determined by atomic absorption). 

In the new ICP/5000 System, all 

three techniques are combined for 

the first time, automated by micro

processors and controlled by a 

Perkin-Elmer intelligent data station . 

It can answer those tough questions 

by using the best analytical tech

nique for each: inductively-coupled 

plasma emission for analyzing 

sulfur in coal, graphite furnace for 

measuring lead in canned milk, and 

flame for analyzing iron in well water. 

Once optimum parameters have 

been recalled from memory by 

the analyst, the data station takes 

over. It selects wavelengths, cali

brates, tells the operator when to 

analyze the sample, indicates any 

error, displays and prints the results. 

With its Autosampler, the ICP/5000 
System can also sequentially ana

lyze as many as 50 samples for up 

to 20 elements automatically. 

The results will tell you whether 

the coal is harmful to the environ

ment, whether the milk is safe for 

your child, and whether you should 

drink the water. 

For your copy of a free brochure 

on the ICP/5000 System, write to 

the address below 

Perkin-Elmer computers 
speed lab data to doctors 

The clinical laboratory of Houston's 

MD. Anderson Hospital and Tumor 

Institute, one of the largest cancer 

centers in the world, performed 

more than two million tests last year. 

Data from these tests and thou

sands more on file must be 

instantly available via CRT termi

nals to doctors throughout the 

hospital. 

But as the volume of tests 

climbed over the two million mark, 

the computer in the clinical labora

tory began to blink "overload." In 

a comprehensive reliability study to 

choose new computers, the hospi

tal ran extensi�e equipment tests . 

Two Perkin-Elmer 32-bit "super

mini" computers were chosen on 

the basis of reliability, cost/perform

ance factors and the ability to 

handle the hospital's growing 

needs. 

Using system software devel

oped by the hospital, lab data 

is input via 44 CRT terminals and 

18 on-line instruments in the labo

ratory. T he computers output data 

to the medical staff through 97 

Medical team views terminal outside operating room 
to check patient's test file stored in lab computer 

CRT terminals throughout the 

hospital. 
With 512 K bytes of memory 

each, the computers have 

increased total system memory 

tenfold. Capacity of the patient 

data file has been increased from 

6,000 to 42,000 patients 

Despite this major upgrading in 

performance, the new equipment 

is easy for the staff to use: a few 

simple instructions are all that's 

required to enter or retrieve data 

from the computers. 

For a free booklet about 32-bit 

computers, write to the address 

below 

For more information 
If you would like to learn more 

about these Perkin-Elmer products 

for Computer Aided Chemistry, 
please write: Corporate Communi
cations, Perkin-Elmer, Main 

Avenue, Norwalk, CT 06856. 

PERKIN-ELMER 
Responsive Technology 
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TheHa 
Tales 

Droughts. Wlter shortages. �rts 
encroaching on once· fertile land. 

It's about tirre Arrerica had sorre 
good news about water. It's about titre 
\\e found a supply that muld take the bur· 
den off the muntry's overtaxed and often 
{X}lluted lakes, rivers and reservoirs. 

\\ell, this'll 
be the 
best news 

you've heard about 
water in a long, long 
tirre. The happy truth 

is Arrerica has a 
virtually endless 

supply just waiting 
to be tapped. 

All \\e have  
to do is look a 

little deeper. 

AMERICA'S BEST WATER 
IS ALWAYS G ETTING 

UNDE RFOOT. 
The earth has as much water t oday  as 
it had in prehistoric times. The water 
rrny sorretirre change forms, but the 
supply itself is mnstant. &l where is all 
the water t oday? 

An arrnzing percentage is where 
it's always been. Underground. 

An incredible 95% of all the fresh 
water on earth is ground water. In the 
United States, there's 20 or 30 tirres as 
much water underground as there is in all 
the lakes, str eams and rivers wmbined. 

What's nne, it's a mmpletely re
newable supply: Although the rate of 
replenishing varies greatly, water is 
seepingintothegroundmnstantly, every 
hour of the day; every day of the year. 

WELL WATER IS A 
NATURAL DEUGHT. 

The Arrerican public is usingrmre than 
90 billion gallons of \\ell water a day. 

liuthAboutTh
e Unexpected 

Approxirmtely 700,cro new 
\\ells are drilled every year. 
\\ells now provide ahmst 35 
percent of the water used by 

mmicipalities-and over f!fffo 
of the water used in rural 
areas for horres and livestock. 

Why is it so incredibly 
{X}pular now? Part of the 
reason is the very fact that it F:::=:::::���@2 
is so plentiful-and that once 
tapped, the water is available r-.....-'-...... ..:. 
for as long as it's sensibly used. 

But part of the reason, 
is that \\ell water is part of 

Arrerica's healthy drive to get 
back to its roots. After all, 
\\ells tap Arrerica's purest 
supply of natural water. 

fus that rrean this 
It's called the hydro¥ cycle. It means thllt 

billions of gallons of water are entmng unde rground res ervoirs every day. 

water's 1cx:1}b I?ure? Absolutely not. 
Although It rarely suffers from the 

{X}llution that so often afflicts surlace 
water, nine tirres out of ten, \\ell water . 

even better than totally pure water. 
It's enriched with dissolved natural 
minerals. Those minerals give \\ell 
water in every part of the muntty its 
distinct, regional flavor. (If those 

minerals impart too strong a flavor, 
a simple filtering device can 

usually p urify  the water 
autorrntically.) 

AMERICA'S MOST 
RTILE FIELDS 

'ARE ALL WET. 
Many of the irrigation 

system; in the arid 
and semi-arid 

rely exclusively on huge under-
ground reservoirs that have been 001-
lecting water for centuries. Without 
those rich water supplies, many of the 
rmst fertile fields in the muntty W)uld 
soon bemrre harrell In the 17 \\eStern 
states, for e xample, about 70 percent of 
the water used for irrigation mmes 
from \\ells. 
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eEndless Well And Other 
FmmThe UndetglUund. 

As long as that water isn't pumped 
faster than it's naturally replaced, there 
will always be plenty for the fields-and 
for the factories, horres and entire cities 
that rely on Olrr lll1dergrolll1d resource. 

WIN YOU SHOULD ALWAYS 
LOOK BEWW THE S URFACE. 

Let's say you're looking for a new water 
supply. Maybe you're building a new 
horre, factory or office building. Maybe 
you're planning a multi -acre farm or a 
q uarter· acre garden. Maybe you're on 
the OOar"d of a regional or municipal 
water authority. Or rrnybe you'd just 
like the sea.rre feeling that mrres with 
knowing that no one can turn off or limit 
your water supply. 

The first place to look is your own 
backyard. 

Grolll1d water in sorre quantity 
can be fOlll1d lll1der allll)St every tract 

o Under l(ffo .25-50% 
1O-2fJ1o .Over5O% 

Htlls can help lessen the hmrible effects of drought. 

mnstruction. A system that never bemrres 
clogged with silt or \\eOOs. One that 
never loses water by evaporation. One 
that d oesn't rermve productive land 
from other beneficial uses. 

The fact: is, grolll1d water is a vir
tually lll1tapped, unfailing resource. A 
priceless resource that's so vast, its 
potential has just beglU1 to surface. 

ITS TIME YOU 
WENT TO THE PROS. 

of inhabitable land on earth. The mst 
of getting t:hat water is alrmst always 
l<Mer than the mst of relying on any 
other water supply. A professional water \\ell mntractor is 

If you have a professional, There's water under almost every a water specialist, an 
expenenced water \\ell inhabitable tract of land onEarth. engineer and a crafts man 
mntractor ins pect: your site all rolled into one. He knows 
to determine the feasibility the right t eclmiques for 
of using grolll1d water, you'll finding the best site and 
be doing yourself and your building the best kind of \\ell. 
locality a favor, because He knows what equiprrent 
be relying on a water to use. 
system that doesn't drain He's the man you should 
public reservoirs. A system call to find out rmre about 
that doesn't require rmjor what's going on lll1der-

grolll1d on your land. 
He's not, incidentally, the man pay

ing for this rressage. It's brought to you 
instead by Fr anklin Electric, the mm 
pany that makes the rmtors for Ill)St of 
the subrrersible p ump  manufacturers. 

\\e're doing it because \\e think it's 
tirre you knew the good news about one 

Arrerican resource that's not in trouble. 
The story's 

kept lll1dergrolll1d 
long enough. 

r
To find out 
11Xlre aoout �ll 
ground water contractors and ground 
water pumping techniques, just send 
this coupon to Franklin Electric, 400 
E. Spring St., Bluffton, IN 46714. 
\\e'\l Wlrk with the National Water 
Well Association to send you 11Xlre 
good news from the underground. 

Name ________________ _ 

Admess ______________ _ 

!Q� �
np __ 

! Frank�lectric 
I. Bluffton. Indiana 46714 • 

----------------
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What kind of man 

owns his own computer? 
Rather revolutionary, the whole idea of owning your on your desk -is a computer that answers only to you ... 

own computer? Not if you're a diplomat, printer, scientist, Apple Computer. It's less expensive than timesharing. 
inventor ... or a kite designer, too. Today there's Apple More dependable than distributed processing. 
Computer. It's designed to be a personal computer. To Far more flexible than centralized EDP. And, 
uncomplicate your life. And make you more effective. l,. at less than $2500 (as shown), downright 

It's a wise man who owns an Apple. � affo:d:ble. 

If your time means money, Apple can help you 0 VISIt your local computer store. 
make more of it. In an age of specialists, the most � You can join the personal computer 
successful specialists stay away from uncreative revolution by visiting the Apple dealer in 
drudgery. T hat's where Apple comes in. your neighborhood. We'll give you his name 

Apple is a real computer, right to the core. So just like when you call our toll free number 
big computers, it manages data, crunches numbers, keeps (800) 538-9696. In California, 
records, processes your information and prints reports. You (800) 662-9238. 
concentrate on what you do best. And let Apple do the rest. Apple Computer, 10260 
Apple makes that easy with three progr amming languages- Bandley Drive, 
including Pascal-that let you be your own software expert. Cupertino, 

Apple, the computer worth not waiting for. CA 95014. 
Time waiting for access to your company's big main

frame is time wasted. What you need in your department-
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THE COVER 
The photomicrograph on the cover shows part of a microelectronic device in 
which the basic circuit elements are not semiconductors but superconductors. 
Such devices operate extremely fast and dissipate little power, attributes that 
suit them for use in a high-speed digital computer (see "The Superconducting 
Computer," by Juri Matisoo, page 50). The switching function essential to any 
digital computer is carried out by Josephson junctions, which depend for their 
operation on two quantum-mechanical phenomena: superconductivity and the 
"tunneling" of electrons across an insulating barrier. The junctions, visible here 
as circular features within the dark brown rectangles, consist of two supercon
ductors laid down one on top of the other with a thin layer of insulator be
tween them. The superconductors, which can be recognized by their metallic 
sheen, are made of a lead alloy. Regions with a pebbly texture are covered by 
an insulating layer. A computer made up of Josephson-junction devices would 
be quite small, with a volume of a few cubic inches or less, and would oper
ate some 50 times faster than most of the high-performance computers now 
being made. Because superconductivity occurs only at temperatures near ab
solute zero, the computer would be immersed in a bath of liquid helium. The 
device shown is a measurement circuit in the power supply of an experimen
tal array of Josephson-junction devices. It was fabricated at the Thomas J. 
Watson Research Center of the International Business Machines Corporation. 
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LETTERS 

Sirs: 
Bernard d'Espagnat's article "The 

Quantum Theory and Reality" [SCIEN
TIFIC AMERICAN, November, 1979] may 
leave some readers with a distorted im
pression of the essence of quantum me
chanics. In particular the subtitle and' 
the descriptive line in the table of con
tents for the issue are misleading; the 
first states that the world is made up 
of objects whose existence depends on 
human consciousness, and the second 
maintains that quantum mechanics dis
agrees with the doctrine that the world is 
independent of the mind. How can that 
be? Quantum mechanics deals with the 
properties of a piece of metal, with the 
processes in the interior of distant stars 
or with the nature of rocks that exist
ed before humankind evolved. The arti
cle itself does not even support those 
questionable statements. It does, how
ever, contribute to these misunderstand
ings-it did lead the editors to formu
late the subtitle and the line in the table 
of contents. 

The article is based on a rather nar
row definition of reality, namely the ap
plicability of concepts we use in deal
ing with macroscopic objects, such as 
position, velocity and angular momen
tum. Quantum mechanics, however, has 
shown that classical concepts are insuffi
cient for the description of atomic phe-

8 
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nomena. We are dealing with quantum 
states: states that have a particular way 
of escaping ordinary observation be
cause such observations in many cases 
obliterate the conditions of the states' 
existence. The quantum states are de
scribed by wave functions implying the 
coexistence of waves and particles in the 
nature of electrons or other physical en
tities, a situation that would be impossi
ble within a classical framework. There 
are well-defined rules of how the prop
erties of atomic systems are determined 
from those wave functions. 

The ideas of quantum mechanics do 
not contain any reasons whatsoever for 
giving up the concept of a reality that is 
independent of the mind. On the con
trary, without the existence of quantum 
states we could not explain the specific 
properties of the elements, the structure 
of molecules and the existence of life. It 
is indeed true that the reality of the 
quantum state is different from the reali
ty we would ascribe to a system of ordi
nary particles. 

Heisenberg's uncertainty relations are 
the warning signs that tell us how far we 
are allowed to apply classical concepts 
to a quantum situation. In the case of the 
spin of a proton these relations say that 
it makes no sense to talk about the value 
of the y component of the spin when the 
x component is well defined. This warn
ing was not heeded in d'Espagnat's "re
alistic" interpretation of the Einstein
Podolsky-Rosen experiment. Whoever 
disregards Heisenberg's warning signals 
ends up in a web of contradictions. 

D'Espagnat is right when he says that 
one of his three premises quoted on the 
first page of his article must be violated 
in quantum mechanics. The first prem
ise states that any observed regularities 
should be "caused by some physical re
ality." This premise is upheld. I consider 
the quantum state to be a physical reali
ty even though it cannot be described 
with classical concepts. D'Espagnat's 
second premise about inductive infer
ence is certainly upheld, but one must be 
careful when one draws what he calls 
"legitimate conclusions" from observa
tions. The conclusions must be legiti
mate within the framework of quantum 
mechanics. For example, it is not legiti
mate to assume the existence of definite 
values for two components of angular 
momentum. 

The third premise, that of "separabili
ty" or "locality," is surely not fulfilled. It 
postulates that there should be no con
nection between measurements on two 
separated -protons except those mea
surements that could be considered ar
ranged before the protons separate. 
Such unexpected connections do indeed 
occur, because the quantum state ex
tends from one proton to the other even 
when the protons have separated. Such 
extended quantum states are nothing 
unusual. In the famous experiment of a 
beam of electrons passing through two 

slits of a diaphragm and forming inter
ference patterns on a screen the quan- . 
tum state extends over a region that in
cI udes the two slits. In principle this dis
tance could be as large as one pleases. 

The spatial extension of the wave 
function of the two protons A and B 
in d'Espagnat's example is to be un
derstood as follows. The wave function 
contains correlations between the spins 
of A and B:when the spin of A is up, then 
B is down, and vice versa. This is the 
case whatever the distance is between A 
and B. A state with such correlations is 
called a singlet state. It has the remark
able property that it is one and the same 
quantum state, no matter in what direc
tion the "up" and "down" are pointing. 
This surprising result is an aspect of the 
fact that the spin components are mean
ingful only in one direction at a time. 
Whenever a measurement is made on A, 
the spin of B is in the opposite direction 
in a singlet state, no matter what direc
tion was chosen. Once I know that B 
has its spin in the opposite direction I 
can predict the probabilities of any spin 
measurement on B, even if B is distant 
from A. 

This situation has nothing to do with 
any propagation of signals faster than 
light. The experimental setup discussed 
in d'Espagnat's article, or any other 
combination of measurements made on 
an extended quantum state, can never be 
used for the transmission of signals. 

Quantum mechanics presents us with 
a much richer reality than we are accus
tomed to encountering in macroscopic 
physics. That is why it succeeded in de
scribing what we actually observe in 
the atomic realm. In particular when the 
quantum state extends over macroscop
ic distances, as it does in the experi
ment described by d'Espagnat and for 
that matter in the phenomena of super
conductivity (the Josephson effect), we 
encounter unexpected and puzzling cor
relations between measurements at dif
ferent locations. 

VICTOR F. WEISSKOPF 

Massachusetts Institute of Technology 
Cambridge 

Sirs: 
First of all I disagree with Professor 

Weisskopf when he states that the article 
under discussion is "based on a rather 
narrow definition of reality, namely the 
applicability of concepts we use in deal
ing with macroscopic objects, such as 
position, velocity or angular momen
tum." The article is definitely not based 
on any such a priori assumption. In fact, 
it is based on no a priori assumption 
whatsoever since it is constructed as a 
th�orem, more precisely as a- proof a 
contrario. The essential purpose is to 
show that a set of three, and only three, 
very general hypotheses (or premises), 
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Stevie is a perfectionist through 
and through. He records a song 
track by track. Plays it back count
less times to check quality and 
performance. 

We felt we had a lot in common 
with Stevie. Each TDK cassette 
has 250 components, assembled 
with microscopic precision. 
There are 1,117 check points for 
the shell alone. TDK is tested 
under extremes of heat, humidity 
and shock. It performs brilliantly. 
W hich is why each TDK package 
has a full I ifetime warranty. * 

As we discovered, Stevie has 
been using TDK cassettes for 
years. Long before we thought to 
ask him. For a perfectionist, that 
says a lot. 

-In
,
the unlikely event Ih<ll .. my TOK C.ls�lle ever ;.. ,�� .. � ... " "'�"';;�"i 

fclil') to performduf' tOduefecI in mJlenalsor �o U S, A N � 
workm,Jn�hip simply return it to your local f)t..· l"d'\ fi 
de .. ller or to TOK for ,1 free repiacenlent. 'f;$��I C- ",.,.�:r· 

Team .... '�� �. ' 

namely realism, the free use of induc
tion and Einstein separability, have con
sequences that are contrary both to the 
predictions of the quantum rules and to 
observed facts, so that at least one of the 
premises must be wrong. Clearly when a 
mathematician develops a proof show
ing that an assumption a has a false con
sequence b (and must therefore be re
jected), he should not be criticized for 
having considered, for the sake of the 
proof, the possibility that a, or some 
proposition deduced from a, could have 
been right! 

Admittedly the validity of any such a 
conrrario proof depends on the absence 
in it of supplementary implicit assump
tions (whose falsity could then be re
sponsible for the falsity of the conclu
sion). Now, it would be preposterous 
for me to claim certitude on that point 
of exhaustiveness. Nevertheless, I main
tain that the various items cursorily not
ed by Weisskopf do not constitute such 
supplementary assumptions. For exam
ple, it is irrelevant to the proof that ob
servation should "in many cases obliter
ate the conditions of the [quantum] 
states' existence." The proof is con
structed in such a way as to guarantee 
that irrelevance (provided of course that 
the premises are assumed). Similarly, 
my statement that the spin of a proton 
of a singlet-state pair has several well
defined components is not a supplemen
tary assumption; it is derived from the 
premises. (The key point is the definition 
of "property A+" in the last paragraph 
on page 166.) 

At this stage Weisskopf directs to me 
a second criticism. Without having re
course to experiment I should have 
known a priori that the statement just 
discussed above must be wrong, since it 
contradicts the uncertainty relations. I 
cannot accept that second criticism ei
ther. In my opinion it is based on an 
uncritical identification of some ele
ments of the mathematical formalism 
(here the "quantum states") with ele
ments of objective independent reality. 
And therefore it misses the main point 
underlying our recent investigations, 
which is that in view of the rather well
known difficulties entailed by every such 
a priori commitment it is interesting to 
avoid all such commitments wherever 
possible. Then, however, we must take 
into account the nonexistence of any 
correct proof that the uncertainty rela
tions do not just refer to some unavoid
able ignorance of some finer physical 
details, irrelevant for predictions. Hence 
in order to test the premises we must 
develop the argument further and ulti
mately let experiment decide for us. 
Since experiment is possible, any other 
attitude would, I think, carry with it a 
slight flavor of dogmatism. 

. 

As regards nonseparability both my 
article and Weisskopf's letter stress that 
it is well known in quantum mechan
ics. But when Weisskopf argues from 

this that the article says nothing new, 
he again overlooks the fact that up to 
the time of John S. Bell's work quan
tum nonseparability could logically be 
viewed as a mere feature of the formal
ism, not as a property of independent 
reality. In this respect the reported ex
periments do bring new knowledge, and 
it is knowledge that I think is philosophi
cally quite important. 

Now let me add a few more words 
about Weisskopf's own ideas, as sum
marized by the sentence "The ideas of 
quantum mechanics do not contain any 
reasons whatsoever for giving up the 
concept of a reality that is independent 
of our mind." That pronouncement is 
explicit. But, as I said, it is far from re
flecting the real problem in its intrica
cy. If it did, how could we understand, 
for example, Heisenberg'S statements 
that modern atomic physics "cannot 
deal any more with any Nature-in-it
self" and "is a mere link in the infinite 
chain of the dialogues between Man and 
Nature"? The mere existence of these 
sentences should, I think, serve as a sig
nal, warning us against the dangers of 
epistemological oversimplification. As 
Weisskopf himself puts it, we should 
not lightly disregard Heisenberg's sig
nals. Indeed, an objective fact concern
ing quantum mechanics is the wide span 
of diverging views entertained, even 
among leading physicists, regarding the 
problem of its foundations in reality. 
The work described in my article should 
serve for isolating-and for solving-a 
special part of that problem. And con
sidering the subtlety of the latter I do 
wonder whether, after all, it is not Weis
skopf's forthright pronouncement rath
er than my own article (even with its 
cryptic subtitle) that is the more in dan
ger of giving the reader a "distorted im
pression" of the essence of quantum me
chanics. 

Another objective fact, however, for
tunately exists concerning quantum me
chanics. It is that its rules of calculation 
are completely well defined. This is true 
even to the extent that they can form the 
basis of an objectivity of a new kind: 
a man-centered objectivity (see Heisen
berg's sentences again) that may well 
suffice for the building up of the entire 
body of positivist science. And in that 
connection I should not like to end this 
response without stressing the debt all 
the physicists of my generation have 
toward the small body of men that in
cludes Professor Weisskopf, for the very 
reason that their examples brilliantly 
showed us the almost incredible efficien
cy and fruitfulness of the new species of 
man-centered objectivity. 

BERNARD D'ESPAGNAT 

Laboratory of Theoretical Physics 
and Elementary Particles 

University of Paris-South 
Orsay, France 
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EXPLODING THREE MILE ISLAND. 
Think back. It hasn't been that long ago. 
Pennsylvania looked like it might be blown off the 

map any minute, turned into a radioactive no-man's-land 
forever. "Permanently uninhabitable" was the way they 
said it in the movie, The China Syndrome. 

That's the trouble. A lot of people said a lot of 
things. And a lot of it just wasn't true. Not even close. 

Take the hydrogen bubble that made 
all the headlines. Bubble, nothing. The 
implication was time bomb, ticking 
away. And that would've frightened 
anybody who didn't have a degree 
in chemistry. 

The fact is, that bubble 
couldn't explode. Not by any 
stretch of the imagination. 

To understand why, you 
have to understand how the 
hydrogen got there in the 
first place. And that takes 
some understanding of how 
the reactor at Three Mile 
Island was designed to work. 

It's the pressurized-water 
type, meaning the fuel core was 
cooled by keeping it submerged in 
water. H20. Hydrogen and oxygen. 
Heated by the core to more than 550 
degrees, well beyond the boiling point. 

What kept it from boiling was pressure, 
approximately 2,000 pounds worth. But on March 28th, 
last year, a relief valve on the pressurizer stuck open, 
the pressure dropped, and the water-the H20- inside 
the reactor boiled into steam. 

When that happened, the zirconium-alloy tubes 
housing the fuel underwent a chemical reaction. A kind 
of accelerated rusting that combined the zirconium 
from the tubes with oxygen from the water to form 
zirconium oxide. 

That's important, because with all the oxygen used 
up by the chemical reaction, the only part of the water 
left was hydrogen. The bubble. And what nobody 
bothered to tell you at the time was that without oxygen, 
hydrogen can't explode. 

On May 1st, more than a month later, the Nuclear 
Regulatory Commission admitted the scare was all a 
mistake. Roger Mattson, Director of its Systems Safety 
Division, told a congressional committee there "never 
was any danger of a hydrogen explosion in that bubble." 

That never made headlines. 
And more than likely, neither will the fact that even 

if there had been a meltdown, it wouldn't have spelled 
disaster for Pennsylvania. It couldn't have. 

First of all, the fuel core in the reactor vessel was 
surrounded by a containment building. Not just any 
building, an immense fortress with an enormously thick 

floor. Eleven feet of solid concrete reinforced with steel. 
Second, for a molten mass to eat through it, that 

concrete-and-steel floor couldn't be covered with water. 
But water is what's used to cool the core. And when the 
relief valve on the pressurizer stuck open , sending 
several hundred thousand gallons shooting out, the law of 
gravity gave it only one place to go. 

Down to the floor, right under the 
reactor vessel. Right in the path a molten 

mass would take. 
That's the fallacy of the 

meltdown theory. In spite of the 
overwhelming odds against it, if 

all systems failed, if the entire 
core melted, if it got through 

the foot-thick steel reactor 
vessel in one piece and 
dropped to the floor below, 

it would've been stopped 
right there. Cooled by an 

ocean of water inside the 
containment building, 

not 20 feet from where the 
meltdown started. 

As for any sudden burst of 
steam pressure that might be 

released when the molten mass 
hits the water, it wouldn't be nearly 

powerful enough to rupture the walls of 
the building. Walls capable of withstanding 

almost twice as much force. 
In other words, there was no way for significant 

radioactivity to reach the atmosphere outside. 
The point of it all is that Three Mile Island and 

nuclear power itself deserve a fairer shake. A second 
look minus the hysteria, the hyperbole, the half-truths, 
and the untruths. They deserve a close, careful 
reading of the facts. 

True, we've experienced the worst accident in the 
22 years America has been using nuclear energy to 
produce electricity. But it wasn't the apocalypse. No one 
died. And except for the stress of being scared stiff, 
no one was injured. Despite the equipment failures and 
failures in judgment, despite everything that went wrong, 
the safety systems worked. 

What really exploded were myths. 

e 
Commonwealth Edison 

One in a series of ads on the issue of energy in our community, paid for by the company and not published at our customers' expense. 
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Q{)MfIA/)fA 
t!Scotch on the rocks!' 

If you like fine Scotch, you'll love 
light, imported Jameson Irish. 

Try a glass of Jameson Irish the way 
you would your favorite Scotch. With 
water. Soda . On the rocks. 

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

delicate. 
The dedicated Scotch drinker 

will instantly appreciate this flavor 
difference. 

Though it may take a little time 
getting used to saying, "Jameson Irish 
on the rocks, please:' 

Jameson. World's largest�selling Irish Whiskey. 

80 PR OOF· CALVERT DIS1 CO .• N.V.e. 
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50 AND 100 

YEARS AGO 

SCIENTIFIC 
AMERICAN 

MA Y, 1930: "In addition to flying to 
the South Pole the recently concluded 
Byrd expedition to Antarctica discov
ered and named the Rockefeller Moun
tains, Marie Byrd Land, the Charles 
Bob Mountains, another new mountain 
range on the polar flight, Barrier Inlet 
and a vast coastal range. The"geological 
party gathered much scientific data and 
erased Amundsen's supposed Carmen 
Land from the map of Antarctica." 

"For many years astronomers have 
dreamed of photographic plates that 
would be sensitive not only to red light 
but also to the slower infra-red vibra
tions the eye cannot see. Help has come 
from an unexpected quarter. Ordinary 
blue sky reflects a great deal of the 
shorter waves of sunlight but very little 
of the longer waves. Therefore if a land
scape photograph is taken through a 

. screen that transmits only deep red and 
infra-red light, the sky looks black on it. 
With the plates available until recent
ly this demanded an exposure of min
utes. Meanwhile the producers of mov
ing pictures had been struggling with the 
problems of night scenes. They had suc
ceeded only with the use of powerful 
and expensive floodlights. The infra-red 
landscapes, however, showed just the 
combination of dark sky and brightly 
lighted foreground they wanted. This 
justified the cost of further investiga
tion, and a new dye, 'neocyanine,' was 
discovered by the chemists of the East
man Kodak Company that makes it pos
sible for the producers to photograph 
their night scenes in broad daylight. 
With the aid of these new neocyanine 
plates Harold D. Babcock of the Mount 
Wilson Observatory has photographed 
the solar spectrum out to about 11,500 
angstrom units, some 2,000 angstrom 
units farther than the previous limit. He 
has measured many hundreds of spec
tral lines in the new region." 

"Last Christmas Day marked the be
ginning of a new epoch in the inter
national exchange of radio programs. 
A week before Christmas the National 
Broadcasting Company announced that 
it would attempt to rebroadcast special 
programs originating in England, Hol
land and Germany and that American 
programs would be sent on short waves 
to those countries. Christmas Day came 
and with it came three programs from 
abroad. The reception was better than 

even the most optimistic had expect
ed. Of the special equipment used in 
this international exchange of programs 
little can be written. Much of it is still 
being improved, and construction de
tails are still closely guarded secrets. 
Although engineers have known for a 
long time that static can no more be 
eliminated than snow or rain, they have 
learned much about shielding the del
icate signals from atmospheric distur
bances. Standard antennas do not give 
the best results in the reception of short
wave signals and the result has been the 
development of a new type of anten
na, covering acres of ground and resem
bling a huge spiderweb." 

"In spite of the fortune he has accu
mulated, Colonel Lindbergh remains as 
busily at work as ever, rendering con
sulting service to air transport compa
nies. He has just bought, paying more 
than $17,000, the fastest two-seater 
sport plane ever built, the Lockheed Sir
ius. The plane is the last word in stream
lining. The wings are internally braced, 
without the slightest exposed bracing. 
The engine cowling reduces head resis
tance yet allows perfect cooling. The 
wheels are almost entirely enclosed in 
special streamline housings, common
ly termed 'pants.' A Pratt and Whitney 
Wasp engine is employed, developing 
425 horsepower at 2,000 revolutions per 
minute. The two cockpits, which Colo
nel and Mrs. Lindbergh will occupy so 
often, are positioned well to the rear of 
the fuselage in order to give maximum 
protection in a crash." 

MA Y, 1880: "The total number of 
immigrants who arrived in New York 
last year was 175,589, which was much 
in excess of preceding years, being 
50,723 more than in 1878, which ex
ceeded 1877 by 20,811. The new arriv
als are chiefly Germans. Since the Com
mission on Emigration was organized in 
1847, Germany and Ireland have sent in 
about equal numbers, the total figures to 
the close of 1879 being for Germany 
2,195,398 and for Ireland 2,042,046. 
Curiously the number of immigrants 
registered as seeking employment is 
smaller than it has ever been. Nearly all 
have definite plans for the future. They 
have money and friends, and they usu
ally go west to situations procured in 
advance by their countrymen resident 
here. The demands for immigrant labor 
are mostly for Germans, Swedes and 
Scotch, but among these nationalities 
scarcely one in a hundred stops in New 
York to seek employment." 

"Since the conclusion of the Treaty of 
Tientsin in 1858 the quantity of opium 
annually imported into China from In-

dia has increased to 90,000 chests. In 
1875 as many as 85,454 chests, worth 
£10,000,000, were brought into the Chi
nese market, while the consumption 
of the drug for medicinal purposes in 
Great Britain in the same year was only 
165 chests. The progressive growth of 
the trade during the past 80 years is thus 
shown: in 1800, about 5,000 chests; in 
1825, 12,000; in 1850, 50,000, and in 
1875 more than 85,000. Among the 
most striking effects caused by the ex
tension of the poppy plantations in India 
are the diminution of the quantity of 
land available for other crops and the 
consequent curtailment of the produc
tion of" food. Quite recently 100,000 
acres of the richest agricultural plains 
in Central India, which used to produce 
corn, sugar and indigo, has been turned 
to opium culture. The acreage devoted 
to that purpose in India to-day is estimat
ed at 1,033,000." 

"The railroad tunnel under the Hud
son River, which has been a conception 
of engineers and the talk of speculators 
for many years, is at last fairly under 
way. The commencement of the work 
was made by sinking a perpendicular 
shaft or well, 30 feet in diameter by 60 
feet deep, at a distance of 100 feet from 
the water in Jersey City. The work has 
been carried forward about 150 feet 
from the shaft, or a distance of some 50 
feet under the water. The width of the 
river on the line of the tunnel is 5,500 
feet, and the terminus on the New Jersey 
shore will be about half a mile from the 
water. The terminus on the New York 
side has not yet been fully fixed upon. 
The great railway tunnel under the 
Thames at London, 1,600 feet long, is 
justly regarded as one of the most re
markable engineering works ever under
taken, but the Hudson River tunnel puts 
it far in the shade. It will establish a new 
line of unbroken communication be
tween the East and the West." 

"Salicylic acid, the manufacture of 
which on a large scale has only been 
rendered possible since 1874 by the pat
ented method of Professor Hermann 
Kolbe, is the most important antiseptic, 
antizymotic and antipyretic ever discov
ered. It is a white, dry, crystalline pow
der, devoid of smell or taste, and has no 
detrimental effect whatever on the ani
mal system. Experiments made by the 
most eminent physicians and surgeons 
have been so successful that both the 
acid and its sodium salt are universally 
recognized as valuable acquisitions in 
medicine. The scientific papers in all 
countries have been full of the most fa
vorable reports concerning the immense 
success obtained in using salicylic acid 
in treating all cases of gout, neuralgia, 
acute rheumatism, fevers of all kinds, 
typhus, cancer, diseases of the throat 
and stomach, diabetes and other intesti
nal complaints." 
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THE AUTHORS 
ELI GINZBERG ("Youth Unem

ployment") is A. Barton Hepburn Pro
fessor of Economics at the Columbia 
University Graduate School of Business 
and director of the Conservation of Hu
man Resources Project at the universi
ty. He has had a long association with 
Columbia, having received his bache
lor's degree there in 1931, his master's 
degree in 1932 and his Ph.D. (in eco
nomics) in 1934. He has also served 
in numerous capacities as a consultant 
to Government officials and agencies, 
currently as chairman of the National 
Commission for Employment Policy. 
His professional interests include the 
economic problems of women and mi
nority groups, metropolitan economic 
problems, the economics of developing 
countries, medical economics and the 
economy of Israel. Ginzberg wishes to 
express his appreciation to Anna B. 
Dutka for her help in preparing the 
data used in his article. 

JURI MA TISOO ("The Supercon
ducting Computer") is the engineering 
manager for the Josephson Computer 
Technology program at the Thomas J. 
Watson Research Center of the Interna
tional Business Machines Corporation. 
He began working for IBM on a part
time basis while he was an undergrad
uate at the Massachusetts Institute of 
Technology, from which he obtained his 
bachelor's and master's degrees in 1959 
and 1960 respectively. After a year in 
industry he enrolled at the University of 
Minnesota for further graduate study, 
receiving his Ph.D. in 1964. That year he 
began working full time for IBM and 
became interested in the Josephson ef
fect, which had recently been discov
ered. Recognizing the potential of the 
effect in computers, he conceived com
puter devices and circuits based on it. In 
1978 he was the recipient of the Jack A. 
Morton Award of the Institute of Elec
trical and Electronics Engineers (IEEE), 
which is given for outstanding contribu
tions in the field of solid-state devices; 
his award was for "pioneering the Jo
sephson computer technology." 

DANIEL M. GREENBERGER and 
ALBERT W. OVERHAUSER ("The 
Role of Gravity in Quantum Theory") 
are respectively professor of physics at 
the City College of the City University 
of New York (currently on leave as a 
visiting professor at the Massachusetts 
Institute of Technology) and Stuart Pro
fessor of Physics at Purdue Universi
ty. Greenberger was graduated from 
M.I.T. in 1954 and obtained his Ph.D. 
from the University of Illinois in 1958. 
He has served on the faculty of Ohio 
State University and the University of 
California at Berkeley and has been a 
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vIsIting member of the faculty at the 
University of Oxford and the University 
of Washington. Overhauser received his 
A.B. in 1948 and his Ph.D. (in physics) 
in 1951 from the University of Califor
nia at Berkeley. After two years of post
doctoral work at the University of Il
linois he was for several years on the 
faculty of Cornell University. In 1958 
he joined the staff of the scientific labo
ratories of the Ford Motor Company, 
where he eventually became director of 
the physical sciences laboratory. He 
joined the Purdue faculty in 1973. 

PIERRE MORELL and WILLIAM 
T. NORTON ("Myelin") are respective
ly professor of biochemistry at the Uni
versity of North Carolina School of 
Medicine and professor of both neu
rology (neurochemistry) and neurosci
ence at the Albert Einstein College of 
Medicine in New York. Morell followed 
a well-traveled path among American 
scientists, graduating from the Bronx 
High School of Science and Columbia 
University. He obtained his Ph.D.- in 
1968 from the Albert Einstein College 
of Medicine. "My interest in neuro
chemistry," he writes, "was stimulated 
by postdoctoral training at the Universi
ty of Michigan and later through in
teractions with the faculty of the de
partment of neurology at Einstein, to 
which I had returned for my first facul
ty position." Morell went to the Univer
sity of North Carolina in 1972. Norton, 
born and raised in Maine, was graduat
ed from Bowdoin College in 1950 and 
took his Ph.D. (in organic chemistry) 
from Princeton University. He writes 
that after a period of work as an in
dustrial chemist studying high poly
mers he looked for a field that "prom
ised more significance and stimulation" 
and turned to neurochemistry, joining 
the Albert Einstein College of Medicine 
two years after it was founded. 

R. K. O'NIONS, P. J. HAMILTON 
and NORMAN M. EVENSEN ("The 
Chemical Evolution of the Earth's 
Mantle") established their working as
sociation at the Lamont-Doherty Geo
logical Observatory of Columbia Uni
versity. O'Nions and Hamilton are now 
at the University of Cambridge, where 
O'Nions is Royal Society Research Pro
fessor and Hamilton is research associ
ate in the department of mineralogy and 
petrology; Evensen is assistant profes
sor of geology at the University of To
ronto. O'Nions did his undergraduate 
work at the University of Nottingham 
and obtained his Ph.D. (in geochemis
try) from the University of Alberta in 
1969. He taught at the University of Ox
ford until 1975, when he began a four
year association with Lamont-Doherty. 

Hamilton was graduated from King's 
College of the University of London in 
1972 and received his D.Phil. from Ox
ford in 1975. He was at Lamont-Doher
ty from then until this year. Evensen's 
degrees are from the University of Min
nesota. He was at Lamont-Doherty from 
1974 until this year. 

RALF'H O. ERICKSON and WEN
DY KUHN SILK ("The Kinematics of 
Plant Growth") are respectively profes
sor of botany at the University of Penn
sylvania and assistant professor of water 
science at the University of California at 
Davis. Erickson earned his bachelor's 
degree at Gustavus Adolphus College in 
1935 and his master's degree and Ph.D. 
from Washington University in 1941 
and 1944 respectively. He taught at the 
University of Rochester for three years 
before joining the Pennsylvania faculty 
in 1947. Silk was graduated from Har
vard College in 1968, began her gradu
ate work at the University of Pennsylva
nia, completed it at the University of 
California at Berkeley, from which she 
obtained her Ph.D. (in botany), and re
turned to Pennsylvania for a period of 
postdoctoral work. 

BORISLA V JOVANOVIC ("The Or
igins of Copper Mining in Europe") is a 
scientific counselor of the Institute of 
Archaeology in Belgrade. His degrees 
are from the University of Belgrade: a 
master's in 1955 and a Ph.D. in 1964. In 
addition to writing a number of mono
graphs on Yugoslavian archaeology he 
has directed archaeological excavations 
at many sites. He is now collaborating 
on the preparation of a plan for protect
ing the archaeological monuments in 
the region of the Djerdap II power sta
tion, on the Danube between Yugosla
via and Romania. Jovanovic writes: "As 
the Danube has always been and still is a 
most important line of communication 
in Europe, these excavations will yield, 
like the previous ones at Djerdap I, very 
interesting and new results pertaining 
to the cultural history of southeastern 
Europe." 

IRVING M. KLOTZ ("The N-Ray 
Affair") is Morrison Professor of Chem
istry at Northwestern University and 
also teaches a freshman seminar in En
glish composition there. He has been at 
Northwestern since 1940, the year he re
ceived his Ph.D. from the University of 
Chicago. "My central researches of the 
past few decades," he writes, "revolve 
around questions of molecular structure 
and the functional behavior of mac
romolecules of biological importance. 
These investigations are directed pri
marily toward uncovering general rules 
of structure and behavior but occasion
·ally focus on a specific practical objec
tive; for example, we are trying to design 
molecules that might alleviate sickle
cell anemia." 
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For the fust time 
on any production car 

an ywhere in the world ... 
Cadillac On-Board 
Computer Diagnostics. 

Cadillac has taken a giant step in 
solving a problem that is all too familiar 
to the car owner and service tech
nician today. 

The problem: find exactly what is 
causing a malfunction ... then fix it 
within a reasonable length of time ... 
and finally, be sure the repair is made 
correctly the first time around. 

As part of its continuing efforts for 
leadership in automotive technology, 
Cadillac is first with On-Board Com
puter Diagnostics to diagnose 24 vital 
functions. 

The system is a part of Cadillac's 
advanced Digital Electronic Fuel Injec
tion that is standard on the 1980 El
dorado and gasoline-powered Seville. 

Digital diagnostics 
at the touch of a button. 
In plain English, here's how it works: 

• If the CHECK ENGINE light at the top 
of the instrument panel comes on, 
drive to a Cadillac dealership. 

• There, a Cadillac service technician 
presses two buttons on the instru
ment panel and a coded number 
signifying the problem area appears. 

• He checks the service manual for the 
tests and corrective action needed 
to make the necessary repairs. 

• Lastly, he reactivates the diagnostics 
system by pushing buttons. If repairs 
are not properly completed, the origi
nal coded number will reappear. If 
the original problem is fixed, the num
ber 70 will appear, verifying that the 
work has been done correctly. 

It's that simple for a Cadillac service 
technician to diagnose, repair and con
firm repairs on 24 vital functions. The 
system monitors sensors and switches 
controlling the fuel injection system. 

A Cadillac service technician quickly, 
accurately finds a problem area using 

the Cadillac On-Board Computer 
Diagnostics System. 

Benefits to the 
Cadillac owner. 
• Faster and more thorough service 

... helping to eliminate guesswork 
in service. 

• Increases in the percentage of cars 
fixed right the first time. 

• In many cases, reduction in the need 
for car disassembly. 

• Greater peace of mind for the 
Cadillac owner. 

• Continued operation of the car if a 
critical sensor malfunctions because 
the system automatically substitutes 
a suitable reading for that sensor. 

The "brains" 
behind the system. 
The brains behind Digital Electronic 
Fuel Injection and Cadillac On-Board 
Computer Diagnostics is a sophisticat
ed digital computer that incorporates 
a highly advanced microprocessor. 

It continuously monitors and regu
lates the performance of Cadillac's 
gasoline-powered Digital Electronic 
Fuel-Injected engine. It does this first 
by monitoring such variables as 
ambient barometric pressure , engine 
coolant temperature and manifold 
absolute pressure. And then uses this 
information to meter a precise amount 
of fuel to the engine through two 
electronically controlled injectors. 

The microprocessor is so sophisti
cated it even compensates for the 
eventual wearing of parts and can 
even diagnose and remember a 
problem that occurs only 
intermittently. 

The bottom line. 
Of course, the bottom line is a Cadillac 
that is designed to be reliable ... easier 
to seNice ... with greater peace of mind 
for the Cadillac owner. 

On-Board Computer Diagnostics. It's 
one more example of how Cadillac 
leadership can benefit you in a very 
real way. For even more examples, see 
your Cadillac dealer soon. How about 
today? 

<!) 
�/980 

A great car for today ... 
and tomorrow. 
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MATHEMATICAL 
GAMES 

What unifies dinner guests, strolling 

schoolgirls and handcuffed prisoners? 

by Martin Gardner 

A
woman plans to invite 15 friends 

to dinner. For 35 days she wants 
to have dinner with exactly three 

friends a day, and she wants to arrange 
the triplets so that each pair of friends 
will come only once. Is this arrangement 
possible? 

That question and others like it, which 
belong to a vast area of combinatorics 
called block-design theory, were investi
gated intensively in the 19th century 
chiefly as recreational problems. Later 
they turned out to have an important 
role in statistics, particularly in the de
sign of scientific experiments. A small 
branch of block-design theory deals 
with Steiner triple systems, of which the 
dinner-guest problem is a simple exam
ple. Jakob Steiner, a Swiss geometer, pi
oneered the study of these systems in the 
19th century. 

In general a Steiner triple system is an 
arrangement of n objects in triplets such 
that each pair of objects appears in a 
triplet once and only once. It is easy 
to show that the number of pairs is 
'/2n(n - 1) and that the number of re
quired triplets is one-third the number 
of pairs, or '/6n(n - 1). Of course, a Stei
ner triple system is possible only when 
both of these numbers are integers. That 
happens when n is congruent to 1 or 3 
modulo 6, namely, there is a remainder 

� ____ +- ___ --:;;_ 2 

7 3 

6 

5 
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of 1 or 3 when n is divided by 6. There
fore the sequence of possible values for 
n is 3, 7, 9, 13, 15, 19, 2 1  and so on. 

With only three guests the dinner 
problem has a trivial solution: all of 
them come on the same day. Since Stei
ner triplets are not ordered, the solution 
is of course unique. There is also a 
unique solution for seven guests: (1,2,4), 
(2,3,5), (3,4,6), (4,5,7), (5,6, 1), (6,7,2) 
and (7,1,3). The order of the triplets and 
the order of the numbers in each triplet 
can be altered any way you want with
out changing the basic pattern. In ad
dition, the numbers can also be ex
changed. To understand this point think 
of each guest as wearing a button with a 
number painted on it. If two or more· 
guests exchange buttons as they please, 
the new combination is considered to be 
the same as the old one. 

Similarly, for nine guests there is a 
unique solution, for 13 guests there are 
two solutions and for 15 guests it has 
long been known there are 80 basic solu
tions. For values of n greater than 15 
the number of distinct solutions is not 
known, although it has been proved 
there is a solution for every value of n. 
For n = 19 there are hundreds of thou
sands of solutions. 

Let us now complicate the Steiner tri
ple systems a bit to make them more 
interesting. Suppose the woman decides 
to invite all 15 friends on each of seven 
days, seating them three to a table at five 
tables. She wants each pair of friends to 
be together at a table only once. 

Our new problem is equivalent to one 
of the most famous puzzles in the histo
ry of combinatorial mathematics: Kirk
man's schoolgirl problem, named for 
the Reverend Thomas Penyngton Kirk
man, a 19th-century amateur British 
mathematician who was rector of the 
church at Croft in Lancashire for more 
than 50 years. Although he was entirely 
self-taught in mathematics, his discover
ies were so original and diverse that he 
was elected to the Royal Society. In ad
dition to combinatorics he did signifi
cant work on knots, finite groups and 
quaternions. There is a well-known con-

figuration in projective geometry called 
Pascal's mystic hexagram (six points on 
a conic curve joined in all possible ways 
by straight lines) in which certain inter
sections are known as Kirkman points. 

Kirkman was notorious for his biting 
sarcasm, which he frequently directed at 
the philosophy of Herbert Spencer. His 
parody of Spencer's definition of evolu
tion was often quoted: "A change from a 
nohow ish untalkaboutable all-likeness, 
to a somehowish and in-general-talk
aboutable not-all-likeness, by continu
ous somethingelseifications and stick to
getherations. " 

Kirkman first published his schoolgirl 
problem in 1847 in a British mathemat
ics journal, and it appeared again in The 
Lady s and Gentleman's Diary for the Year 
1850. Here is how he presented it. Ev
ery day of the week a teacher takes 15 
schoolgirls on a walk. During the walk 
the girls are grouped in tJ;"iplets. Can the 
teacher construct the triplets so that af
ter the seven walks each pair of girls has 
walked in the same triplet once and only 
once? 

Any solution to this problem is of 
course a Steiner triple system, but of the 
80 basic solutions for n = 15 only sev
en are basic solutions to the schoolgirl 
problem. Kirkman designs is the name 
given to Steiner triple systems with the 
extra requirement that the triplets be 
grouped so that each group exhausts all 
the objects. 

Again the number of pairs of girls is 
'/2n(n - 1) and the number of days re
quired for the walks is '/2(n - 1). These 
values are integers only when n is an odd 
mUltiple of 3. Thus the sequence of pos
sible values is 3, 9, 15, 2 1  and so on, or 
the sequence for the Steiner triple sys
tems with every other number left out. 
Does every value in the sequence have a 
solution? Since the time Kirkman raised 
the question a host of papers have been 
written on the problem, including many 
by eminent mathematicians. The case of 
n = 3 is still trivial. The three girls sim
ply go for a walk. The case of nine girls 
in four days has a unique solution: 

123 147 159 168 

456 258 267 249 

789 369 348 357 

Like the Steiner triple systems, the 
numbers in a triplet are not ordered, and 
so it does not matter how the numbers 
are permuted, how the triplets are ar
ranged within each group or how the 
digits are exchanged with each other. 
All variations obtained by these permu
tations are considered to be the same 
solution. 

There are many novel methods, in
'cluding geometric ones, for constructing 
Kirkman designs. One of them would 
have delighted Ramon Lull, the 13th-
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How do you get 
the whole picture when 

you're researching 
conglomerates? 

Merrill Lynch says, 

piece bypiece. 
Understanding conglomer

ates would be a snap if the whole 
equaled the sum of its parts. 
Then balance sheet research 
might tell you all you'd need to 
know about them. 

But conglomerates are far 
more complex than that .. So 
Merrill Lynch developed a bet
ter way to look at them: in 
depth, piece by piece, division by 
separate division. 

Carol Neves, our chief 
conglomerate-watcher, works 
with Merrill Lynch specialists 
in everything from avionics to 
insurance. These specialists some
times travel with her to study the 
conglomerates' divisions and 
research each one. 

Result: we get the whole pic
ture, as well as the view from the 
chief executive's desk. 

Now, the unique thing about 
this system isn't just the idea of 

© 1980 Merrill Lynch Pierce Fenner & Smith Inc. Member SIPC. 

A breed apart. 
doing it; it's that Merrill Lynch 
has the depth of talent necessary 
to make it work. We have 130 
research specialists, nearly three 
times as many as anyone else. 
And in quality, too, Merrill 
Lynch's researchers are a breed 
apart. In 1979, they earned 40 
places on the prestigious Institu
tional Investor All-America 
research team, 17 more than the 
second-best firm. 

The depth of research means 

not only a remarkably perceptive 
view of conglomerates; it also 
means broad coverage of all 
kinds of companies. We follow 
over 1200 of them, considerably 
more than any other firm. 

We'd like you to look over 
our reports, and evaluate our 
opinions, on whatever type of 
industr y  interests you. Stocks, by 
and large, are the most under
valued "collectibles" around, and 
you may find an opportunity or 
two your analyst has overlooked. 

For starters, visit your local 
Merrill Lynch office and ask for 
a copy of the current "Weekly 
Research Highlights:' . 

Or call 800-223-1910 and 
we'll be happy to send you a 
copy. (In New York State, call 
800-522-5605. ) 

After that... who knows what 
you might learn. 

� Merrill Lynch 
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"What do I need with a home com
puter?" you ask. 

Try thinking of it as easier ways to 
handle dozens of jobs at home - from 
pawing through that box of receipts in 
the closet to explaining adverbs to your 
7-year-old. 

N e x t ,  a c c e p t  t h i s  r e a s s u r i n g  
thought: you can use the TI-99/4 Home 
Computer the first time you try. 

That's the big difference we de
signed into our home computer. With 
Solid State Software ™ Command 

the engineers who turned synthesized 
speech from a technological curiosity 
into a simple fact of life. 

Next, some of the how's and why's 
of the plug-in programs offered in the 
'Solid State Software ™ Command 
Modules. 

EDUCATION • Programs like Num
ber Magic, Early Learn- . 
ing Fun and Beginning 
Grammar. Created by 

the Learning Center of Texas Instru
ments with the help of leading educa'!!�I tors. Colors, music, sounds, mo-

g tion, and all the capabilities 

Modules that let you load a program 
with a flick of your wrist. With con
stant, step-by-step instructions built 
right in, that flash to the screen to tell 
you what to do next, and if you happen 
to make a mistake, how to fix it. You 
won't damage a program or your ego. 

It's so simple, you can have it hooked 
up and giving you answers 10 minutes 
after you open the box. 

You can use it if you can type with 
one finger. 

And it never gets any tougher. 
From the very beginning, we de

signed with one thing in mind: making 
the first home computer that's really 
easy to live with. 

THE HOME COMPUTER 
T HAT  TALKS 

It even talks. That's right, it talks. 
Wi th t h e  a v a i l a b l e  S o l i d  S t a t e  
Speech™ Synthesizer and the growing 
family of programs with speech, it will 
greet you with a "Hello" and talk you 
through a program like an experienced 
co-pilot. It's another major step from 

of a true computer help to 
intrigue a child into learn
ing. New programs are un
der development, including 

some in conjunction with 
Scott, Foresman & Co., one of the na
tion's largest publishers of educational 
textbooks. 

Several new programs, including the 
talking Early Reading, have speech to 
capture a child's imagination. 

HOME FINANCE • P e r s o n a l  Re c o r d  �sl Keeping, Securities 
Analysis, Home Budget 
Management, Home Fi

nancial Decisions and more. A compre
hensive selection of programs to help 
find and file, collect, collate, and corre
late your income, your out-go, your 
most intriguing what-if's. From stocks 
to stamps, from tax receipts to mailing 
lists, the home financial programs put 
the computer to work to keep track of 
your money and to keep your money 
on track. 

ENTERTAINMENT � A computerized 
A.. football game that puts 
.. you and an opponent at 

quarterback and middle 
linebacker, calling offensive and defen
sive signals and watching sound, color 
and motion play out every call, based 

on the results of play-by-play pro foot
ball statistics. The chess program can 
play, and teach, any family member on 
three levels of expertise. It's a worthy 
opponent, always ready for a game. It 
can play any of four styles you choose: 
aggressive, defensive, normal, even 
"losing," if you like. It will suggest 
moves to you if you ask it. And at 
game's end, even replay the entire 
thing so you can analyze it. Other TI 
games are also available. 

And Milton-Bradley, one of the 
world's foremost creators of home en
tertainment, has put their talents to
gether with our engineers to bring you 
even more programs of computer
sharp fun and excitement. 

THERE'S NO END TO IT 

The world of things you can do with 
the TI Home Computer is as varied 
and exciting as the capabilities of the 
computer itself. A world that will grow 
and richen at exactly the pace you 
choose. As your children advance in ed
ucation. As your family explores the 
computer. As, and if, you want to do 
your own programming. 

It will have a constantly expanding 
library of programs. Right now, an 
available telephone hook-up gives you 
access to wire service news, weather, 
stock quotations, and library services. 

The price to get started with the TI-
99/4? Around a thousand dollars. 

Main Console Specifications: 16-bit microproeessor. 16K RAM 
.26K ROM. up to 30K ROM in Solid State SoftwareT:lI Corn· 
mand Modules. built-in BASIC. sound effects, five full octaves 
of music and 16-color graphics. built-in equation calculator. 
Ac cessories: 13" color monitor. Solid State Speechn, Synthes
izer. disk memory drh'e and control . telephone coupler (mo
dern). thermal printer. RS 232 interface. dual cassette cables 
• wired remote con trollers. 

If you'd like to f!TId out more about 
the TI-99/4, the best way is to go try it 
for yourself. To find out all it can do, 
how easy it all is and, maybe surpris
ingly, how much fun it is. Fifty Years 
For the location of your InnJ'Jation 
nearest TI-99/4 retailer �o 
call: 1-800-858-4201. (In 'UI 
Texas, call: 1-800-692-
1313). 

Texas Instruments technology - bringing affordable electronics to your fingertips. 

TEXAS INSTRUMENTS 
INCORPORATED 

� Copyright 1980 Texas Instruments Incorporated 2210536 
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century Spanish theologian whose Ars 
magna explored combinations of sym
bols with the aid of rotating concentric 
disks. To find a solution for n = 9 draw a 
circle and write the digits 1 through 8 
around it equally spaced. A cardboard 
disk of the same size is fastened to the 
circle with a pin through both centers. 
Label the center of the disk 9. On the 
disk draw a diameter and two scalene 
triangles as shown in the illustration on 
page 16. 

Now rotate the circle in either direc
tion one step at a time to four different 
positions. (The fifth step brings the pat
tern back to what it was originally.) At 
each step copy down the triplet indicat
ed by the ends and the center of the 
straight line and the two triplets indicat
ed by the corners of the two triangles. 
The three triplets found at each of the 
disk's four positions give the triplets for 
each of the four days. This solution 
seems to be different from the design 
given above for the schoolgirl problem, 
but by substituting 2 for 5, 3 for 7, 4 for 
9, 5 for 3, 6 for 8, 7 for 6, 8 for 4, and 9 
for 2 (and leaving 1 the same) you get 
the identical design. The only other way 
to put triangles on the disk to generate a 
solution is to draw the mirror image of 
the pattern in the illustration. This pro
cedure, however, will not give rise to a 
new design. 

8 

Since 1922 the case of n = 15 has been 
known to have seven basic solutions. 
They can be generated by different pat
terns of triangles, with or without a di
ameter line. One pattern of five trian
gles is shown in the illustration below. 
In this case the disk must be rotated two 
units at a time to seven different posi
tions. At each position the corners of 
each triangle provide one of the five trip
lets for that day. 

It should be noted that no two trian
gles on a disk can be congruent. If they 
were that way, they would duplicate 
triplets in the overall design. The clas
sic work on Kirkman designs is Chap
ter 10 of the 1 1  th edition of W. W. 
Rouse Ball's Mathematical Recreations 
& Essays, revised by H. S. M. Coxeter. 
The same chapter in the 12th edition of 
the book (University of Toronto Press, 
1974), completely rewritten by Coxeter, 
is also valuable. The new chapter re
places the early history of the designs 
with a discussion of how they relate to 
topics such as affine and projective ge
ometry, Hadamard matrixes, error-cor
recting codes, Latin squares and higher
dimensional geometry. 

Is .there a Kirkman design for every 
possible value of n? Surprisingly this 
question went unanswered until 1970, 
when D. K. Ray-Chaudhuri and Rich
ard M. Wilson of Ohio State University 

4 

5 
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proved that the answer is yes. The num
ber of solutions, however, remains un
known for values of n greater than 20. 
The proof is presented in "Solution of 
Kirkman's Schoolgirl Problem" in Com
binatorics (Proceedings 0/ Symposia in 
Pure Mathematics, Vol. 19, pages 187-
203; 197 1). 

Kirkman designs have many practical 
uses. Here is a typical way to apply the 
n = 9 design to a biological experiment. 
Suppose an investigator wants to study 
the effect of nine environments on a cer
tain animal. There are four species of 
the animal, and any individual animal 
can be affected differently depending on 
whether it is young, fully grown or aged. 
Each species is randomly assigned to 
one of four groups. Within each group 
are three triplets, each of which includes 
a randomly picked animal of each age 
category. Every animal is now assigned 
to one of the nine environments accord
ing to the pattern of nine numbers in its 
group. This design makes possible an ex
tremely simple way of statistically ana
lyzing the results of the experiment in 
order to determine what effect the envi
ronment has regardless of differences 
in age and species. 

I described above how Kirkman in
troduced an additional condition that 
transformed Steiner triple systems into a 
new kind of block-design problem. In 
19 17 the British puzzle genius Henry 
Ernest Dudeney imposed a novel con
straint on Kirkman designs that gave 
rise to still another block-design prob
lem (see Problem 272 of Dudeney's 
Amusements in Mathematics and Prob
lem 287 of his posthumous work Puz
zles and Curious Problems). 

"Once upon a time," begins the sec
ond story line of Dudeney's puzzle, 
"there were nine prisoners of particular
ly dangerous character who had to be 
carefully watched. Every week day they 
were taken out for exercise, handcuffed 
together, as shown in the sketch made 
by one of their guards [see illustration 
on page 22]. On no day in any one week 
were the same two men to be handcuffed 
together. It will be seen how they were 
sent out on Monday. Can you arrange 
the nine men in triplets for the remain
ing five days? It will be seen that No. 1 
cannot again be handcuffed to No. 2 (on 
either side), nor No. 2 with No. 3, but, of 
course, No. 1 and NO. 3 can be put to
gether. Therefore it is quite a different 
problem from the old one of the Fifteen 
Schoolgirls, and it will be found to be a 
fascinating teaser and amply repay for 
the leisure time spent on its solution. " 

Dudeney gave a solution without ex
plaining how to reach it and other solu
tions like it. They can nonetheless be 
happily found by a Lullian technique 
with two wheels. A sample pair are 
'shown in the top illustration on page 24. 
Each disk is rotated, say clockwise, three 
steps at a time. At each step a triplet is 
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What do you call 
a life insurance company 

that of fers 
• 

Ion 
in extra coverage 

... without increasin2 
policy premiumsr 

No other life insurance company 
in the history of the industry has of
fered anything with the magnitude 
and scope of Northwestern Mutual 
Life's "GET MORE OUT OF LIFE" pro
gram. T hrough persistent research 
and development, Northwestern 
Mutual Life has found a way to in
crease the face value on its perma
n e n t  p o l i c i e s  an a v e r a g e  o f  
14% . . .  without an increase i n  the 

(Smar t.) 
policy premium.* So, while future 
dividends will be slightly lower than 
they would have been, future cash 
values will be higher. 

Don't get the idea we're making a 
bad business decision here. In fact, 
good business operation is how we 
can pull this off. It enables us to pro
duce tax savings which can be chan
neled back to the true owners of the 
company, the policyowners. 

Not only are we a leader in new 
policy innovations, we make sure 
these innovations and si).vings are 
passed along to existing policy
owners as well. It's all part of over a 
century of commitment to providing 
the best life insurance value in the 
industry. To us, that's what life is all 
about. 
• Policies issued after December 31. 1977 already con· 
tain these improved features, Not available in all 
states. 

NORTHWESTERN MUTUAL LIFE 
The Quiet Company 

A-
© The North .... 'estern Mutual Life Insurance Company, Milwaukee. Wisconsin 1980 
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generated by the corners of the three tri
angles. In this case each triplet must 
have at its center the number indicated 
by the corner with a spot in it. 

Each disk generates the three groups 
shown below it. In both sets the groups 
are cyclic in the sense that if you add 3 
(modulo 7) to every number in the first 
group, you get the second group. Sim
ilarly, the second group generates the 
third one, which in turn returns you to 
the first one. The solution does not start 
with the pattern given by Dudeney for 
the first day, although it is easy to ex
change digits to obtain that pattern. 

After Dudeney answered the puzzle 
he teased: "If the reader wants a hard 
puzzle to keep him engrossed during the 
winter months, let him try to arrange 
twenty-one prisoners so that they can all 
walk out, similarly handcuffed in trip
lets, on fifteen days without any two 
men being handcuffed together more 
than once. In case he should come to the 
opinion that the task is impossible, we 
will add that we have written out a per
fect solution. But it is a hard nut!" 

It is a hard nut indeed. As far as I 
know the first published solution is 
in Pavol Hell and Alexander Rosa's 
"Graph Decompositions, Handcuffed 
Prisoners and Balanced P-Designs" in 
Discrete Mathematics (Vol. 2, No. 3, 
pages 229-252; June, 1972). 

Before I give the solution I should 
like to make a few general remarks 
about the handcuffed-prisoner problem. 
The number of pairs of prisoners is 
'/2n(n - I), as it was with Steiner triple 
systems and Kirkman designs, although 
the new restraint (handcuffs!) length-

Problem of the handcuffed prisoners, n = 9 
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ens the required number of days to 
%(n - 1). There is a solution only when 
this expression is an integer, which is the 
case when n has a value in a sequence 
consisting of exactly half of the possible 
values for a Kirkman design, namely the 
sequence 9, 2 1, 33, 45, 57, 69, 8 1, 93 and 
so on, in which the difference between 
each adjacent pair of integers is 12. 

In 197 1 Charlotte Huang and Rosa 
published a classification of 334 basic 
solutions for n = 9. When Dame Kath
leen Ollerenshaw and the cosmologist 
Hermann Bondi checked each of the so
lutions, however, they found two dupli
cations among the 334. The actual num
ber of solutions is now thought to be 
332. For all values of n greater than 9 
the number of solutions is not known. 
For n = 2 1  Rosa thinks the number of 
solutions is in the millions. Hell and 
Rosa have proved that an infinite num
ber of n's have solutions, and they have 
shown how to find cyclic solutions for 
all n 's less than 100 with the exception of 
57, 69 and 93. Wilson (who had helped 
to crack the Kirkman schoolgirl prob
lem) has demonstrated by work not yet 
published that all values of n have a 
solution. 

The bottom illustration on page 24 
shows a cyclic solution found by Hell 
and Rosa for n = 2 1. The first seven 
days form a cyclic set that can be gen
erated by a disk with seven triangles 
whose corners correspond to the triplets 
heading each day's design. The disk is 
rotated three steps at a time. A second 
disk with seven triangles similarly gen
erates the next seven days, and the 15th 
day has the design shown at the right 
in the illustration. In both cyclic sets a 
day's design can be changed to the next 
day's by adding 3 (modulo 2 1) to each 
number, and doing the same to the last 
day's design brings back the pattern of 
the first day. Hell and Rosa give similar 
cyclic solutions for n = 33 and n = 45. 

Both the schoolgirl problem and the 
prisoner problem' can be generalized to 
quartets, quintets, sextets and so on. 
Such generalization leads to deep com
binatorial enigmas, many of which are 
far from answered. Hundreds of related 
problems appear in puzzle books, often 
with story lines about seating arrange
ments, game tournaments, committee 
memberships and other combinatorial 
schemes. For example, I am often asked 
how to arrange n members of a bridge 
club (n must be a multiple of 4) so that 
they can meet daily for n - 1 days at 
n/4 tables such that each player is the 
partner of every other player exactly 
once and the opponent of every other 
player exactly twice. 

The bridge problem seems quite sim
ple, but actually it is so thorny that it 
was not completely solved until a few. 
years ago. The fullest analysis can be 
found in "Whist Tournaments," an arti
cle by Ronald D. Baker of the Univer
sity of Delaware. (The article appeared 

in Proceedings of the Sixth Southeastern 
Conference on Combinatorics, Graph The
ory and Computing, published in 1975 
by Utilitas Mathematica, Winnipeg, as 
Volume 14 of the series Congressus Nu
merantium.) Baker shows how to find 
solutions for all values of n except 132, 
152 and 264. Since then the Israeli math
ematician Haim Hanani has cracked the 
case of n = 132, and Baker and Wilson 
have solved the cases of n = 152 and 
n = 264. Baker and Wilson will soon 
publish a detailed analysis of the three 
cases. 

For many values of n solutions are 
generated by disks that rotate one step 
at a time. The illustration on page 28 
shows disks for n = 4 and n = 8. The 
technique for generating the solutions is 
straightforward. A line is drawn from 1 
(the disk's center) to 2. Another line is 
drawn to connect two other numbers. 
The end points of each line are bridge 
partners, and the pairs of partners are 
opponents at the same table. If there is 
a second table, two more pairs of num
bers are joined with colored lines to in
dicate the seating arrangement for the 
table. More colors are introduced for 
additional tables. 

The arrangement of such lines gener
ates a cyclic solution if and only if two 
conditions are met. First, no two lines 
are the same length (as length is mea
sured by the number of units a line spans 
on the circumference). Except for the 
radius line the lengths will necessarily be 
consecutive integers starting with 1 and 
ending with '/2n - 1. Second, if all the 
opponents at each table are connected 
by lines (which are broken in the illus
tration), each length will appear on the 
disk only twice. 

The lines are positioned chiefly by tri
al and error. No known procedure guar
antees a correct pattern for all values of 
n. Once a pattern is found it indicates the 
seating arrangement for the first day. 
Rotating the disk generates the arrange
ments for the remaining days. Every 
column of the final design is cyclic, so 
that once the seating arrangement for 
the first day is determined a seating 
chart for the other days can be rapid
ly completed without having to turn 
the disk. The unpublished solutions for 
n = 132, n = 152 and n = 264 are not 
cyclic, although it may be possible to 
put them in a cyclic form by permuting 
the numbers. According to Baker, all 
values of II may have cyclic solutions, 
although no general algorithm is known 
for finding them. 

Now for a pleasant problem to be an
swered next month: Can you design a 
disk for 12 bridge players that will gen
erate a cyclic tournament meeting all 
the desired conditions? 

In giving the problem about the train in 
my column for December I should 

not have had the train make stops along 
the 500-mile track. Henry S. Warren, Jr., 
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Give us theword(s) 
and JEB will give you the world. 

Solve the J£B Rare puzzle. You could win a 2-week, expense-paid trip around the world. 
ACROSS 

1 Carpenter's file 
5 Game with 32 

54 Watering place 
56 Birds called 

10 Church of 
Scotland 
clergyman: 
1804-68 

Arts and Spirits Puzzle by Eugene T. Maleska, Crossword Puzzle Editor, The New York Times. 

r.-��P!""-
cards 

9 Plowed land 
14 Nanking nana 
15 Audient 
17 Noted Finnish 

phi losopher: 
1835-1924 

18 Start of a poem 
by Burns 

21 Too young to 
be served 
liquor 

22 "--- tavern, 
23 Rubbernecking 
24 Make sound 
25 Q-U 

connection 
26 " --- for t he 

road" 
27 Composer of 

"T he Red 
Mill" 

29 Middle East 
weight unit 

32 Walleyed pike 
33 Matadors lure 
37 Raggedy doll 
38 Philippine 

trees: VaT. 
40 Round Table 

town 
41 China 
43 Equipment for 

Mr. America 
44 He has no deity 

or piety. 
45 Japanese lyric 
46 Seine sight 
47 Yucatecs 
48 Undiluted 

wahoos 
57 Secular 
60 Part of an atom 
62 Painted the 

town red 
64 Dos Passos 

novel 
66 Famed 

Austrian 
contralto: 
1803-77 

67 Eiffel Tower 
levels 

68 Douglas Hyde 
was its first 
president 

69 German 
sculptor-painter: 
1 440-1533 

70 Argus 
multiple 
features 

71 Ocular ailment 

DOWN 
1 Stew, in Siena 
2 Mohammed's 

mother 
3 White --

National 
Monument, 
N.M. 

4 One that may 
set the world 
on fire 

5 Flock of 
herons 

6 Danny, Sammy 
or Stubby 

7 Estuary 

11 He spawned 
Hitler 

12 "When thou --

this terri ble 
thing": 
Isa.64.3 

13 Author Seton 
15 Viscount 

Templewood 
16 T herapy 

center, to a 
G.1. 

19 Battle site: 
Sept. 11,1777 

20 Skiers tum 
24 Linen marking 
27 Darners target 
28 Uproar; fracas 
29 Palindromic 

title 
30 Loos or Louise 
31 Not bashful 
32 Gossip's 

interest 
34 --- Bell (Emily 

Bronte) 
35 End of a 

Hemingway 
title 

36 Flummoxed 
39 Foreign 

visitor's need 
40 Item to go with 

ale 
42 Vexatious 

situations 
43 Man from 40 

Across 
49 "And every --

queeo'" 
Kingsley 

8 Reeling 
9 "Kilt him--

when he was 
three" 

45 She bangs 
48 Tum the palm 

downward or 
backward 

52 Make --- of 
(record) 

55 Hungarian 
coin: 1925-46 

57 Roman 
tutelary gods 

58 --- as a fiddle 

59 Suspicious 
60 Australian 

avifauna 

62 Drayman's 
charge: Abbr. 

63 Scotch for grief 

65 Aye neutralizer 51 Goes 
53 Gogol's "--

Bulb." 61 Grog quaffers 
53 What an R.N. 

gives 
50 Impeaches 54 Distort a report 

If you have the right words, you could be on your way to 
London, Paris, Rome, Tokyo, plus a city of your choice any
where in the world. Yes, the prize is a grand tour (arranged by 
Fugazy International) up to $20,000 in value including $3,000 
in expense money you can spend any way you like. 

Just fill in the crossword puzzle above and send it in together 
with the Official Entry Form in this ad. You can also get the 
puzzle and Form at your participating liquor store. 

All correct entries will receive a handsome finalist's certifi
cate �uitable for framing. All finalists will be eligible for the 
drawing to select the prize winner. And anyone can send for the 
J&B Special Edition of the Authentic Dell Crossword Puzzle 
Dictionary-a $2.25 value for only $1.25 (includes postage and 
handling; please allow 6-8 weeks for delivery). 

Got the word(s)" Send it in. It could translate to "Bon 
Voyage."T he trip is good for two people. 

OFFICIAL RULES - NO PURCHASE NECESSARV 

1. On on official entry blank or reasonable facsimile, complete the J&B RARE SCOTCH 
CROSSWORD PUZZLE. Include on y our entry, y our hand-printed nome, address and zip 
code and moil to. J&B RARE SCOTCH CROSSWORD PUZZLE, P.O. Box 2741 , Westbury, 
New York 11591. Entries must be received by June 30, 1980. Only one entry per 
individual. 
2. Everyone who submits a correct, completed and eUgible puzzle will be named a 
finalist, and receive a certificate to this effect. The Prize Winner will be selected from 
among all finalists in a random drawing conducted by National Judging Institute, Inc., 
an independent judging organization, whose decisions are final. The Prize will be 
awarded, and the winner notified by mail. Winner may be required to execute an 
affidavit of efigibility and release. The prize is not transferable. For the winner's name, 
send a stomped, seN-addressed envelope 10. J&B RARE SCOTCH CROSSWORD PUZZLE 
WINNER, P.O. Box 2676, Weslbury, New Vark 11591. 

3. Sweepstakes open to all residents in continental U. S. Employees and their families of 
The Paddington Corporation, its affiliates, advertising and sales pr:omotion agencies, 
liquor wholesalers and retailers and Don Jagoda Associates, Inc., are not eligible. Void 
wherever prohibited or restricted by low, or where state or local low prohibits the 
publication of winners names. All Federal, Stote and local lows and regulations apply. 
Taxes on the prize, if any, are the responsibility of the winner. 
4. Enlranls musl be 01 legal drinking age in the stale 01 their r�sidence as of March 1, 
1980. 

Official Entry Form 
J&B Rare Scotch Crossword Puzzle Contest 

NAME 

ADDRESS 

(tTY 

Moil your completed puzzle and e",ry form to. 

J&B Rare Scotch Crossword Puzzle 
P.O. Box 2741 
Westbury, New York 11591 

o 
Please send The J&B Authentic Dell 

Crossword Puzzle Dictionary. Enclosed, 
find my check or Money Order for $1. 25 
(no cosh, please). 

J&B 
STATE liP RARE 

SCOTCH 86 Proof Blended Scotch Whisky. © Poddington Corp., N.V. 
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3 8 3 

1st DAY 2nd DAY 3rd DAY 4th DAY 5th DAY 6th DAY 
RED 4 1 3 
BLUE 2 7 6 
GREEN 5 9 8 

7 4 6 
5 1 9 
8 3 2 

1 7 9 
8 4 3 
2 6 5 

RED 2 4 
BLUE 7 3 9 
GREEN 5 8 6 

4 5 7 
1 6 3 
8 2 9 

7 8 1 
4 9 6 
2 5 3 

was the first of many readers to point 
out that if stops are made, the time it 
takes the train to traverse any 50-mile 
segment is not a continuous function of 
the segment's position as it moves from 
one end of the track to the other. 

If instead of sliding a 50-mile segment 
you slide a one-hour time segment in the 
time direction along a space-time graph, 
then you can indeed show that there 
must be at least one hour in which the 
train moved only 50 miles even when 
stops and backing up are allowed. It is 

2 3 

8 18 4 11 21 7 14 
2 4 20 5 7 2 8 10 

3 
5 

3 7 15 6 10 18 9 13 21 
10 11 6 13 14 9 16 17 12 
5 16 21 8 19 3 11 1 6 
19 9 17 1 12 20 4 15 2 
13 12 14 16 15 17 19 18 20 

8 9 10 

4 19 4 7 7 10 4 
7 16 9 10 19 12 13 1 15 
10 2 6 13 5 9 16 8 12 
13 17 8 16 20 11 19 2 14 
11 14 20 14 17 2 17 20 5 
5 12 21 8 15 3 11 18 6 
3 18 15 6 21 18 9 3 21 

24 

A solution to the handcuffed prisoners, n = 9 

net possible to say, however, that there 
is always a 50-mile stretch traversed in 
just one hour. 

To clarify this point, assume that the 
train went a steady 100 miles per hour 
except for one five-hour stop in the mid
dle of the journey. After it had gone the 
last 50 miles in 30 minutes before com
ing to a stop the engineer could look 
at his watch and when 30 minutes had 
passed with the train standing still, he 
could truthfully say that in the past hour 
the train had gone 50 miles. Yet only in a 

4 5 

10 17 6 13 20 9 
11 13 8 14 16 11 
12 16 3 15 19 6 
19 20 15 1 2 18 
14 4 9 17 7 12 
7 18 5 1021 8 
1 21 2 4 3 5 

11 12 

10 13 7 13 16 10 
16 4 18 19 7 21 
19 11 15 1 14 18 
1 5 17 4 8 20 
20 2 8 2 5 11 
14 21 9 17 3 12 
12 6 3 15 9 6 

A solution to the handcuffed prisoners, n = 21 

16 

Pickwick ian sense can one say the train 
traveled that 50 miles at an average 
speed of 50 miles per hour, because a 
split second later the average speed for 
the same segment is reduced and contin
ues to decrease until the train moves 
again. 

In my March note about the ill-fated 
"impossible problem" I promised an
other report. Many readers wrote com
puter programs showing that as the up
per bound for the two numbers is raised 
above 100, new solutions continually 

6 7 

2 12 19 5 15 
17 19 14 20 17 
18 1 9 
4 5 21 
20 10 15 
13 3 11 
7 6 8 

13 

16 19 13 
10 3 

4 17 21 
7 11 2 
5 8 14 
20 6 15 
18 12 9 

21 4 12 
7 8 3 
2 13 18 
16 6 14 
10 9 11 

14 

19 1 16 
4 13 6 
7 20 3 
10 14 5 
8 11 17 
2 9 18 
21 15 12 

15 

3 2 
4 6 5 
7 9 8 
10 12 11 
13 15 14 
16 18 17 
19 21 20 
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Today's Bunker Ramo is 
helping the Swedish railways 
make its curves as safe 
as its straightaways. 

If all the signals, speed restriction 
boards and grade markers on the 
Swedish railways were suddenly 
removed, no one would miss them. 
Because a new on-board computer 
system is now capable of transmitting 
exactly the same information. 

What's more, the system assures 
the observance of speed limits in 
critical situations. And that means 
that when the engineer hits a curve 
that calls for 40 kilometers an hour, 
there's no way he can do even 41. 

Critical to the success of this 
system are some very special 
Amphenol® connectors designed by 
Bunker Ramo engineers in England 
and Scandinavia. And what makes 
them special is the fact that each 
connector plug assembly includes 
one of 15 different printed circuits 

which are coded to allow for the 
various speed controls. 

Today, through our well-known 
Amphenol connectors, Bunker 
Ramo has a leading position in 

the aerospace and aircraft 
industries, a strong foothold in 
telecommunications, and 
a growing role in fiber optics. 
In addition, we are a major 
producer of the data terminals 
and minicomputers that comprise 
the information systems widely 
used by commercial banks, 

I thrift institutions, insurance 
companies and brokerage houses. 

Most important, we are a company 
with a reservoir of high technology, a 
solid base of innovative products, 
and a strong management team. 

Which is why today's Bunker 
Ramo is a company that's on the 
move. For our latest financial reports, 
write Bunker Ramo Corporation, 
Dept. FR, 900 Commerce Drive, 
Oak Brook, Illinois 60521. 

BUNKER 
RAMO 
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INTRODUCING 
ADUALTIME 
CALCULATOR 
CHRONOGRAPH 
WRISTWATCH 

Casio C-80 868.85 
It's a Calculator for Business, Shoppers, Students 
• New touch keys allow correct entry by any size finger. 
• Four function calculator (+/-/x/+) 
• Indicator shows math function in use 

It's a Chronograph for Competitors and Sports Fans 
• Times up to 24 hours with 11100th second accuracy 
• Has time-out feature and also gives lap/split time 
• Gives first and second place times 
• Weighs only 1 ounce 

It's a Dual Time Watch for Travellers, Pilots, Sailors 
• Set second time zone in 24 hour time 
• Accurate to ±15 seconds per month 
• Calendar with day of week and date 

The Casio C-80 is the ultimate in technology. Its computer 
brain is protected against water and shock by a tough black 
polysulfone plastic case. Average battery life is an amazing 
15 months. Its mineral glass crystal resists scratches. 

Buy with Confidence 
We've become a leading media merchandiser by offering 
advanced technology products. prompt delivery. and a 
30-day. no-risk. money-back guarantee. If this product isn't 
everything you expect. return it in new condition in 30 days 
or less for a complete refund. 

Order Today 

Charge customers can call toll free 24 hours a day. 

(8001854-3831 
In California, (800) 432-7451 

DWS marketing 
international 

��8�A ��'Ch.r Avenue 
Costa M •••• C.lifornia. 92626. 
(714) 540-4444 
Call our toll-free nurn

.
ber for Quickest service o� send your check. 

money order. or credit card info. Please allow time for checks to 
clear. We accept VISA. M.C., A .E .. D.C. charge cards. Add $2.50 
lor IOsured postage & handling for first product & S1.00 lor each 
additional product. Calif . reSidents add 6% sales lax. 

e DWS marke1ing international 1980 
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appear. The next number pair is 4 and 
61. It is not the case, therefore, that 4 
and 13 is a unique answer regardless of 
the height of the bound. 

A program by David Pearson of Dart
mouth College identified 78 pairs that 
solve the problem when the sum of the 
two numbers is less than 2,000 and the 
bound is sufficiently high. In all cases the 
smaller of the two numbers is a power of 
2 and in all but five cases the larger num
ber is a prime. It is conjectured that the 
smaller number is always a power of 2, 
although I have seen no proof of this. 
Moreover, it has not been established 
that without an upper bound the num
ber of solution pairs is infinite. 

A correspondent in Amsterdam, Rob
ert W. van der Waall, sent me a copy of 
the problem as Hans Freudenthal pre
sented it in the Dutch mathematics mag
azine Nieuw Archie! Voor Wiskunde (Se
ries 3, Vol. 17, page 152, 1969, and Vol. 
18, pages 102- 106, 1970). I know of no 
earlier reference. 

In my column for last June I discussed 
the problem of putting n super queens (a 
superqueen is a chess piece that com
bines the moves of a queen and a knight) 
on an n2 board so that no two pieces 
attack each other. For values of n great
er than 9 it has been shown that solu
tions must exist for all n's that are not of 
the form (12k + 8) or (12k + 9), where 

7 

/ 
/ 
/ 
/ 

/ 
/ 

I 

/ 
/ 
/ 

2 

/ 
/ ,/' 
/ ,,'" 

//// 
F-------------''''' 3 

n�4 

2 

n � 8 

4 

k is an integer. In other words, solutions 
have not been shown to exist for values 
of n in the sequence 20, 2 1, 32, 33, 44, 
45, 56, 57 and so on. Readers too numer
ous to mention have sent solutions for 
the first six of these values. J. Reineke 
and P. Pappinghaus of the University 
of Hannover sent !lolutions for allp's 
through 69, leaving 80 as the lowest un
solved case. 

Many readers of my January column 
on checkers sent a second solution to the 
problem of how one black king can 
draw against two white kings in a posi
tion in which White is the first to move. 
I should have added "and not immedi
ately lose a king." Without this proviso 
there are two trivial solutions other than 
the one I gave in February. One solution 
takes the form of White on 10 and 19 
and Black on 15 between the two kings. 
The other solution has White on, say, 30 
and 2 1  and Black on 22. 

John Harris worked on the checker 
task of transferring the black and white 
sides in a legal game with a minimum 
number of moves. He lowered the rec
ord I gave from 172 moves to 160. Har
ris, by the way, should have been credit
ed with the other task I mentioned: ex
changing sides so that at the finish all 24 
checkers are kings. His record of 180 
moves (90 moves for each side) remains 
unbroken. 

DAYS 

2 
3 

DAYS 

2 
3 
4 
5 
6 
7 

TABLE 1 
12 34 
13 42 
14 23 

TABLE 1 
12 67 
13 78 
14 82 
15 23 
16 34 
17 45 
18 56 

TABLE 2 
35 48 
46 52 
57 63 
68 74 
72 85 
83 26 
24 37 

Bridge tournamellt desiglls for n = 4 alld n = 8 
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COMPUTER ERROR 

E xtended 
Lifespan 

JS&A was destined for failure 
when we introduced our first 
electronic blood pressure unit. 
But then a miracle happened. 

Model 3 10 

Advertisements were start ing to appear 
everywhere. JS&A had just i ntroduced the 
world 's fi rst home electron ic blood pressure 
u n it in a massive national advertising cam
paign .  

But something was strange. JS&A often 
tests its products in its catalog fi rst before they 
are national ly advertised . If they sell wel l ,  we 
then start a national magazine advertising 
campaign. The blood pressure unit  sold well in  
our  catalog, but for  some strange reason, i t  
wasn' t  sel l ing wel l  in  magazines. 

SHOCKING DISCOVERY 
And then we found the answer. A few 

months earl ier after our blood pressure unit 
appeared in  our catalog , our computer man
ager ( let us call h im Ralph to protect his 
identity) handed us a computer printout of the 
catalog sales results. 

Scanning the results, we discovered that the 
blood pressure un it was the best-sel l ing 
product in  our catalog - far exceeding every 
other  product by five t imes. 

The resu lts were so positive that we 
i m m ediately placed hundreds of thousands of 
dol lars in an advertising campaign launched in 
early 1 978. 

Just as the advertisements were starting to 
appear, Ralph walked into our president's 
office with some start l ing news. "There's been 
a mistake , "  Ralph said. "The computer print
out was wrong . The blood pressure unit  is 
actual ly our worst sell ing product but a com
puter' error gave us the wrong information . "  

A n d  s o  our  president sat back a n d  watched 
JS&A advertisements appeari ng everywhere, 
knowing full we l l  that the campaign wou ld cost 
h i s  company almost the price of a new 
computer. 

Then came the miracle. As if by plan, the 
American Medical Association came out with 

an advert is ing campaign urging consumers to 
take their  blood pressure regu larly to combat 
hypertension or h igh blood pressure. Ads 
appeared everywhere. 

The campaign revealed that there may be 
as many as 25 mi l l ion Americans who have 
h igh  blood pressure and don't know it. Simply 
by taking their  own blood pressure and dis
covering hypertension early enough, Ameri
cans could be saving their l ives and reducing 
the chances of heart attacks. Suddenly our 
campaign started to sel l  blood pressure units 
by the thousands. 

AWARD RECEIVED 
This year JS&A's president received the 

Extended Lifespan award for "pioneering in  
the d istribution of  home health electronic 
devices" by the Committee for an Extended 
Lifespan. In  accepting the award , our presi
dent made it very clear that the award was 
earned as a result  of a computer error and not 
as a result of his bri l l iance. 

This story is painful ly true. And although it 
may be a sl ight embarrassment to us, there is 
one aspect that is not. JS&A was indeed the 
company that pioneered the electronic blood 
pressure u nits and has always selected the 
very best u nits avai lable to offer at the very 
lowest prices possible.  

NEWEST UNIT 
O u r  newest unit  shown above is another 

example. The model 3 1 0 sells for only $69.95 
plus $2.50 for postage and handl ing ( I l l inois 
residents, please add 6% sales tax . )  You sim
ply wrap the velcro cuff around your arm (you 
can even keep your sh i rt on) and inflate the 
cuff. Both an audible tone and a visible red 
l ight  wi l l  indicate your systol ic and diastol ic 
read i ngs.  The system is  extremely accurate, 
comes with a self-bleeding air valve and can 
be stored in  a convenient carrying case that 

Model 4 10 

comes with each unit .  
The deluxe model 410 functions simi lar to 

the fi rst system except that the readings are 
displayed in dig its, and the unit also displays 
you r pulse reading.  It sel ls for $139.95 plus 
$2.50 per unit  for postage, insurance and 
handl ing.  If  for any reason you are not com
pletely satisfied with either unit ,  you may 
return it within 30 days for a prompt and 
cou rteous refu nd including your $2.50 post
age and handl ing.  To order either unit ,  credit 
card buyers may call our toll -free number, or 
you may send your check or money order to 
the address below. 

Both u nits use sol id-state components, 
come complete with instructions and a one
year l i m ited warranty, and should give you 
years of trouble-free service. If service should 
be requ i red, we maintain a service-by-mail 
center as close as your mai lbox. JS&A is 
America's largest s ingle source of space-age 
products -further assurance that your modest 
i nvestment is well protected. 

I f  you are concerned about your blood 
pressure or know somebody who is concerned 
about monitori ng his or hers, we recommend 
JS&A's latest u nits. 

Incidental ly, Ralph left JS&A on his own 
accord and bought a farm in  another state. 
There were no hard feel ings when he left . How 
cou ld there be? Order your blood pressu re un it 
at no obl igation, today. �PRODUCTS 

THAT 
o ® TH I N �  

Dept. SA One JS&A Plaza 
Northbrook, I I I .  60062 (3 1 2) 564-7000 
Call TOLL-FREE . . . . . . . .  800 323-6400 
In Il l inois Cal l . . . . . . . . . .  (31 2) 564-7000 

© JS&A G roup, Inc. , 1 980 
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BOOKS 

Origins in astronomy� picture messages from 
schizophrenics and the beauty of Antarctica 

by Philip Morrison 

A
SOURCE BOOK IN ASTRONOMY AND 

ASTROPHYSICS, 1900-- 1975, edited 
by Kenneth R. Lang and Owen 

Gingerich. Harvard University Press 
($50). THE SKY EXPLORED: CELESTIAL 
CARTOGRAPHY 1500- 1800, by Deborah J. 
Warner. Alan R. Liss, Inc., 150 Fifth 
Avenue, New York, N. Y. 10011 ($70) . 
Ancient astronomy was a matter of cos
mic cycles; the astronomy of the found
ers of modern science studied the orbit
al clockwork, everywhere ruled by the 
laws of Newton, and marveled at the 
new cosmography of telescope-magni
fied skies. A deeper look into the econo
my of the universe waited both on the 
maturity of the physics of light and of its 
atomic emitters, and on the new technol
ogies flowing from laboratory and shop. 
The modern view might be dated to the 
spectroscope, perhaps even more aptly 
to the rise of the patient photographic 
plate, whose integrations have shown us 
most of what glows so faintly over the 
cosmic distances. 

For a generation there have appeared 
related source books; A Source Book in 
Astronomy and Astrophysics is the latest 

. in l! coherent series under the general 
editorship of Edward H. Madden of the 
State University of New York at Buffa
lo. These gather up classical texts that 
have "shaped the structure of the vari
ous sciences," assembled by discipline 
and period, each volume chosen, En
glished and annotated by knowing spe
cialists. This bulky book is the latest, 
both of its editors men of research expe
rience in modern astrophysics. Lang is a 
young theorist at Tufts University who 
has already published a wide-ranging 
compendium of astrophysical theory 
and Gingerich is a well-known astro
nomical historian at the Harvard Col
lege Observatory. They have selected 
about 160 publications (all but a hand
ful are papers from scientific journals; 
a few come from books or more popu
lar periodicals) within 132 specific top
ics over the entire field of the title, from 
the earth and the moon to the horizons 
of the cosmos. 

The articles are shortened, the cuts 
generally bridged with helpful editori
al constructions. All the matter is new
ly set; there are no facsimiles, although 

30 

many figures are from the originals, 
with new captions. Useful glosses place 
each topic in context, generally right 
to the point. (The editors are a bit opti
mistic about our current understanding 
of cosmic-ray origins and of cosmolo
gy.) They have added a few welcome 
figures from sources not included, to en
rich more than 900 rather heavy and of
ten mathematical pages with a variety 
of fine photographs. The papers are pre
sented by topic, in chronological order 
within each narrow subject, a good gen
eral compromise in such a rich treasury. 
It holds everything from A. A. Michel
son's star interferometry to the famous 
Holmdel, N.J., microwave horn, and the 
theorists' growing nets over the whole. 

The selection is catholic, including 
many less widely known papers as well 
as the most famous but excluding cata
logues as a category (a debatable deci
sion; a sample page or two each from 
half a dozen important catalogues could 
have been of high interest). It generally 
steers away from review papers toward 
original work. There is no insistence 
on absolute priorities; we read the first 
clear and influential paper rather than 
the earliest obscure hint the literature 
affords. The indexes are rich; the book 
should engross many a student and give 
pleasure to the browsing general reader, 
less, of course, for a single session than 
as a steady companion. 

Let a handful of items here stand for 
the rest. Viktor Franz Hess, a keen bal
loonist, set out from the Prater in old 
Vienna in a hydrogen balloon with his 
ionization chambers to see how much 
charge leaked at high altitude. He made 
seven flights in the summer of 1912, the 
last and highest launched "from Aussig 
on the Elbe." He returned with a firm 
conclusion: up there at five kilometers 
"a radiation of great penetrating power" 
came in from above. Cosmic rays, not 
emanating in straight lines from the sun, 
had been found. Electronics of a sort 
entered the telescope dome with the 
thermocouple and the bolometer, but 
the first novel result came in 1910 from 
a selenium photoresistive cell, not very 
sensitive but more accurate over short 
times than the photographic plates of 
the day, carefully nursed in an ice pack 

and artfully used by Joel Stebbins to dis
close the little second dip in the light of 
eclipsing Algol. 

It is striking to read how skeptical was 
the late Cecilia Payne (her 1925 mono
graph is excerpted here, praised by Otto 
Struve as "the most brilliant Ph.D. thesis 
ever written in astronomy") that hydro
gen and helium could in fact be the ma
jor atoms of the stars, as her own spec
tral studies indicated. It was not until 
the early 1930's that it became accepted 
that the two lightest atoms dominated 
the chemistry of the cosmos: the solar 
atmosphere and its chromosphere, the 
stellar interiors and the gaseous nebulas. 
The theme of magnetism becomes real 
first for George Ellery Hale in 1908, 
when he looked for polarized Zeeman 
lines in the light coming from the spin
ning vortexes he could see in his mono
chromatic images of sunspots. Lev Lan
dau's paper in 1932 and the joint work 
of Walter Baade and Fritz Zwicky in 
1934 both presage the ne utron star, even 
if Landau shows great sympathy for 
the "beautiful idea of Professor Niels 
Bohr's" that energy conservation may 
break down when nuclei come in close 
contact! The entire story of the Crab 
Nebula is here, with the polarized-light 
photographs that bore out the bold 
predictions of Iosif Shklovskii that the 
bluish continuum light was the result of 
synchrotron emission. 

On we read, past the discovery of pul
sars to the proposals of Franco Pacini 
and Thomas Gold that neutron stars 
might be conspicuous generators, not 
the shy, dark, hidden spheres of the old
er theorists. The story of the island uni
verses and of our present understanding 
of the realm of the galaxies is both fasci
nating and cautionary. From the time of 
Kant the philosophers had grasped the 
idea, with much luck and a little data. 
William Herschel embraced it hap
pily, because he found that the better 
telescopes resolved most of the fuz
zy patches into stars. The spectroscope, 
however, showed that at least the green 
nebulas consisted not of stars but of gas. 
It was given to E. P. Hubble to make the 
matter secure, but the paper by Heber 
Curtis of the Lick Observatory makes 
plain how strong the arguments were in 
1919 (before the famous Shapley-Curtis 
debate) that the high recession speeds of 
the spiral nebulas, the strange absence 
of all such objects from the Milky Way 
and the very look of the stripes of oc
culting dark matter in some of the little 
edgewise spirals admitted of a unique 
interpretation. 

There is a similar early confusion 
about the nature of celestial radio 
sources. As of 1946 they were surely 
small, relatively nearby and probably 
stellar. Did not strong Cygnus A vary 
within a matter of seconds? Those varia
tions turned out to be local twinkling, 
and by 1958 Martin Ryle clearly ex-
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The money you spend on the 
450 SEL would be wasted if it 
were only a luxury car. You 
pay not for frills but for 
fine engineering-and the 
sublime driving confidence 
that results . 

"The purchase of a 450 SEL 
plugs you into a magnificent 
and apparently endless array of 
automotive thrills and delights;' 
writes the Editor of Car and 
Driver magazine. 

"It has the performance, the 
roadholding, and the brakes to 
avoid accidents that too many 
cars simply blunder into;' he 
explains. "In the hands of a 
skillful driver, it can perform 
miracles of evasive maneuver:' 

He praises the 450 SEL's sus
pension as ': .. independent in 
the purest sense of the word: 
not just because each wheel is 
allowed to trace the surface of 
the roadway independent of the 
others, but because all four 
wheels get their jobs done with
out subjecting you or your pas
sengers to the sway and yaw that 
lead to motion sickness, or the 
hammering that wears you out:' 

Technical perfectionism per
meates the 450 SEL. There are 
actually seven shock absorbers. 
And six separate brakes. Each 

Why Mercedes-Benz engineers 
wince when they hear the 450 SEL 

described as a luxury sedan. 

door lock exceeds Federal stan
dards for strength. 

For 1980, the 450 SEL shows 
a 33.3 per cent increase in fuel 
efficiency over 1979-without 
being drastically lightened, or 
downsized by so much as an 
inch. Its EPA estimate is IlliI 
mpg., its highway estimate is 22 
mpg. Compare this to other 
cars. Your mileage may differ, 
depending on speed, weather 
conditions and trip length. Your 
actual highway mileage and 
range will probably be less than 
the highway estimates. 

The science of comfort 

The 450 SEL is scientifically 
devised to prevent discomfort
in everything from the noise 
you hear to the vibrations you 
feel to the air you breathe. 

You are cradled in seats 
designed to minimize fatigue, 
for example, not overpadded 
for a superficially "luxurious" 
feel. Two sensors and an adjust
able rheostat help the climate
control system maintain an even 
temperature, at the level you 
select-12 months a year. 

Retains 80 % of value 

Americans evidently respond 
to the 450 SEL's unique appeal: 
after three years, it has proven 

to retain 80 per cent of its origi
nal price. 

Mercedes-Benz backs the 
450 SEL, and every car it builds, 
with a dual commitment: to 
provide unparalleled engineer
ing in its cars, and to provide 
unparalleled service-through 
the unstinting efforts of over 
400 authorized Mercedes-Benz 
dealers across the United States. 

Mozart flowing 
Ultimately, the 450 SEL 

amounts to something more 
than the sum of its facts and fig
ures. The Editor of Car and 
Driver put it into words. 

"I sincerely wish;' he wrote, 
"that everyone I love, anywhere 
in the world, could savor the 
experience of rushing down a 
country road in the middle of 
the night with Mozart flowing 
out of the speakers, and the 
three-pointed star, silhouetted 
against the headlights' path, 
leading the way. What a gift!" 

Engineered like no other 
car in the world 
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plained how the radio sources had to be 
extragalactic objects of very high pow
er. In 1951 a lively discussion with the 
heterodox Gold and Fred Hoyle had 
found Ryle dismissing that very view 
rather haughtily with "I think the theo
reticians have misunderstood the exper
imental data. " The first real quasar, 3C 
48, was greeted as "the first case where 
strong radio emission originates from an 
optically observed star" by a coterie of 
Palomar and Cal Tech experts. It took a 
year or two before the quite unstarlike 
nature of the "quasi-stellar sources" was 
manifest. 

There is some first-rate writing here, 
usually not in the most conventional 
contexts. In a complicated summary 
paper of 1975 Farouk El-Baz writes: 
"There are three basic theories of origin 
of the Moon. She is either Earth's wife, 
captured from some other orbit; daugh
ter, fissioned directly from 'proto' Earth; 
or sister, accreted from the same bina
ry system. " The relationship is still not 
clear. A. S. Eddington spoke in a famous 
address of 1920 about the "analytical 
boring device" able to penetrate not the 
rocks of the earth but the gases of the 
sun. He spoke of nuclear energy as well, 
remarking that "what is possible in the 
Cavendish Laboratory may not be too 
difficult in the sun," and adding that the 
latent power might be used "for the 
well-being of the human race-or for its 
suicide. " 

Vesto Slipher tells of his spectrosco
py of 25 faint spirals, requiring expo
sures of 20 to 40 hours each with the 
Lowell Observatory 24-inch refractor 
in the seasons after 1912. Baade writes 
of his famous deep exposures through 
browned-out Los Angeles skies, an op
portunity born of World War II. Indeed, 
so was the leisure for Baade himself, an 
enemy alien not sought for wartime re
search, to push his techniques of guid
ing and plate sensitization to unheard
of limits. The digital world enters, with 
autocorrelations and fast Fourier trans
forms, with the radio molecular spec
troscopy of 1963. Satellites are here too, 
of course: the early work of 1958 show
ing the Van Allen "banana" of magneti
cally trapped particles, Pioneers, Coper
nicus, X-ray satellites and the Venus 
and Moon visitors, forerunners of deep
space astronomy from 1975 to the centu
ry's end. Twentieth-century astronomy 
does not at all progress by revolution; 
generally the sovereignty of past the
ories is weak. Rather it expands into 
trackless forests to establish crude fron
tier order where no settlers had been. 

Before the camera, certainly before 
the telescope, the visible sky was the cy
nosure of the learned. Man sought in the 
stars the count of works and days, and 
even portents of the future. Once print
ing came to Europe there grew up a tra
dition of flat maps of the sky, both of the 
stars seen there and of the figurative 

groupings long imposed on the random 
patterns. In a valuable work of refer
ence, The Sky Explored: Celestial Cartog
raphy 1500-1800, Deborah Warner of 
the Smithsonian Institution has collect
ed with learning and care three centuries 
of star maps, the work of DUrer and 
Kepler, Mercator and Thomas Young. 
Her catalogue includes nearly 200 such 
works, carefully annotated (although 
with a few editorial lapses) with biblio
graphical details, context and full con
tents. The handsome two-page spread 
of the DUrer woodcuts of 1515 allows 
us to realize how much we miss from 
the small size and low-contrast repro
duction of most of the maps illustrated. 
This is a working index catalogue, not 
an artistic collection. The alphabetical 
arrangement fits that decision, although 
we lose by it a good deal of the histor
ical sense a general reader might have 
won from examination of the works in 
chronological order. 

Surely the volume will commend it
self to librarians and collectors: it is a 
mine of otherwise obscure information. 
One can with some patience trace out 
the origins of the images of the constel
lations, which appear to mix an Islam
ic tradition direct from its Ptolemaic 
sources with a ruder, more mythological 
style, stemming from medieval manu
scripts that offered illustrated versions 
of the long sky-myth classical poems Of 
Aratus of Soli and Hyginus. The mate
rial is rich with implications and con
clusions, from the coming of the south
ern stars and the Clouds of Magellan to 
the efforts, sometimes lastingly success
ful, to father new constellations, even 
in the skies Ptolemy had mapped. The 
sky maps turned detailed and matter
of-fact at the end of this period; Thom
as Young himself proposed to cataster
ize his colleague Humphrey Davy's 
trough battery as "the Battery of Volta" 
in 1806. But even that modest group of 
only two fourth-magnitude stars came 
too late for any acceptance. 

THE PAINTED MESSAGE, by Otto Billig 
and B. G. Burton-Bradley. Schenk

man Publishing Company, Halsted 
Press Division, John Wiley & Sons 
($19.50). In the deep green valleys and 
along the rugged rain-drenched ridges 
of the highlands of central New Guinea 
there are a couple of thousand little vil
lages, a few dozen round and oval huts 
each, where the Melanesian subsistence 
farmers live out the intricate lives of 
their ancient cultures (there are hun
dreds of languages), diverse, isolated, 
egalitarian. ("The only specialist was the 
artist, who was always male. ") The men 
plant yams and taros, the women gath
er the crop and tend the pigs; there is 
rigid separation by sex, even to living 
quarters. Across this densely settled but 
long unvisited land have swept gales of 
change, first in the coming of the gold 

miners only 40 or 50 years ago, then 
in the echo of nearby war, then with 
an earnest colonial administration, the 
cash crops of tobacco and coffee, the 
ministry of tireless missionaries (often 
arriving headlong by parachute) and 
now with the building of a new nation: 
Papua New Guinea. 

B. G. Burton-Bradley is the director 
of Mental Health Services there. His or
ganization operates centers of psychi
atric care: one outside the capital city, 
Port Moresby on the Coral Sea, and one 
a couple of hundred miles inland, at 
Goroka under the high peak of Mount 
Wilhelm. The patients resident at Lalo
ki outside Moresby include many from 
coastal and riverine peoples, still more 
diverse in culture, open perhaps twice 
as long ago to contact with the world 
outside. The psychotic men and wom
en under treatment show basic symp
toms of schizophrenia similar to those 
of patients in developed countries, but 
"throughout this book we have used the 
less specific label of personality disinte

gration to describe the mental state of 
our patients. " The volume does not rest 
on tricky diagnostic detail; the patients 
show patterns of behavior that deviate 
from what the patient's own cultural 
group considers normal and "are recog
nized as pathological by his peers." The 
patients from the rural areas were usual
ly hospitalized for the physical protec
tion of their fellow villagers; the patients 
from the larger towns were more often 
hospitalized for treatment. 

Otto Billig, the other author, is clini
cal professor of psychiatry at the Van
derbilt University School of Medicine. 
Since his student days he has been 
caught by the evident importance of the 
graphic productions, usually in crayon 
or paint on paper, made by many schizo
phrenic patients in his own long experi
ence. He went to New Guinea to find 
similar patients, drawn in some num
bers from a large population, who could 
be said to be as culturally distinct as 
possible from the patients he knew. In 
this touching, thoughtful, richly illus
trated volume the two psychiatrists have 
tried to sum up their findings based on 
that remarkable comparison. About 150 
New Guinea patients were encountered, 
and a score of those cases are reviewed 
in some detail, with sequences of illus
trations. 

Rich lands and poor the sad progres
sion is the same. Strange ideas lead to 
incoherent, purposeless speech. A deep 
need for human relationships may be 
concealed by a superficial crust of pre
occupation, even detachment, that can 
suddenly shatter into anger or despair. 
Delusions may begin in a half-accept
able magical or religious guise and then 
progress into behavior so unusual that it 
is widely perceived as being bizarre. 

A farmer in the New Guinea high
lands had been a youth when the first 
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outside contact came. He lived incon
spicuously in the village until his wife 
died. The Australian patrol officer saw a 
marked change in the man. His speech 
became vague, difficult, inconsistent. He 
left his lonely hut to wander with bow 
and arrow, although carrying a weapon 
was customary only in time of war. 
He grew no more food; he stole from 
the gardens and killed neighbors' pigs. 
When he encountered a woman working 
in a garden he had entered for food, he 
killed her. He killed a man from whom 
he had stolen some nuts, making the ac
cusation that the dead man had stolen 
the nuts from him. In another time the 
villagers might then have killed him or 
driven him into the forest, but instead 
the patrol took him off. He sat alone and 
indifferent in the dayroom at the hospi
tal, evasive under questioning, without 
insight into the reason for his plight. A 
few weeks of chemotherapy brought an 
improvement; he was discharged after 
a couple of years, but he immediately 
relapsed and was returned. In the hospi
tal he took a vigorous part in art ther
apy; his output "is remarkable in its va
riety and quantity." His first watercolor 
is a spotty sheet of mandalas, zigzags 
and enclosed forms, a prototype of in
coherence. Step by step his work came 
to resemble the ranks of triangles and 
crosshatchings that are the traditional 
decorations of his own culture. Tenta
tive humanoid figures appear, hidden 
under the pattern. His last watercolors 
show lizards in the traditional pose, al
though elongated beyond the already 
lengthened norm_ "Most of the patient's 
graphics find their basis in the cultur
al patterns of traditional art. Only a 
few of his watercolors, painted at the 
height of his psychotic disintegration, 
lack culture-bound designs; the structure 
of these watercolors is found universal
ly in drawings by highly disintegrated 
psychotics." 

Three famous artists, Vincent van 
Gogh, Giorgio de Chirico and Edvard 
Munch, suffered periods of clear psy
chotic disintegration; two of them were 
hospitalized. Sequences of their works 
are shown here; they have some affini
ties with the pictures made by other pa
tients. The working artists, however, 
had a coherence, diminished but still 
strong, that gives their work meaning to 
us. Munch in particular managed to 
convey the human quality of his emo
tional state with remarkable eloquence. 
"The mentally ill patient is solipsistic 
and expresses his own inner feelings; the 
artist's work ... evokes significant reac
tions in his audience," even to his own 
inner conflict. 

It is a more than visual space these 
pictures reflect; a rich multidimension
ality replaces the powerful one-dimen
sional mapping by language that seems 
to be lost to the ill. Everyone internal: 
izes some sense of space, based deep in 

the past on gravity, light and air and 
rooted universally in all cultures. - Out 
of these elements is built up complex 
human behavior, social, maturing, intri
cately structured. As words come to fail 
the mind, deeper (earlier?) mappings can 
be called up. Layer by layer the coher
ence of the inner world is unwrapped, 
to end in those papers spotted with their 
floating inchoate designs. John Donne 
felt something like it in the new Coper
nican world, when only a public cosmol
ogy had been struck down: .. 'Tis all in 
peeces, all cohaerence gone; / All just 
supply, and all Relation: / Prince, Sub
ject, Father, Sonne, are things forgot." 

Like most psychiatric theorists, these 
observers extend their reflections very 
far indeed, with interesting chapters on 
magic, on the psychology of space and 
its ontological development, on the gen
eral and the artistic history of Europe. 
Tables of parallels are as close as this 
discipline can come to tests of theory; 
there are no counts, no statistical sam
ples. There is, however, a good deal of 
mature knowledge and impressive argu
ment. More than that, in this volume we 
enter directly the mentality of these our 
fellows, through their own symbolic 
handiwork_ We vault with the eye the 
high barrier of the loss of language. "I 
can't say what I want to say .... There is 
too much." Consider that the words of 
the New Guinea patients had to traverse 
the slippery slopes of double transla
tion, first from the place language to 
Neo-Melanesian pidgin, then from pid
gin to the English text. In the sheer 
sweep of the clinical data, above all in 
the vivid directness of the painted mes
sage, this fine volume opens a wide door 
into the world of psychosis, and by con. 
trast and affinity into the mind itself. 

ANTARCTICA: No SINGLE COUNTRY, No 
.n SINGLE SEA, by Creina Bond and 
Roy Siegfried_ Photography by Peter 
Johnson. Mayflower Books ($27.50). 
An American is likely to think of Cape 
Horn as fit gate to the Antarctic; its 
frightening rollers and howling winds 
seem to point the way to the icy shores 
of the Southern Ocean. We forget that 
the well-kept vineyards of Cape Town, 
where the summer sun is as high and hot 
as it is in the Carolinas, equally frame a 
port of departure for that Antarctic Cir
cle beyond which the ice cap lies. No 
land lies south of that Cape before the 
Antarctic, only "the roaring forties, the 
filthy fifties and the screaming sixties" 
and then the great floats of pack ice 
come July. 

This unusually beautiful book is a 
South African view of the isolated conti
nent. Its focus is not the high ice, nor the 
aircraft and the geophysical stations 
that mark the plateau, but the ocean and 
its shores of rock and ice, the ships that 
have braved the waves, the cold, lone
ly volcanic islands dotting it here and 
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Wanted are a broad range of health-care and toilet
ries innovations that these companies can acquire 
and bring to market in the next two or three years: 
Health-care: 

o Prescription drugs 
o Non-prescription drugs 
o Topical applications 
o Diagnostics 
o Medical devices 
o Patient-care disposables 

Toiletries: 
o Personal grooming aids 
o Antiperspirants, deodorants 
o Hair-care products 
o Skin-care products 
o Oral hygiene products 
o Intimate-hygiene products 

No cost to you 
-----------------------------

Throughout the year, we report to these companies 
on innovations that we feel have good business po
tential. The cost of our search efforts is paid 100% by 
these companies, which means you pay us nothing. 

Our reports (THE NEW PRODUCT/TECHNOLOGY 
SOURCE BOOK SYSTEM) are reviewed by top market
ing executives with an interest in licensing and 
acquisition. This means your innovation is consid
ered by many potential buyers simultaneously. 

VVhat happ'�en�s�n� e�x�t __________________ __ 

If your own innovation awakens a particular 
company's interest, you will be contacted directly to 

Wite to: 

discuss details leading to a license or purchase 
agreement. 

Within three months of receipt of a recent report, 
64% of the innovations were being actively investi
gated by three or more of the subscribing com
panies, and several optionllicensing negotiations 
were in progress. 

Individual inventors have profited from our 
searches. So have independent laboratories and 
R&D facilities. So have major companies with inno
vations to license. 

How to benefit 

There is just one rule: all disclosures to us must be 
non-confidential, unless or until you and we execute 
a mutually agreeable secrecy agreement. 

So please be careful to follow these three steps 
exactly: 

1. Write us a letter now giving us your name, address, 
and telephone number; the title of your innovation; 
and your request for our invention description 
questionnaire. 

2. You may include any issued patents, but no other 
disclosures, please! Wait to read our procedure first. 

3. We will promptly send you our submission proce
dure, plus a detailed statement of our credentials. 

If you prefer to contact us through your patent 
attorney-which you may, if your patent is pend
ing-we will be happy to work through him. 

In any event, we urge you: act now. Don't let this 
opportunity go by default. There could be no better 
chance for you to find an ideal purchaser or licensee 
for your innovation. 

�I 
Product Resources International, Inc. 
Attention: Source Book Search #21 
90 Park Avenue, New York, N. Y. 10016 
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Our compact 
Rollei 35S was an 
extraordinary 
camera. 

But now we've 
made it even better. 
Our new Rollei 35SE 
has a "stop & go" 
metering system that 
features red and 
green Light Emitting 
Diodes in the viewfinder 
to help ensure proper exposures. 
This means it's even easier to get 
the top-quality pictures that made our 
35S a photographic classic. 

In addition, the Rollei 35SE has a rugged metal 
body and a superb, Zeiss-designed, 5-element, f/2.S 
Sonnar* lens. There are shutter speeds from B to 
1 /500-sec., a big, bright viewfinder, and a built-in 
hotshoe for electronic flash. 

See this incredible new camera for yourself at fine photo 
stores everywhere. Or write: Roliei of America, Dept. F, Box 
1010, Littleton, CO S0160. In Canada, Rollei Canada Ltd., 
Downsview, Ontario. 

�ollei 
Owning a Ro/lei says something about you. 
·Made under license from Carl Zeiss, Oberkochen. West Germany. 99 

there, and the life, from euphausid krill 
to wandering albatross and great blue 
whale, whose home it is. It is a work of 
the 1970's; the brilliant photographer 
whose large and well-reproduced photo
graphs are the core of the volume has 
been to the Antarctic five times during 
the decade. In the context of his photo
graphs a conservation journalist, Creina 
Bond, and a University of Cape Town 
naturalist, Roy Siegfreid, have present
ed an account of the history of the ex
ploration and of the ecology of that 
world. The level is entirely popular, but 
they have used the classical historical 
sources-the pages of Shackleton, Scott, 
Apsley-Garrard-so well, and they offer 
such an up-to-date account of the geo
graphical and biological truth and the 
political realities around that Southern 
Ocean, that the general reader will find it 
fresh and full of interest. 

The extraordinarily fine photographs 
show both the icy world, cobalt blue 
and sun rosy more often than ice-blink 
white, and the rocky world of the dark 
shores. Three or four of the dozen brief 
chapters are of particular interest, both 
to the eye and to the mind. A couple 
treat of the islands. Here is Deception 
Island, whose sulfur-colored crater lake 
and sea-flooded caldera with its broken 
rim once gave safe harbor to busy whal
ing factories. Arctic reindeer now roam 
free along the talus slopes of South 
Georgia; 1 1  animals were brought there 
by Norwegian whalers before World 
War I. Beaufort Island is shown, a peak 
rising sheer from the cold seas, perhaps 
never climbed. The wandering albatross 
is celebrated in an interesting chapter. 
The story of the great bird, flying steadi
ly up the prevailing wind, to return af
ter a few years to its breeding islands 
from around the world, is well told and 
sharply pictured. Such a bird may voy
age afar for 50 years; it seems likely 
that the staunchest and most enduring 
of the species may have circled the earth 
scores of times, rivaled among members 
of our species only by some airplane pi
lots and by the astronauts in orbit, log
ging five million miles aloft. 

The chief concerns of the authors are 
the three great ocean resources. The 
marine animals, first the seals and then 
the big whales, have been exploited be
yond the danger point. Second is the ice
bergs. Big and small, they show here 
vividly. Icebergs towed northward may 
offer a resource of fresh water, even of 
free energy, exploitable before the turn 
of the millennium, "one of the few Ant
arctic developments that might possibly 
take place without raising problems of 
original ownership." Finally there are 
the krill, the unappetizing luminous "su
pershrimp" whose mass fishery is one 
active if uncertain goal of the fishing na
tions. Two shots are memorable: a cast
up euphausid, cooked pink by volcanic 
warm waters, lying on the dark shingle, 
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Ford Fiesta 
and the option 

that could 
pay for itself. 

40 

• • Winning 
c hoices. 

Just ask your 
Ford Dealer. 

When you order your new Ford Fiesta, 
be sure to consider the one option that 

could pay for itself. Ford Motor 
Company's Extended Service Plan. It's 

available to help protect you against 
rising service costs. And it's backed by 
Ford Motor Company and honored by 

participating Ford Dealers nationwide. 

To learn more about what this plan 
covers and what it costs, see your 

Ford Dealer. 

and the glowing big-eyed animals in life. 
Pasta Okean, a pink coagulated krill 
paste, is now in Russian marketplaces; 
the Norwegians feed frozen krill to live
stock. The prospect of a truly giant fish
ery waits prudently-one hopes-on a 
better understanding of the life cycle of 
the multitudinous swarms, well caught 
only by the whales, now so few. 

Since 1978 a new Convention on the 
Living Resources of the Southern Ocean 
has been under negotiation among the 
dozen nations that had earlier preserved 
the ice cap as an international laborato
ry, freely open to all countries that can 
afford research. Can they produce "a 
second miracle-a convention that will 
conserve krill," recognizing and being 
recognized by all the nations that might 
fish for the food of the blue whale? The 
blues have been worse than decimated; 
down to one where once swam 30, fie 
nally under full protection at least on 
paper, they may yet survive the short
sightedness of us hunters. During the 
southern summer of 1978-79 only three 
factory ships, Russian and Japanese, 
pursued whales there; "they had to work 
hard for every whale they caught. " With 
helicopter and sonar they searched out 
mainly the minke whale, "once consid
ered too small to hunt. " There is still 
hope; perhaps the air view here of two 
blue whales, so freed of scale that they 
might be trout curving in some moun
tain stream, is a good omen at last. 

ELECTRONIC INVENTIONS AND DISCOV
ERIES, by O. W. A. Dummer. Perga

mon Press ($39). A genuine prophet, 
this British author gave his Washington 
audience in 1952 a "peep into the fu
ture. " Said he: "With the advent of the 
transistor, it seems now possible to en
visage electronic equipment in a solid 
block with no connecting wires. The 
block may consist of layers of insulat
ing, conducting, rectifying and amplify
ing materials. " That future has arrived, 
more or less as he saw it. Dummer, him
self an innovator of no small impor
tance (he was in 1940 co-inventor of 
the all but universal radar display that 
shows direction and range directly in 
polar plot on its screen), has turned to 
history. In this revised second edition 
he offers us a chronology of 450 inven
tions in electronics, giving to each a par
agraph or two, with sources. 

The entries span the years from Pas
cal's mechanical computer of 1642 to 
the two-inch-screen portable telt.vision 
set of 1977. Only Western Europe and 
the U.S. are covered in any systematic 
way; indeed, there can hardly be any 
well-defined criterion for inclusion on 
the list. We depend on the judgment of 
this acute observer. He starts slowly, 
with the Leyden jar and the Wheatstone 
bridge nearly a century apart. The old
timers give way to W. K. Rontgen and 
Ernest Rutherford, J. J. Thomson and 

Ferdinand Braun. (Braun built his. first 
cathode-ray oscilloscope at the Uni
versity of Strasbourg in 1897; how he 
would be impressed by the multiplica
tion of Braun tubes, now a population of 
nearly half a billion worldwide!) 

Thermal noise, spinning-disk televi
sion and the first commercial short
wave station (Hilversum "on 26 me
ters . . .  loud and clear") mark 1925. Vac
uum begins to leak away as computers 
rise and solidify in the postwar world. It 
has been 20 years since the integrated
circuit patent; the art explodes into the 
giant industry of today and tomorrow. 
There is a twinge of nostalgia in learn
ing that the familiar multipin dual-in
line integrated-circuit package was first 
put out by Bryant Rogers at Fairchild 
in 1964; it looked just as it does today, 
like a bug with 16 stiff legs. The micro
computer was introduced by Intel in 
1972, the same year as the first video 
game, Magnavox' silent Odyssey, the 
CAT scanner from E. M. l. and the first 
substantial semiconductor memory. 

A few old inventions are genuinely 
surprising. An English inventor, Dancer 
(no first name is given us), produced in 
1839 tiny daguerreotypes of documents, 
images only an eighth of an inch on a 
side. The concept of the microfilm li
brary was already several years old. The 
first relays, used of course in telegra
phy, date from about the same year. The 
patent was taken out first by Edward 
Davy in 1838 and then by Samuel F. B. 
Morse in 1840; Davy had contested a 
patent granted Cooke and Wheatstone 
in 1837. Valdemar Poulsen of Denmark 
invented magnetic recording in 1898; he 
used steel wire and tape as the recording 
mediums. The first printed-circuit pat
ent was issued to P. Eisler in the United 
Kingdom in 1943; there were precedents 
around the wartime proximity-fuze de
velopment both in the U.K. and in the 
U.S. The bold proposal to put a radar 
system into each antiaircraft shell was 
that of an Englishman, W. S. Butement. 
("The Americans performed the prodi
gy of making 150,000,000 of the special 
valves for these fuzes.") 

Dummer offers a variety of aids to the 
use of his long chronology: lists by cate
gory, by inventor and so on. There are 
interesting graphs, maps, occasional pe
riod diagrams and photographs. One 
might complain a little about a padding 
of the list with more than 60 satellites 
after 1957; Arthur C. Clarke's concept, 
Sputnik 1 and Sputnik 2, and maybe 
Echo 1 and the Intelsats, but Tacsat 1 
and AZUR? A more serious complaint 
can be lodged about references; most 
of the sources given are secondary re
view articles and the like, so that a cu
rious reader will have a tedious path to 
follow to any beginning. The work is 
nonetheless a pleasure for the browser 
and is bound to become a mainstay in 
the trade. 
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ONE OF THE GREAT 
MISCALCULATIONS 

IN IBM HISTORY. 
In the early 1950's, we took a hard look at 

the future for business computer systems. 
Our best estimate, at the time, was a poten

tial of 50 new customers. 
But in a relatively short time, we'd built and 

installed 75 systems. 
And by the time the dust had settled, we'd 

sold 1500 of them. 
It's hard to believe that a forecast could 

ve been so wide of the mark. 
But then, as now, this industry continues 

to surprise nearly everyone. 
Who would have dreamed, back in the '50s, that in less than 30 years 

this would be an industry that has installed more than 500,000 computer 
systems in the U.S. alone. 

Who could have guessed 
scientists, inventors, and engineers 
industry employing more than three
the United States. 

that a business started by a few dozen 
would become a multibillion dollar 

quarters of a million people here in 

For the past 30 years computer tec nology has been exploding, and even 
today demand continues to exceed most optimistic forecasts. 

There is one forecast, howe er. we feel confident in making. 
As long as we can keep driving the cost of using a computer down, this 

looks like an industry with nowhere to go but up. � � �i�i" 
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Youth Unemployment 
Getting work has been increasingly difficult for young Americans 

ever since the 1950's. Among nonwhites more than a third of the 

teenagers and a fifth of the young adults are currently unemployed 

Ten years ago I served on a task 
force studying the problem of un
employment among young black 

Americans. We came to the conclusion 
that the dimensions and effects of black 
youth unemployment constituted not 
merely a serious problem but a real cri
sis. A decade later the crisis persists. A 
social and economic crisis of 10 years' 
duration must surely be considered a ca
tastrophe. 

It will come as no surprise that un-

by Eli Ginzberg 

employment weighs most heavily on 
blacks. For young white people the sta
tistics are less alarming: the unemploy
ment rates are lower. Even for young 
whites, however, the rates are substan
tially higher than they are for adults. To 
want work and be unable to find it is 
painful at any age, but youth unemploy
ment has particular effects, both on the 
individual and on society. A lengthy pe
riod of frustration and enforced idleness 
when a person first enters the labor force 

can disable him or her, psychological
ly and in terms of experience, for later 
employment, with the result that large 
numbers of Americans fail to function 
effectively in the economy. 

Youth unemployment is nonetheless 
one of those many national problems 
with respect to which presumably well
qualified experts disagree, both about 
what the facts and figures mean and 
about the solution. Pessimists point out 
that unemployment among teenagers 

UNEMPLOYMENT INSURANCE is just one of the high costs of 
youth unemployment. The scene is a typical unemployment-insur-

ance line this one in New York. Other social costs of youth unem
ploymen: are alienation, violent crime and long-term job disability. 
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(from 16 through 19 years old) rose 
from 1 1  percent in 1955 to more than 
16 percent in 1978, or from three times 
the rate for adults (25 years old and 
over) to more than four times that rate. 
Alarmists emphasize the skyrocketing 
unemployment rate among nonwhite 
teenagers, which is now more than 40 
percent for 16- and 17-year-olds. Yet 
there are optimists who refuse to be dis
turbed by the statistics. Some experts 
who acknowledge that youth unemploy
ment is high and has risen sharply none
theless think there is no need to be 
alarmed since so much of the reported 
unemployment is "voluntary," by which 
they mean that many young workers are 
quick to quit their jobs simply because 
they do not like the work or the boss or 
expect to find something better. Many 
experts believe youth unemployment 
is cured in time as teenagers become 
adults. The pessimists retaliate by point
ing out that the official unemployment 
figures are surely understated: they do 
not include the many youngsters who 
are not actively looking for a job, in 
many cases simply because they are 
convinced they could not find one. 

How is one to decide which group is 
right? At the human level, at least, it 
seems to me the answer is clear. When a 
few years ago a distinguished economist 
emphasized the curative qualities of 
time, I pointed out that for some young 
people his cure would not work: they 
would be dead as the result of homicide 
on the streets or would have been im
prisoned and thereby scarred for life. To 
evaluate the problem more coolly, as a 
broad social and economic issue, it is 
necessary to look closely at what has 
happened in the past 25 years to unem
ployment rates for teenagers and young 
adults (from 20 through 24 years old). 

The most important findings to be 
extracted from the statistics for se

lected nonrecession years point to an 
absolute and relative increase in all 

teenagers' unemployment and to mod
est increases among young adults. As 
far as young white men are concerned, 
once one disregards the 16- and 17-year
olds (the overwhelming proportion of 
whom are still in school) one cannot find 
any significant increases, although the 
unemployment rate is much worse than 
the rate for men 25 years old and over. 
Young white women between the ages 
of 18 and 24, on the other hand, did 
experience a significant rise in their un
employment rate. And among young 
blacks, both men and women, the un
employment rate almost doubled and 
in some cases almost tripled. 

It is important to bear in mind that 
between the mid-1950's and the early 
1970's the number of young people 
reaching working age each year approx
imately doubled, from about two mil
lion to about four million. The coming 
of age of the baby-boom generation co
incided in part with another trend: the 
entry into the labor force of millions of 
women who had not sought work out
side the home before. The conjunction 
of the two trends confronted the econo
my with a major challenge. The number 
of jobs did increase markedly with re
spect to earlier decades, but the labor 
force-the part of the population work
ing or actively seeking work-increased 
even more. Whereas the unemployment 
rate reflects the failure of the labor mar
ket to provide jobs for those who want 
to work, another measure, the ratio 
of total employment to the population 
aged 16 and over (the E/ P ratio), reflects 
the success of the labor market in pro
viding jobs. 

In spite of the big influx of young peo
ple into the labor market, reflecting the 
demographic bulge, the American econ
omy was able in the case of white teen
agers to create enough new jobs to en
able the E/ P ratio for that group to rise 
to an all-time high. White·teenage fe
males showed a one-third increase in 
their E/ P ratio, reaching a level not 
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labor force 16 years old and over) and the rate for adults (25 years old and over). The data are 
for four nonrecession years. The rate is higher for both teenagers (16 through 19) and young 
adults (20 through 24) than for adults, and the rate for teenagers has risen particularly sharply. 
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much below that of teenage men. Young
adult white women from 20 through 24 
showed an even more pronounced gain 
in their E/ P ratio. Young-adult white 
males lost a few percentage points for 
reasons not immediately apparent; con
sidering that their unemployment rate 
increased hardly at all, a reasonable 
guess is that the lower E/ P ratio reflects 
a changing style of life, with a growing 
proportion of this group wanting to 
"knock around" before "settling down." 
Once again one must note that the expe
rience of young blacks of both sexes was 
adverse. The E/ P ratio for black teen
agers declined and the trend for young 
adults was not favorable. 

To probe below the surface of the la
bor-force participation of young people 
it is necessary to look at what propor
tion of them are enrolled in school. The 
unemployment of a 16-year-old high 
school junior may reflect no more than 
that he has lost the job he held as a deliv
ery boy and has not yet found another. 
On the other hand, a 19-year-old high 
school dropout or graduate who is not 
currently enrolled in any educational or 
training program is likely to want (and 
need) a full-time job. The statistics on 
school enrollment warrant close scruti
ny. In the first place they reveal a decline 
in the proportion of white men, both 
teenagers and young adults, who attend
ed school in 1977 compared with the 
mid- or late 1960's. (The figures confirm 
my impression as a member of a uni
versity faculty that in the 1960's many 
young men stayed in school in order 
to avoid military service during the Vi
etnam war.) The experience of white 
women has been quite different. In every 
age category an increasing proportion 
of them enrolled in school. 

The most striking gains are found, 
however, among black men and 

women. Contrary to a widespread im
pression, over the three decades there 
was a doubling or more in the propor
tion of older black teenagers enrolled 
in school. There were also gains of 
from three to seven times among young 
adults of college age. Without getting 
sidetracked from the main concern, it 
should be emphasized that in 1977 a 
larger proportion of blacks than of 
whites aged 18 through 24 were enrolled 
in school. No other social indicator 
linked to family income demonstrates 
a more favorable condition for blacks 
than for whites. The following figures 
shed some light on this anomaly. 

In 1977 of the 30.5 million whites be
tween the ages of 16 and 24, 18.6 million 
were employed, for an E/ P ratio of 6 1  
percent; the unemployment rate among 
this white group was 1 1.3 percent. The 
figures for blacks were quite different. 
Their E/ P ratio was only 37 percent and 
their unemployment rate was 33 per
cent. There is some support in these data 
for the view that, confronted with poor 
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job prospects, more blacks prolong their 
education, but the fact is that school en
rollment has never been determined pri
marily by employment opportunities. 

Young people enrolled in school who 
are also in the labor force are over
whelmingly interested in getting part
time or part-year employment. Their 
major commitment is to school. Hence 
what the differentially lower E/ P ra
tios and higher unemployment rates for 
blacks compared with whites reflect is a 
shortfall in the ability of blacks to find 
part-time work. The situation is differ
ent in the case of those who are no long
er in school because they dropped out 
or were graduated and who are not pur
suing any formal education or training 
program. The reasonable assumption is 
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One with the widest currency holds that 
a rise in the unemployment rate reflects 
a loss in the "work ethic." Young people 
are said to be less willing than their fa
thers and grandfathers were to take a 
job-any job-that is available. Clearly, 
however, this theory cannot be squared 
with the rise in the E/ P level. 

Critics of the performance of the 

BREAKDOWN OF RATES by race, sex and 
age shows which groups have been hit hard· 
est. Unemployment is somewhat worse for 
women than for men, has risen most sharply 
for youngsters 16 and 17 years old and is much 
higher for blacks and other nonwhites than 
it is for whites. Data are for the same nonre· 
cession years as in the preceding illustration. 
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American economy emphasize that it 
has been running slack for many years, 
with an unemployment level far above 
the 3 or 4 percent said to define "full 
employment." In their view this slack
ness means there cannot be enough jobs 
to go around and young people with the 
least training and experience are likely 
to be left at the hiring gate. There is 
something to this view, but not a great 
deal: in the four years from early 1975 
to 1979 the economy created 12 million 
new jobs, and still youth unemployment 
was high and black youth unemploy
ment was very high. 

There are those who believe the youth 
unemployment problem is largely a self
inflicted wound reflecting a serious error 
in public policy: the raising of the minu
mum wage to a level where employers 
no longer find it profitable to hire young 
people. This hypothesis explains too 
much. With the E/ P ratio at an all-time 
high employers are clearly hiring large 
numbers of youths. Moreover, the rela
tion between what employers must pay 
a young person and what they must pay 
an adult has not changed in favor of the 
young over the past several decades, and 
it is the relative wage that determines 
employers' preferences. The only thing 
one can say for the minimum wage in 
this context is that it has not been help
ful to some small number of young job 
seekers. 

Two more proposed explanations 
should be noted briefly. The first stresses 
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the lack of orientation to work and the 
limited competence that characterize 
many young people, particularly among 
minority populations in the inner city. 
Although some youngsters are indeed 
poorly prepared for work, the striking 
gains in the enrollment of blacks in 
school must be considered before plac
ing too much weight on this explanation. 
Another hypothesis with wide currency 
is that many inner-city youngsters pre
fer to work at a somewhat question
able occupation rather than at a dirty, 
low-paying job; they can earn more in 
less time and do not have to submit to 
the discipline of the work place. This 
hypothesis cannot be squared with the 
minimum-wage explanation. If young 
people prefer to work at a questionable 
occupation rather than accepting a job 
at the present minim urn wage, surely 
they would be even more likely to do 
so if the available jobs paid less. 

Clearly there are more hypotheses 
than there are phenomena to be ex
plained. Considering the large inflow
the doubling in the number of young 
people reaching working age-the rise in 
the E/ P ratio for all teenagers in the past 
25 years must be put alongside the rise 
in the unemployment rate. And the very 
small increase in the unemployment 
rate for young white adults (20-24) sug
gests that for most whites time does take 
care of most of the problems stemming 
from inability to find jobs as teenagers. 
This relatively optimistic interpretation 

20-24 

surely does not hold for blacks, how
ever. A great many young black men 
and women are having serious difficul
ties in the labor market. This is the phe
nomenon that requires close attention. 

Tet us look more closely at what the 
L statistics indicate about the employ
ment problems of young blacks. Teen
age black males have unemployment 
rates of from 30 to 40 percent, more 
than double the rates for whites. Young 
black men and women (20-24) have 
unemployment rates of about 20 per
cent, from two and a half to three times 
the rates for their white counterparts. 
The E/ P ratio for teenage black males 
dropped from 48 to 30 percent between 
the late 1950's and the late 1970's; 
meanwhile the rate for whites increased 
from 51 to 56 percent. The E/ P ratio for 
teenage black females slipped from 25.2 
to 23.5 percent over the past 25 years as 
the rate for whites advanced from 36.9 
to 48.7 percent. Among young adults 
the E/ P ratios for whites average about 
15 percentage points higher than those 
of their black counterparts. 

There is only one way to read statis
tics such as these. A disproportionately 
large number of young blacks are hav
ing serious and prolonged difficulties 
gaining a foothold in the world of work. 
What is worse is that many of those who 
encounter serious difficulties in their 
formative years (from 16 through 24) 
fail to acquire the experience, training, 
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EMPLOYMENT-TO-POPULATION RATIO is the ratio of employed people to the total 
population aged 16 and over; it reflects the ability of the economy to provide new jobs for a 
growing population. The average EI P ratios in three five-year periods and the ratios in 1978 
are given here for each of eight population groups. For white teenagers the ratio has risen; it 
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competences and credentials that would 
earn them a regular job yielding a rea
sonable income in their adult years. 

The long-term consequences of the 
widespread difficulties encountered by 
black teenagers and young adults in the 
labor market are reflected in the job ex
perience of the age cohorts 25 through 
29 and 25 through 34. In 1978 nine 
white veterans in 10 between the ages of 
25 and 29 were employed but only eight 
in 10 black veterans. Of the nonveteran 
population 92.5 percent of the white 
men and only 80.4 percent of the black 
men were employed. If one looks at the 
work experience and earnings of 25- and 
26-year-old noncollege men, one finds 
that in the course of the year whites 
worked 47 weeks and blacks worked 43; 
the hourly pay of whites was almost half 
again as much as it was for blacKs ($6.98 
v. $4.79), and the estimated annual earn
ings of white males of $ 13, 100 were 
about 60 percent higher than the $8,200 
earned by black males. 

If one broadens the perspective to 
look at the income differentials for the 
entire cohort aged 25 through 34, one 
finds that the mean earnings of white 
men were only $ 12,400 compared with 
$ 10,200 for blacks, a spread of 18 per
cent. The comparable data for those 
who worked full time for the full year 
show earnings of $ 14,900 for white men 
compared with $ 12,400 for black men, a 
spread of 16 percent. 

Although many blacks have succeed-

ed in the past two decades in moving out 
of the less desirable occupations (those 
with the lowest pay, the highest unem
ployment rates, the least security and 
the fewest career opportunities), blacks 
are still heavily overrepresented at the 
lower end of the total distribution: one 
in three is employed as a service worker 
or laborer, and only one in six whites. 

All these findings (and they could be 
added to) point to one simple conclu
sion: the poor experience of blacks in the 
labor market during their late adoles
cence and young adulthood leaves them 
permanently disadvantaged. 

Although this emphasis on black 
youths is justified by the appalling facts 
about their high unemployment rates 
and their low labor-force participation, 
they are not the only vulnerable group. 
Young whites outnumber black and oth
er minority young people by about nine 
to one, which means that most of the 
young people who are in trouble are 
white. Moreover, young Hispanics also 
have particular disabilities in the labor 
market. Their experience, in terms of 
unemployment and labor-force partici
pation, falls about midway between that 
of whites and blacks, but the lack of 
long-term data specifically for Hispan
ics makes it impossible to analyze their 
situation in more detail. 

The American economy is increasing
ly a service economy. Only about 

one job in three is in the production of 

goods, that is, in agriculture, manufac
turing, mining or construction. Many, if 
not most, jobs in the service sector re
quire some literacy, facility with num
bers and communications skills: com
petences most young people acquire in 
school. Approximately one black young
ster in four currently fails to graduate 
from high school. For many of them ef
fective schooling really stops long be
fore they leave or are pushed out, since 
a significant proportion become truants 
by the time they are 12 or 13 and many 
who remain in school pay little or no at
tention to their studies. To make things 
worse, many harassed teachers make 
no serious effort to teach. 

Many minority children, brought up 
in homes without a father, often by a 
mother who cannot or for other reasons 
does not work, and living in neighbor
hoods where few people who do go to 
work regularly have much to show for 
it, see little point in taking school seri
ously or believing it can help them to get 
a job that will lead anywhere. If their 
early job history and work experience 
confirm their pessimistic expectations, 
many give up. Many white youngsters 
are introduced by a parent, a relative or 
a friend to an employer who is looking 
for workers. The path is smoothed for 
them; at least they will be interviewed. 
This is not the case for those black 
youngsters whose deviant dress, appear
ance and speech are likely to prevent 
their receiving an application form even 
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has risen sharply for white young-adult women and has declined a lit
tle for white young-adult men. Among nonwhites the ratio for male 
teenagers has declined sharply, as has the ratio for young-adult men 
in recent years; for women the trend is less pronounced. Data were 
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developed by Robert L Lerman of U.S. Department of Labor. Even 
when EI P ratio is favorable because proportion of the population 16 
and over who have jobs is growing, unemployment will rise if labor 
force (those actively seeking work) grows faster than that population. 
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if they can get to an office where em-
ployers are interviewing. 

. 

Although many large employers have 
sought in recent years to increase the 
proportion of minority people on their 
payroll, that effort has surely not been 
made by many smaller employers. Dis
crimination in the job market, although 
it is less blatant, is still strong, and it 
adds markedly to the troubles young 
blacks face, particularly if they have in
ferior preparation for employment. And 
the steady out-migration of manufac
turing jobs from the inner cities, where 
large minority populations are con
centrated, to the suburbs and beyond 
has surely compounded the difficulties 
many young blacks (particularly men) 
face in getting a job they could do and 
that pays reasonably well. 

The shift to services, poor preparation 
for work, lack of family support, em
ployer discrimination and the relocation 
of manufacturing jobs all add up to sug
gest to black teenagers a self-fulfilling 
prophecy: Why bother? Society has no 
place for us. 

What has the country tried to do to 
help these disadvantaged minority 

youngsters get a better start in life? Be
ginning in 1964 Congress has provided 
a sizable sum of money each summer 
(now in the $ I-billion annual range) to 
provide work experience for disadvan
taged young people of high school age. 
The youngsters are assigned eight-week 
jobs for which they are paid the mini
mum wage. Some of them learn some
thing, many learn little. Some learn the 
wrong thing: that they can be paid with
out doing any productive work. Con
gress has looked on the Summer Youth 
Employment Program primarily as a 
way to "keep the cities cool." 

Also started in 1964 was a small, 
expensive program (originally about 
$ 10,000 per person per year): the Job 
Corps. It is intended for the most dis
advantaged youths, some tens of thou
sands of whom are offered an oppor
tunity every year to enter a residential 
center where they receive remedial edu
cation, work orientation, skill instruc
tion and help in pursuing further train
ing or finding a job. In the case of those 
who are mature enough to complete 
most or all of the program, various eval
uations suggest that the Job Corps is a 
worthwhile experience for both the in
dividual and the nation. The Job Corps 
has been spared the distortion that af
flicts most manpower programs as a re
sult of the bargaining process that goes 
on in Congress: the tendency to "entitle" 
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SCHOOL-ENROLLMENT TRENDS have 
effects on youth unemployment. The percent 
of each age group that is enrolled in school 
has risen most sharply for nonwhites, perhaps 
in part because of difficulties in finding work. 1975 1977 
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so many potential recIpients that the 
Federal funds come to be spread very 
thin, with the result that shallow serv
ices are provided for most enrollees. 

The enactment in 1973 of the Com
prehensive Employment Training Act 
(CET A) resulted in the consolidation 
of many Federally funded training and 
employment programs, including those 
intended for young people, usually un
der the authority of a state or local gov
ernment acting as a "prime sponsor." 
The prime sponsors appear to have im
proved considerably the job experience 
offered by the Summer Youth Employ
ment Program last year. Clearly, how
ever, this is a limited program that can 
at best provide temporary jobs for a 
small proportion of the young people 
who need them. 

What more can be done? Last De
cember, after a year and a half of 

study, the National Commission for 
Employment Policy made modest sug
gestions to the President and Congress: 
1. A substantial number of young 

people, particularly those who come 
from minority-group families with low 
income and who have failed to acquire a 
high school diploma, face serious diffi
culties in making the transition from 
school to work. Unless their educational 
deficits can be reduced and eliminated, 
preferably while they are still in school, 
many will not be able to find and hold a 
regular job. 

2. Only intensive programs, such as 
the Job Corps, that provide a broad 
range of services, including educational 
remediation, skill training and place
ment assistance, can be expected �o 
reverse the cumulative disadvantages 
young people who are out of school and 
without the prospect of a job have faced 
since birth. 

3. The Equal Employment Opportu
nity Commission should direct the at
tention of employers who want to ex
pand their proportion of minority and 
female employees to the continuing sup
ply of young people who complete re
medial education and skill training. The 
Federal Government should explore the 
potentialities of including in its grant-in
aid programs and contracts an employ
ment requirement that would involve a 
commitment on the part of recipients to 
hire a percentage of job-ready disadvan
taged young people. 

There is no one way, and surely no 
easy way, to bring minority youth un
employment down to an acceptable lev
el, which is to say close to the level for 
whites. If the American people do not 
want to continue to pay the current high 
cost of such unemployment in terms 
of alienation, violence against people, 
theft of property, arson and suicide, and 
still higher costs to come, they surely 
have no option but to focus on its reme
diation until it is no longer a national 
scandal. 
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EMPLOYMENT STATUS in 1978 of whites and nonwhites aged 16 through 24 is given here 
for school dropouts and for high school graduates. The EI P ratio is lower and the unemploy
ment rate higher for dropouts than for graduates. Among blacks only about two dropouts in 
five have a job; unemployment rate for graduates is three times worse than it is among whites. 
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The Superconducting Computer 
A new microelectronic technology would replace transistors 

with superconducting switches. Computers made with them 

might carry out a billion elementary operations per second 

The next milestone in the devel
opment of the high-speed digital 
computer is a cycle time of one 

nanosecond, or one billionth of a sec
ond. The cycle time is the interval be
tween "ticks" of the computer's master 
clock; most high-performance comput
ers today have cycle times of between 30 
and 50 nanoseconds. How will a one-na
nosecond computer be made? One obvi
ous imperative is that the basic circuit 
elements of the computer, which can 
be likened to switches, be capable of 
changing their state in less than a nano
second. What is equally important, sig
nals will have to be communicated from 
one circuit element to another in much 
less than the cycle time. The latter re
quirement imposes the more fundamen
tal limit on computational speed, and it 
carries with it a surprising implication: 
any ultrafast computer must be very 
small. An electrical signal can travel 
only about 15 centimeters in a nanosec
ond, and so no signal path can be much 
longer than that. It follows that the en
tire computer, comprising perhaps a few 
million circuit elements, will have to fit 
in a box no more than a few inches on a 
side. Attaining such high speed and high 
density may require an altogether new 
electronic technology. 

There have been just two main com
puter technologies, the first one based 
on vacuum tubes and the second on 
transistors and other semicond uctor de
vices. The introd uction of the transis
tor brought significantly greater speed, 
in part because the transistor is an in
herently faster switch than the vacuum 
tube but also because transistors can be 
packed closer together. At the present 
limit of semiconductor technology one 
computer of unusual design, the Cray-l, 
has reduced the maximum signal path to 
a few meters and has thereby achieved 
a cycle time of some 12 nanoseconds. 
Gaining an additional factor of 10 or 
more, however, may require heroic ef
forts. The problem is not simply one of 
making the circuits small enough to fit in 
the allotted volume; it is that high-speed 
semiconductor circuits give off a great 
deal of heat, amounting to several kilo-
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watts in a large computer. If the millions 
of high-speed transistors that make up 
such a machine were packed into a few 
cubic inches, the heat evolved could not 
be removed fast enough and the com
puter might well melt. 

A new electronic technology that 
promises to overcome this impediment 
is based on the Josephson junction, a 
device whose operation depends on two 
extraordinary phenomena of quantum 
mechanics: superconductivity and the 
"tunneling" of electrons across an insu
lating barrier. Like the vacuum tube and 
the transistor, the Josephson junction 
can act as a switch, steering a signal into 
one circuit or another. Indeed, the Jo
sephson· junction is the fastest switch 
known, being capable of changing state 
in as little as six picoseconds, or six tril
lionths of a second. That is less than 1 
percent of the contemplated one-nano
second cycle time, and it is at least 10 
times faster than an equivalent high
speed semicond uctor device. J osephson
junction circuits can also store informa
tion, so that they could be adopted for 
both of the main functional units of a 
computer: the processor and the mem
ory. What is most important, because 
the Josephson junction is a supercon
ducting device its power consumption 
is exceedingly small, a matter of micro
watts. A few million Josephson-junc
tion circuits would therefore dissipate 
only a few watts. They could be packed 
together as tightly as the methods of 
fabrication would allow. Another con
sequence of employing a superconduct-

ing device is that the junctions must be 
cooled to within a few degrees of abso
lute zero; a Josephson-junction comput
er could operate only when it was im
mersed in a bath of liquid helium. 

In the past few years all the basic 
circuit elements required for a Joseph
son-junction computer have been devel
oped. They include both the logic de
vices needed to process information 
and the memory cells needed to store it. 
A computer based on these prototype 
components would not quite attain a 
one-nanosecond speed, but the exploi
tation of the technology has hardly be
gun. The first computer to be made 
would fill a cube two inches on a side 
and would have a cycle time of about 
two nanoseconds. In what follows I 
shall describe what such a computer 
would be like and how it would be made. 
First, however, it is necessary to discuss 
the two physical phenomena on which 
the technology is based: superconduc
tivity and electron tunneling. 

Asuperconductor is not merely a met
al with zero resistance to the flow 

of an electric current. Such a metal can 
be imagined: as it was cooled its resis
tance would decline smoothly, without 
discontinuities, and the resistance would 
become zero only at a temperature of 
absolute zero. If a magnetic field was 
present when the last trace of resistance 
vanished, the field would be trapped in 
the metal. 

The onset .of superconductivity is 
quite different. As the material is cooled 

SUPERCONDUCTING CIRCUITRY could serve as tbe basis of a digital computer tbat 
would operate some 50 times faster tban most bigb-speed computers being made today. Tbe 
basic circuit elements of tbe computer, a few of wbicb are assembled bere in an experimental 
array, are called Josepbson-junction devices. A Josepbson junction consists of two supercon
ductors separated by a tbin layer of insulator; bere tbe junctions lie under tbe four small circles 
visible in eacb brown region. Tbe junctions and tbe metallic loops tbat extend to eacb side of 
tbem make up Josepbson interferometers, wbicb function as extremely fast-acting switcbes. 
All tbe circuits needed to process and store binary information can be constructed of sucb de
vices. Tbe circuit patterns were laid down. by pbotolitbograpby on tbe surface of a cbip of 
silicon; tbe narrowest lines are about 2.5 micrometers wide. Tbe colors result from tbe inter
ference of Iigbt witbin tbe various layers of material. Tbe cbip was fabricated at tbe Tbomas J. 
Watson Researcb Center of tbe International Business Macbines Corporation. Tbe pbotomi
crograpb was made by Fritz Goro witb Hans Lubn of IBM, using a Zeiss Axiomat microscope. 
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the resistance falls off gradually only 
until a threshold temperature is reached, 
which is typically several degrees Kelvin 
above absolute zero; then all remaining 
resistance disappears abruptly. More
over, any magnetic field is expelled from 
the superconductor. 

Superconductivity was first observed 
in 1911 (by Heike Kamerlingh Onnes), 
but a satisfactory explanation of it was 
not provided until 1957 (by John Bar
deen, Leon N. Cooper and J. Robert 
Schrieffer of the University of Illinois). 
It is now understood that a supercon
ductor differs from an ordinary metal
even an ordinary metal with zero resis
tance-in the very mechanism of elec
trical conduction. In the normal metal 
the current is made up of single elec-
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trons, and resistance arises from colli
sions of the electrons with metal atoms. 
In the superconductor current is carried 
by pairs of electrons, the electrons in a 
pair being bound together by a weak in
teraction with the surrounding metal lat
tice. Each pair consists of two electrons 
with opposite momentum, that is, of two 
electrons moving with equal speed in 
opposite directions. 

In the Bardeen-Cooper-Schrieffer the
ory each electron pair can be dealt with 
as if it were a single particle situated at 
the center of mass of the two electrons. 
Although the individual electrons have 
considerable freedom of movement, it 
turns out that the motions of the centers 
of mass of the electron pairs are highly 
coherent. In fact, all the centers of mass 

• • • • • 

• • • • • 

• • • • • 

• • • • • 

• • • • • 

• • • • • 

have the same momentum. If there is no 
current flowing, and hence no net move
ment of charge, all the pairs have zero 
total momentum. If a current is flowing, 
all the pairs have the same net momen
tum directed parallel to the current. Be
cause the pairs move in lockstep they do 
not collide with the atoms of the lattice, 
and the cond uctivity is infinite. 

The force that binds together two elec
trons to form a pair is an indirect one. 
The negative electric charge of each 
electron attracts the positive charges of 
the surrounding metal ions and thereby 
slightly distorts the lattice, creating a re
gion of enhanced positive charge; it is 
this charge that attracts the other elec
tron. The binding force is extremely fee
ble, and so the pairs are easily dissociat-
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MECHANISM OF CONDUCTION in a superconductor is different together indirectly through an interaction with the surrounding lat-
from that in an ordinary metal, even a hypothetical metal with zero tice of metal ions. The negative charge of an electron slightly distorts 
resistance to the flow of an electric current. In the superconductor the lattice, creating a region of enhanced positive charge that attracts 
current is carried not by single electrons but by pairs of them, bound the second electron. The electrons in a pair have opposite momenta. 

CENTER OF MASS OF 
ELECTRON 

ELECTRON PAI R  � __ -� 

ELECTRON 

� 
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V 
COHERENT MOTION of the electron pairs in a superconductor is 
responsible for the flow of a current without resistance. Each pair, 
when it is viewed in its own frame of reference (gray dots and arrows), 
consists of electrons moving in opposite directions. The total motion 
of the electrons, however (light colored arrows), is such that the cen-
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ters of mass of all the pairs (colored dots) have the same momentum 
(dark colored arrows). Here the centers of mass are moving to the 
right, signifying that a current is flowing in that direction. All the 
pairs can have the same momentum only if none.of the electrons is 
scattered by the lattice; such scattering is the source of resistance. 
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ed. The energy required to break up a 
pair is called the gap energy. It can 
readily be supplied by a thermal excita
tion of the electrons; that is why super
conductivity is observed only at low 
temperature. It can also be supplied by 
a sufficiently strong magnetic field or 
electric current. As a result if a super
conductor is exposed to too intense a 
magnetic field or is made to carry too 
large a current, superconductivity is ex
tinguished and the material reverts to 
the metallic state, in which current is 
carried by single electrons. 

In quantum mechanics an electron can 
be represented not only as a particle but 
also as a wave. In the same way each 
electron pair in a superconductor can be 
represented by a single wave. The corre
lation of the pair momenta implies that 
all the waves have the same velocity, the 
same wavelength and the same phase. 
In other words, at every instant and at 
every point throughout the volume of 
the superconductor all the electron-pair 
waves are at the same stage in their cy
cle. The wave representation of particle 
motion is essential to an understanding 
of the tunneling of electrons between 
normal metals and the tunneling of elec
trons or of electron pairs between super
conductors, which is what takes place 
in a Josephson junction. 

The process called tunneling is one 
that would have been considered 

impossible in the classical physics that 
preceded the development of quantum 
mechanics. Tunneling allows a moving 
electron or other particle to pass a barri
er to its motion even when the particle 
has insufficient energy to surmount the 
barrier. The moving particle can be lik
ened to a marble that rolls along a fiat 
surface and then comes to a hill. Ac
cording to classical physics, the marble 
will eventually appear on the other side 
of the hill only if it has enough kinetic 
energy to climb to the top. Quantum 
mechanics, on the other hand, predicts 
that there is some probability for the 
marble to appear on the other side of the 
hill even if the energy of the marble is 
too little to carry it to the top. The mar
ble is said to have tunneled through the 
barrier represented by the hill (although 
of course no hole is left in the barrier). 
For macroscopic objects such as mar
bles and hills the probability of tunnel
ing is nil, but for an electron confronted 
by a thin barrier the probability can be 
appreciable. 

Tunneling is made less mysterious if 
the electron is thought of as a wave:The 
probability of finding the electron at any 
point in space is then given by the inten
sity of the wave at that point; the intensi
ty in turn is simply the square of the 
amplitude of the wave. At a barrier the 
amplitude of the quantum-mechanical 
wave does not drop immediately to 
zero; instead it falls off smoothly, fol
lowing an exponential curve, so that 
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TUNNELING OF ELECTRONS can transport electric charge across an insulating barrier be
tween two conductors. In classical physics all electrons would be reflected by such a barrier, 
but in quantum mechanics there is some probability that an electron will appear on the other 
side. The probability of finding an electron at any point is given by the intensity at that point 
of the wave associated with the electron. At the barrier the intensity of the wave does not fall 
immediately to zero (as it would in classical physics) but instead declines smoothly, follow
ing an exponential curve. A current of tunneling electrons can arise if the barrier is very thin. 

there is some small probability of find
ing the particle on the other side. How 
quickly the wave function declines de
pends on the height and the thickness 
of the barrier. It is notable that if either 
the height or the thickness were reduced 
to zero, quantum mechanics and classi
cal mechanics would be in agreement: 
both would predict a probability of 1 
for eventually finding the particle on 
either side of the (now missing) barri-

er, since the particle could move freely 
throughout the space available. As soon 
as the barrier acquires some nonzero 
thickness or height, however, classical 
mechanics requires that the probabili
ties change discontinuously, becoming 
o on one side of the barrier and 1 on 
the other side. Quantum mechanics pro
vides for a smooth change in the proba
bilities. They reach 0 and 1, and again 
correspond to the classical prediction, 
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only when the barrier becomes infinitely 
high or infinitely thick. 

For an electron the eq uivalent of a hill 
is an insulating barrier separating two 
metallic conductors. Suppose a volt
age is applied across such a junction. 
According to classical physics, the junc
tion is an open circuit, and unless the 
voltage is high enough to cause arcing no 
current can flow. In quantum mechanics 
there is at least a small probability of an 
electron's crossing the barrier, the prob-

a VOLTMETER 

ability depending on the thickness of the 
insulating layer (among other things). 
For any appreciable current to flow the 
barrier must be very thin, typically less 
than 100 angstrom units. (One angstrom 
is equal to 10-8 centimeter.) The exis
tence of such tunneling currents was first 
conclusively demonstrated in the early 

" 1960's by Ivar Giaever of the General 
Electric Research Laboratories. 

The tunneling currents described so 
far can be observed across an insulat-
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JOSEPHSON EFFECT describes the tunneling of electron pairs across an insulating barrier 
that separates two superconductors. The apparatus measures the current passing through a 
junction and the voltage developed across it. For a thick barrier at any temperature (a) voltage 
can be applied but no current flows. If the junction is made thinner but remains at room tem
perature (b), an ordinary tunneling current is observed; the voltage and the current vary in di
rect proportion. As the junction is cooled to the temperature at which the metal becomes a 
superconductor (c) the relation of the tunneling current to the junction voltage becomes non
linear. Below the superconducting transition temperature (d) two modes of conduction are ob
served. As long as the current remains below a critical value the junction acts as a superconduc
tor; it has no resistance and so no voltage is measured across it. If critical current is exceeded, 
the voltage jumps to a nonzero value and the junction becomes a resistive tunneling barrier. 
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ing barrier between conductors that are 
in the normal metallic state. In 1962 
Brian D. Josephson, who was then a 
graduate student at the University of 
Cambridge, calculated the currents that 
could be expected to flow'through a 
junction between two superconductors. 
He was led to predict several surprising 
phenomena, which are now called the 
Josephson effects. 

Josephson found, as others had earli
er, that a normal current of single elec
trons could cross the junction; such sin
gle electrons are present in the super
conductor along with the bound pairs of 
electrons. In addition Josephson showed 
that the paired electrons could them
selves cross the junction under some 
circumstances, forming a tunneling su
percurrent. In other words, the barrier 
material, which would ordinarily be 
considered an insulator, could act as if 
it were not only a normal conductor but 
even a superconductor. A measurement 
across the junction would show not an 
open circuit but a completely short-cir
cuited one, a circuit with zero resistance. 

josephson labeled such a junction a 
weak superconductor. It is weak be
cause the interactions responsible for 

the formation of electron pairs extend 
across the junction only in attenuated 
form. As a result the maximum current 
the junction can support is much smaller 
than that of the bulk superconductor. In 
the same way the apparent supercon
ductivity of the junction is also more 
easily extinguished by a magnetic field. 
Once the maximum current or magnetic 
field is exceeded the junction continues 
to conduct an ordinary tunneling cur
rent, but it no longer has zero resistance. 
Indeed, the resistance can be quite large. 

The presence of either a magnetic 
field or an electric field in a junction be
tween superconductors gives rise to still 
more bizarre effects. Josephson showed 
that a magnetic field causes a spatial 
variation in the current flowing through 
the junction. When the applied field is 
zero, the current density (the current per 
unit area) is uniform across the area of 
the junction. As the magnetic field in
creases, the current density takes on a 
sinusoidal variation in magnitude and 
direction. Thus the current can be flow
ing from left to right at one point in the 
junction while it is zero at another point 
and flowing from right to left at a third 
point. Because of this spatial variation 
the maximum net current that can be 
carried by the junction also depends si
nusoidally on the strength of the mag
netic field. The net current can have its 
greatest value when the field is zero. 
When the field reaches a value where 
there is one full cycle of the sinusoidal 
variation, equal currents flow to the 
right and to the left so that the net cur
rent is zero. 

As the field increases further a net 
current is established once again, al-
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though it never reaches the maximum, 
zero-field value. Mathematically the de
pendence of the net current on the mag
netic field is said to be a nonmonoton
ic function: as the field increases, the 
maximum net current first decreases 
to zero, then rises again, then drops to 
zero again, and so on. The curve that de
scribes the net current as a function of 
the applied magnetic field is the same 
one that describes the diffraction pattern 
generated when light passes through a 
pinhole or a narrow slit. By measuring 
the maximum sustainable supercurrent 
as a function of applied magnetic field 
and finding that it matched such a dif
fraction pattern, Philip W. Anderson 
and John M. Rowell of Bell Laborato
ries were able in 1963 to confirm the 
existence of the Josephson effect. 

The response of the junction super
current to an electric field, or in other 
words to a voltage across the junction, is 
a sinusoidal variation with time. The 
current oscillates, moving across the 
junction first in one direction and then in 
the other, with a frequency proportional 
to the applied voltage. When the junc
tion voltage is zero, the current is a di
rect current; even a small voltage, how
ever, can give rise to a very-high-fre
quency alternating current. At a voltage 
of one millivolt, for example, the fre
quency is approximately 500 gigahertz, 
or 500 billion cycles per second. 

The Josephson effects can be summa
rized as follows: In the absence of a 
magnetic field, and with a current below 
a critical value, a supercurrent flows 
through the Josephson junction just as if 
the superconductor were not interrupt
ed by the insulating barrier. No voltage 
can be measured across the junction. 
When a magnetic field is applied, a spa
tial variation in the supercurrent devel
ops; if the field is sufficiently strong, the 
supercurrent is abolished and a voltage 
appears across the junction. In the same 
way if the current through the junction 
exceeds a critical value, the supercon
ducting property is lost and a voltage 
appears; in response to this voltage an 
alternating current of high frequency is 
generated at the junction. 

josephson junctions have been em
ployed in measurements of funda
mental constants, and a Josephson 

tunnel junction now defines the voltage 
standard of the U.S. The junctions have 
also been used to make exquisitely sensi
tive instruments for the measurement of 
magnetic fields. The investigation of the 
Josephson effect as a basis for computer 
logic and memory devices was first un
dertaken by me in the mid-1960's. 

The simplest possible Josephson
junction logic element consists of a sin
gle switch. Two films of a metal such 
as lead or niobium are separated by a 
thinner layer of insulator. Atop the en
tire assembly is a third conductor, the 
control line, isolated from the other 
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MAGNETIC FIELD permeating the barrier layer of a Josephson junction introdnces a spatial 
variation in the magnitude and direction of the junction current. At zero magnetic field the cur
rent density is uniform throughout the junction and at every point can take on its maximum 
value, which is the critical current at which the junction loses the superconducting property. 
When the magnetic field is applied, the maximum current density and the direction of current 
flow begin to vary from point to point, following a sinusoidal curve. The rapidity of the spatial 
variation, or in other words the number of sinusoidal half cycles, depends on the strength of the 
field. If there are an odd number of half cycles, a net current can flow, but its magnitude is 
reduced from the zero-field value. With an even number of half cycles the current is abolished. 

two conductors by a much thicker insu
lating coat. Lead and niobium are the 
metals most often chosen because they 
have comparatively high superconduct
ing transition temperatures: 7.2 and 9.4 
degrees K. respectively. Hence they are 
well below the transition at the tempera
ture of liquid helium (4.2 degrees K.). 
The barrier is usually made of the oxide 
of the junction metal, oxides being in 
general excellent insulators. 

In operation one side of the junction is 
connected through a resistor to a source 
of current and also to an output device. 
The other side of the junction is connect
ed to the electrical ground of the system. 
If the supply current remains below the 
critical value, it passes through the junc
tion in the superconducting state. Thus 
the junction provides a direct short cir
cuit from the supply to ground, and no 
current flows into the output device. If 
a current is passed through the control 
line, however, it gives rise to a magnetic 
field that penetrates the junction layer. 
In the presence of this field the junction 
can no longer carry the full supply cur
rent in the superconducting mode, and it 
switches to the resistive state. As a result 
a voltage appears across the junction 
and most of the supply current is divert
ed into the output line. The resistance of 
the junction in the nonsuperconducting 
state can be as much as several hundred 
ohms, and so the junction forms an al
most ideal switch. It has the effect of 
steering the current, either directly to 

ground through the junction or into the 
output device. 

I was led to investigate such devices 
by three considerations: a hunch they 
could be switched quickly from one 
state to another, their evident low pow
er consumption and the fact they have 
gain, in that the output current can be 
greater than the switching current ap
plied to the control line. Initial exper
iments done in 1965 and 1966 in my 
laboratory at the Thomas J. Watson Re
search Center of the International Busi
ness Machines Corporation confirmed 
these conjectures. 

The sensitivity of a Josephson junc
tion to an applied magnetic field in

creases with the area of the junction, 
which argues for making the devices 
large so that the control currents can be 
reduced to a minimum. The switching 
speed of the junction, however, decreas
es as the area becomes larger. In re
cent devices the conflicting demands of 
speed and sensitivity are met by replac
ing a single junction with two or more 
junctions connected by a continuous su
perconducting loop. Such a multijunc
tion device is called a Josephson inter
ferometer or a superconducting quan
tum interference device (SQUID). The 
interference in question is closely analo
gous to the interference of light waves. 
Whereas the graph of maximum current 
v. magnetic field for a single junction 
reprod uces the diffraction pattern of 
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light passing through a single slit, the 
corresponding graph for a two-junc
tion Josephson interferometer yields the 
interference pattern of light passing 
through two parallel slits. The resem
blance is not coincidental. In a closed 
superconducting loop that includes two 
Josephson junctions any disturbance of 
the electron-pair waves at one junction 
is immediately communicated to the 
other junction. For some values of the 
field the interfering waves are in phase, 
so that they interact constructively, and 
the maximum current can flow through 
the device; other val ues of the field lead 
to destructive interference and there
by abolish the supercurrent. In a device 
with three or four junctions the interfer
ence pattern is more complicated, but 
the underlying principle is the same. 

The operating voltage of a Josephson 
junction is determined by the gap volt
age and hence by the binding energy of a 
superconducting electron pair. The val
ue of the gap voltage depends in turn on 
the material and on the operating tem
perature; the gap voltage has its maxi
mum value at absolute zero, and it de
creases to zero at the superconducting 
transition temperature. For materials 
that are candidates for computer tech
nology the operating voltage is about 
three millivolts, 1,000 times smaller 
than typical voltages in semiconduc
tor devices. The currents that circulate 
in the supercond ucting circuits are de
termined by the probability of tunnel
ing across the Josephson junctions and 
hence by the nature of the oxide layer 
and its thickness. Typical currents are a 
few tenths of a milliampere. 

An unusual property of Josephson
junction switches is that they are latch
ing circuits. Once a pulse of current 
passing through the control line con
verts the junction from the supercon
ducting state to the resistive state it re-

mains reSistive even after the control 
current is withdrawn. Indeed, no further 
inputs to the control line have any effect 
on the circuit. The reason is that once 
the device has switched there is a volt
age across the junction, which in itself 
prevents the reestablishment of a super
current. The device can be reset to the 
zero-resistance state only by momentar
ily interrupting the supply current. 

Although there are contexts in which 
the automatic latching of circuits is a 
convenience, the majority of the logic 
devices in the central processing unit of 
a computer must be reset at the end 
of each machine cycle. The unavoidable 
latching of Josephson-junction devices 
therefore places a constraint on the de
sign of a power supply for the computer: 
it must be capable of interrupting the 
power to all logic circuits at the end of 
each cycle. 

Another characteristic of Josephson
junction devices provides the key to an 
ingenious solution to that problem: a Jo
sephson junction is indifferent to the di
rection in which current flows through 
it. In a semiconductor the polarity of 
voltages is of the greatest importance, 
and so the power supply for a semicon
ductor computer must provide direct 
current of fixed polarity. For a Joseph
son junction, on the other hand, inter
changing all positive and negative volt
ages in the system, so that all currents 
are reversed, has no effect on the opera
tion of the device. For this reason the 
logic array of the computer can be pow
ered by alternating current. At the be
ginning of a cycle the power supply 
comes on and supplies current to the 
logic devices; at the end of the cycle the 
supply voltage drops to zero, resetting 
the logic array. When the next cycle be
gins, the process is repeated, but the sup
ply voltage has the opposite polarity. 

All the logical and arithmetical func-
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MAXIMUM SUPERCURRENT tbat can be sustained by a Josepbson junction is an oscillat
ing function of tbe applied magnetic field. Tbe grapb bas tbe same form as a grapb of tbe am
plitude of Iigbt waves diffracted by passage tbrougb a slit. Tbe fact tbat a greater current can 
be carried at zero magnetic field tban at any otber value offers a simple means for switcbing a 
Josepbson junction from tbe superconducting state to tbe resistive state. In tbe absence of a 
magnetic field a supercurrent near tbe allowable maximum is establisbed. Wben a magnetic 
field is introduced, tbe current exceeds tbe critical current and tbe junction develops resistance. 
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tions of the central processing unit of 
a digital computer can be defined in 
terms of two circuits: the OR gate and 
the AND gate. They are circuits that 
yield a single output signal depending 
on the values of two or more input sig
nals. An OR gate gives an output of 
"true," or logical I, if any of its inputs is 
a I; the output is "false," or logical 0, 
only if none of the inputs is a 1. The 
AND gate has an output of I only if all 
its inputs are 1; otherwise the output is O. 
In a Josephson-junction computer the 
presence of a current in the output line 
signifies a logical 1 and the absence of a 
current represents a O. 

Atwo-input OR gate can consist of 
a single Josephson interferometer 

equipped with two control lines. At the 
start of a machine cycle this dual-input 
device is in the superconducting state 
and all the supply current is shunted 
through it to the electrical ground of the 
system. A signal on either one of the 
control Jines switches the junction to the 
resistive state and the supply current is 
thereby diverted into the output line. 
Thus an output signal appears if either 
one of the control lines receives a signal 
or if both of them receive signals. The 
output of the gate can serve as input for 
another interferometer, or indeed it can 
control an entire series of devices. 

The most promising arrangement of 
circuit elements for executing the AND 
function is somewhat more complicat
ed. It includes a special-purpose Joseph
son interferometer, called a current
injection device, that is switched not by 
a magnetic field but by the current flow
ing through the junctions. The current
injection device, which was devised by 
Tushar Gheewala of the Watson Re
search Center, acts as an adder: it re
sponds to the sum of two input signals. 

The inputs to the AND gate are initial
ly applied to the control lines of two 
conventional interferometers; it is the 
output Jines of these circuits that drive 
the current-injection device. At the be
ginning of a cycle the injection device is 
in the superconducting state and carries 
a current from the power supply to 
ground. It can absorb the additional cur
rent from either one of the input circuits 
without switching to the resistive state, 
but if both inputs are present, the maxi
mum superconducting junction current 
is exceeded. The device then switches, 
and the supply current is diverted to 
the output. The current-injection device 
consists of a two-junction interferome
ter in which the superconducting loop 
that connects the junctions is asymmet
rical: one arm has a higher inductance 
than the other. The asymmetrical con
figuration enhances switching when two 
inputs are presented simultaneously but 
inhibits switching when only one input 
signal is received. 

In the central processor OR gates, 
AND gates and a few other kinds of cir-
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JOSEPHSON-JUNCTION SWITCH i s  converted from the supercon
ducting state to the resistive state by the application of a magnetic 
field. The jnnction consists of two strips of a superconducting metal, 
such as a lead alloy, separated by a thin film of the oxide of the metal. 
A separate control line is isolated from the junction electrodes by a 

much thicker layer of oxide. The junction is initially supercondud
ing, so that the supply current is shunted directly to ground without 
resistance. A pulse of current in the control line gives rise to a mag
netic field that penetrates the junction layer and abolishes the super
conductivity. In response a voltage then develops across the junction. 

cuits are combined to form functional 
units that operate according to instruc
tions provided by a computer program. 
One array of gates, for example, might 
carry out the operation of addition: giv
en two numbers (in binary form) as in
put, it would calculate their sum as its 
output. Another set of gates might com
pare two binary numbers, issuing as out
put a logical 1 if they are equal and a 
logical 0 if they are different. The func
tions selected during any machine cycle 
are determined by the instructions that 
make up the program. The instructions 
themselves are decoded by another ar
ray of gates. The organization of these 
many units, or what is called the archi
tecture of the computer, need not be any 
different in a Josephson-junction com
puter from what it is in a computer 
based on semiconductor technology. 

At the beginning of a machine cycle 
both the data to be operated on and the 
instructions that specify the operation 
are stored in circuits called latches or in 
arrays of latches called registers. Unlike 
the systems of gates that carry out the 
logical and arithmetical processing of 
information, the latches and registers 
must be powered continuously so that 
information is not lost between cycles. 
On a signal from the master clock the 
instruction to be executed next is decod
ed, yielding a set of signals that control 

the configuration of the various logic el
ements. The binary signals representing 
the data are then inserted into the logic 
array, where they are transformed ac
cording to the decoded instruction. Be
fore the cycle ends and the logic gates 
are reset the transformed data must be 
stored in another set of registers. For 
some instructions complete execution 
may require more than one cycle. In 
those cases the instruction must be di
vided into a sequence of elementary op
erations each of which can be carried 
out within a single cycle. 

The maximum speed of the central 
processor is determined by the time 

that is needed for an individual gate to 
change state, by the number of gates a 
signal must pass through and by the 
speed with which signals move from 
one gate to the next. Since all operations 
must be concluded before a cycle ends, 
the cycle must last long enough to allow 
for the worst case. 

The time req uired for a signal to pass 
from the input of one gate to the input of 
the next can be divided into two compo
nents: a switching delay, in which the 
Josephson junction changes from the su
perconducting state to the resistive state, 
and a propagation delay, in which the 
output of the junction is transmitted to 
the next device. The switching of a Jo-

sephson-junction device begins when a 
current in the control line establishes a 
magnetic field that penetrates the tun
neling layer. In the presence of this field 
the junction is no longer able to carry 
the supply current in the superconduct
ing mode and a voltage appears across 
the junction. Part of the switching delay 
is the period required for this voltage to 
reach its ultimate value. Even after the 
junction voltage has developed, how
ever, the current is not instantaneously 
transferred to the output line. The junc
tion, being made up of two cond uctors 
separated by a thin insulator, constitutes 
a small capacitor, and the remainder of 
the switching delay is the time needed 
to charge this capacitance. The capaci
tance increases in proportion to the area 
of the junction; in part that is why larg
er junctions switch slower. 

The total switching delay of the Jo
sephson-junction interferometers being 
considered for computer applications is 
exceedingly small. The rise time, or the 
time for the output signal to change 
from the logical-O state to the threshold 
of the logical-l state, is typically 15 pi
coseconds. With one sample of Joseph
son-junction devices David B. Tucker
man, a graduate student working at the 
Watson Research Center, has measured 
a rise time of 10 picoseconds. Even the 
measurement of an interval that brief 
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was made possible only by employing 
Josephson-junction technology. 

The propagation delay between gates 
obviously depends on the length of the 
output line and on the speed with which 
signals pass through the line. In a room
temperature computer the signal-trans
mission properties of metallic conduc-

TWO-JUNCTION INTERFEROMETER 

tors can severely constrain the maxi
mum operating speed. A rapidly chang
ing signal is distorted and attenuated af
ter only a few centimeters in such a con
ductor. As a result the signal diffuses 
instead of propagating as a wave. 

In a superconducting computer those 
problems can be avoided by designing 
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MULTI.JUNCTION INTERFEROMETERS are more sensitive and switch faster than a sim
ple one-junction switch. The devices are called interferometers because the maximum super
current they can conduct is determined by the interference of electron-pair waves at two or 
more junctions. For some values of magnetic field the interference is constructive and the junc
tions maintain their superconductivity; for other values of the field destructive interference 
converts the device to the resistive state. For the two-junction interferometer (upper diagram) 
the curve relating the maximum superconducting supply current to the control current has the 
same form as the interference pattern generated by light passing through two parallel slits. Tile 
three-junction interferometer (lower diagram) yields a threshold curve equivalent to a three
slit interference pattern. (For convenience in fabrication the three-junction device is actually 
made with four junctions, but two of them are so close together they can be considered a unit.) 
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the output circuit as a superconducting 
transmission line with characteristics 
that are nearly optimum for the convey
ance of a rapidly changing signal. In par
ticular the line has negligible effective 
resistance for signals at all frequencies 
up to more than 1,000 gigahertz. (It 
might be thought that the resistance of a 
superconductor would always be zero, 
but in fact it is only the resistance to a 
steady current that is exactly zero.) 

The transmission line consists of a 
thin film of supercond uctor laid 

down over an insulated, superconduct
ing ground plane. A pulse of current 
travels through the line as a wave with a 
phase velocity of between a fourth and a 
third the speed of light in a vacuum. A 
signal with a rise time as short as a pico
second can be transmitted a few centi
meters with little distortion or attenua
tion. To prevent the signal from being 
reflected by the end of the transmission 
line, the line is terminated with an im
pedance that matches the impedance of 
the line itself. Such terminations are sel
dom possible in a semiconductor com
puter because they bring an unaccept
able increase in power consumption. 

An indefinite number of gates can 
be driven by the output of a single cir
cuit; all that is necessary is to arrange 
the gates serially along the transmission 
line. (The output of a semiconductor 
circuit, in contrast, can power only a 
few gates without intermediate ampli
fication.) Each gate adds a load to the 
transmission line and introduces a delay 
of about five picoseconds . 

The total delay of Josephson-junction 
circuits has been measured by building 
cascades of gates, with the output of 
one gate connected to the input of the 
next. For a signal to ripple through a se
quence of 10 OR gates requires as lit
tle as some 130 picoseconds, which is 
appreciably less than the delay associ
ated with one equivalent semiconduc
tor gate. The average delay of 13 pico
seconds per gate is the smallest ever 
achieved in a logic circuit. It consists of 
a six-picosecond switching delay and a 
seven-picosecond propagation delay. Of 
course, a linear chain of 10 OR gates 
does not reproduce very realistically 
the organization of a computer's central 
processor. Under more plausible op
erating conditions, in which each gate 
has four inputs and three outputs, the 
average delay is about 35 picoseconds 
per gate. 

These measurements were made with 
circuits in which the narrowest conduc
tors were about 2.5 micrometers wide. 
At that size about 1,000 gates could be 
fitted on a square chip a quarter of an 
inch on a side. The total power dissipa
tion of such a chip would be about 10 
milliwatts. There is no question the de
vices could be made much smaller, with 
line widths of less than a micrometer. 
Reducing the size of the devices will 
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bring several gains in speed. It will lower a Vs Vs 
the ind uctance of the control line and 
the capacitance of the junction, thereby 
improving the switching speed. It will 
also reduce the average distance be
tween gates, resulting in a shorter propa
gation delay. 

Supplying power to a high-perform
ance computer can be a major chal

lenge. For a large room-temperature 
computer the supply voltages are mea
sured in tens of volts and the currents in 
thousands of amperes. In a Josephson
junction computer the operating volt
ages are smaller by a factor of 1,000 and 
the currents are smaller by a factor of 
1 0, so that only one ten-thousandth as 
much power is needed. It is still essen
tial, however, to control or confine dis
turbances in the power-distribution sys
tem, which would otherwise disrupt the 
operation of the machine. 

The disturbances result from a sud
den change in the demand for current 
when a device changes state; they are 
analogous to the dimming of the house 
lights when the electric motor in an ap
pliance turns on. One solution to this 
problem is to design the switching de
vices so that the power demands of the 
two logic states are identical. Actually it 
is never possible to make them exactly 
equal, but the ratio of the two demands 
can be made close to 1 by increasing the 
power dissipation in the resistance asso
ciated with the supply itself. For exam
ple, suppose a device demands one mi
crowatt in the logical- l state and two 
microwatts in the logical-O state; the de
mand then changes by 100 percent when 
the device switches. If the supply resis
tor dissipates five microwatts, however, 
the total change in demand is from six 
microwatts to seven microwatts, or 17 
percent. This technique is difficult to ap
ply in semiconductor circuits, where 
power consumption is already high, but 
in the Josephson-junction technology 
one can easily afford to dissipate five 
times as much power in the supply resis
tance as in the logic device itself. 

Even with such heavy ballasting of 
the power supply, regulation is still 
needed, and it is advantageous to put 

'the regulator as close as possible to the 
switched load. The regulator can be a 
Josephson junction, but one operated 
with a current greater than the maxi
mum supercurrent. Whenever the volt
age across this regulator exceeds the 
gap voltage, the current is shunted to 
ground. By placing many such regula
tors throughout the computer any dis
turbance in the supply voltage is ab
sorbed before it can propagate through 
the system. In practice each regulator 
consists of four junctions connected in 
series, so that the voltage level is stabi
lized at four times the gap voltage, or 
about 1 2 millivolts. 
A concept for a complete power-sup

ply system for a Josephson-junction 
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LOGICAL "OR" GATE, a basic circuit of the central processor of a computer, consists of a·; 
three-junction interferometer with two control lines. When the device is first turned on (a), the ' 
gate is superconducting, so that the supply current is shunted to ground and no voltage appears " 

at the output transmission line. An input applied to either of the control lines switches the gate . 
(b) and its resistance increases from zero to several hundred ohms. As a result the supply cur- �. 
rent is diverted into the output line, which serves as the control line for a second gate. The device ' 
is called an OR gate because it can be triggered by a single input either on control line A or on 
control line B; two inputs also switch the device. The gate latches automatically: once a volt- , 
age has developed, superconductivity is recovered only when the supply current is interrupted. I! 
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STEERING OF CURRENT into the output line takes place rapidly when the OR gate switches 
to the resistive state. Initially the supply current flows through the interferometer loop at zero 
voltage (upper left). An input has the effect of lowering the critical current (upper right), with 
the result that a voltage appears across the junction. The state of the system follows a trajectory 
called the load line, whose slope is fixed by the impedance of the output circuit. Loss of super
conductivity is caused by the magnetic field generated by the control current (lower graph). 
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computer has been described by Frank 
F. Fang and Dennis J. Herrell of the 
Watson Research Center. As I indicated 
above, it is convenient to operate most 
of the components of the computer on 
alternating current. The ultimate source 
of supply is an oscillator at room tem
perature that produces alternating cur
rent with a sinusoidal waveform, like 
that of ordinary house current but at 
a much higher frequency. The unregu
lated alternating current is distributed 
throughout the computer by supercon
ducting transmission lines. On each chip 
the voltage is reduced to the appropri
ate level by a small transformer, whose 
"windings" are thin films of supercon
ductor. The supply regulators on the 
chip then clip the peaks off the sinusoi
dal waveform, giving each half cycle a 
trapezoidal form. 

In Fang and Herrell's concept this sys
tem not only powers the computer but 
also provides its master clock. The pur
pose of a clock in a computer is to syn
chronize all events so that, for example, 
all the inputs to a gate arrive simulta
neously. A serious problem, called clock 
slew, can arise if the clock signal itself 
does not reach all parts of the machine 
at the same time. In order to avoid clock 
slew the power and clock signal in the 
Josephson-junction computer will be 
distributed through a treelike network in 
which all branches are about the same 
length. 

If the cycle time of the computer is to 
be one nanosecond, each full cycle of 
the alternating-current supply voltage 
must last two nanoseconds. Hence the 
supply frequency is 500 megahertz. 

If a computer is to operate at maxi-
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mum speed, it must be able to retrieve 
data and instructions from the memory 
unit within a single cycle of the proc
essor, or within at most a few cycles. 
Moreover, a very fast computer will be 
expected to handle large tasks, and so 
the memory must also be large, capable 
of storing some tens of millions of bits 
of information. It is not economically 
feasible to make a very fast memory 
very large; it may not even be techno
logically feasible to do so. The compro
mise that has been reached for semicon
ductor computers is to employ a hierar
chy of memory elements. The central 
processor is closely tied to a memory 
called the cache, which has a limited 
capacity but is very fast; the cache is 
filled by a more capacious but slower 
main memory, which in turn can draw 
on a still larger and slower mass-stor-

I NPUT A 

SMALL 
INDUCTANCE 

LARGE 
INDUCTANCE 

��==�--------� 
OX I D E  
STEPS 

LOGICAL "AND" FUNCTION is carried out by a special-purpose 
interferometer called a current-injection device. An AND gate yields 
an output signal only when it receives input signals on all its input 
lines. At the left is a scanning electron micrograph of the device it-
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state only when the sum of two currents exceeds a threshold. The cur
rents divide asymmetrically in the interferometer loop because of dif-
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self, which was designed by Tushar Gheewala of the Watson Research 
Center. The component parts of the device are labeled in the map at 
the right. No control lines are employed; instead the injection device 
switches in response to the currents in the interferometer loop itself. 
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ferences in inductance. As is  shown in the graph at the right, either 
one of the inputs by itself can trigger the gate only if the current is 
greater than ahout .25 milliampere. If both inputs are present, the 
gate changes state when each input supplies as little as .1 milliampere. 
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memory; the mass storage is often 
a magnetic disk or tape. The efficient 
operation of the memory hierarchy de
pends on programs that shuttle infor
mation back and forth between the sub
systems in such a way that the data and 
instructions needed immediately are al
most always to be found in the cache. 

A corresponding hierarchy of memo
ries would be employed in a Josephson
junction computer. The storage cells of 
the cache memory would be compara
tively large and complex (and therefore 
costly), but information could be stored 
in them or retrieved from them faster 
than from any other computer memory 
yet built. In the main memory speed 
would be sacrificed to reduce the size 
and power consumption of the memory 
elements, so that more cells could be 
fitted on a chip. Mass-storage devices 
would operate at room temperature and 
might not differ in basic design princi
ples from those employed today. 

The quantum-mechanical nature of 
superconductivity provides a natural 

mechanism for the storage of digital in
formation. If a current is established in 
a loop of superconductor, it generates 
a magnetic field that passes through the 
center of the loop. The direction of the 
field is determined by the direction of 
the current. The magnitude of the field 
and that of the current are quantized, 
that is, they can assume only certain dis
crete values, and if they change, they do 
so only by jumping from one allowed 
value to another. What is more, both the 
current and the magnetic field are per
sistent: they remain unchanged even af
ter the driving voltage is removed. Infor
mation can be stored in such loops by 
letting one quantized state correspond 
to a binary 1 and letting a different state 
represent a O. 

A cell of the cache memory consists 
of a superconducting loop broken by a 
Josephson junction. A control line (the 
"write" line) is laid down over this junc
tion so that it is coupled to it magnetical
ly. In addition a junction is buried un
der one arm of the loop and is controlled 
by the current in the loop. The super
conductor connected to the second junc
tion makes up the "read" line. 

When a current is passed through a 
superconducting loop, it divides into 
two equal streams, like a river parting 
to flow around an island. If the current 
is then removed, no magnetic flux is 
trapped in the loop; the zero-flux state 
represents a binary O. To store a 1 in the 
memory cell, currents must be supplied 
simultaneously to the loop itself and to 
the write line. The current in the write 
line forces the junction in one arm of 
the loop to switch to the resistive state, 
thereby diverting all the loop current 
into the other branch. When both cur
rents are removed, the switched junction 
automatically resets, closing the loop, 
and a persistent current is established. 
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OPERATION OF THE "AND" GATE relies on the current-injection device to sum two in
puts. Here the inputs are themselves OR gates, so that the circuit as a whole executes the more 
complicated logical function symbolized by the expression A OR B AND C OR D. In the initial 
state (a) both OR gates are superconducting and no current reaches the current-injection de
vice. Actuation of one of the OR gates gives rise to a signal on the output line (b), but the signal 
is diverted by the current-injection device, which becomes superconducting. When both OR 
gates have been triggered, the current through the current-injection device exceeds the critical 
level and it switches to the resistive state (c). The current is then steered to the output device. 

In present designs two quanta of stored 
magnetic flux correspond to a binary 1. 

To read the contents of a memory 
cell, currents are applied simultaneous
ly to the cell loop and to the read line. If 
there is no stored flux, the loop current 
again divides symmetrically, and the 
junction in the read line remains super
conducting. If the loop holds the two 
quanta of magnetic flux signifying a 1, 
all the loop current is channeled into one 
branch of the loop, which also serves as 
the control line for the read-line junc
tion. As a result the read-line junction 
switches and a signal appears at the out
put. It should be noted that the storage 
of information does not depend on the 
supply of current to the memory cells; 

the persistent currents will circulate 
through the loops as long as the tem
'perature is maintained below the super
conducting transition point. Moreover, 
reading the contents of a cell does not 
erase the information in it. 

A cache-memory chip would bear a 
sq uare array of cells, so that each cell 
could be addressed as the intersection of 
a row and a column. The loops would be 
connected in series to form the columns; 
each row would be defined by a write 
line and by a read line. Certain ancil
lary circuits would also have to be in
cluded on the chip, such as decoders 
that would actuate the appropriate col
umn and row when presented with the 
address of a cell, and drivers to supply 
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snperconducting loop with a Josephson junction in one branch and 
with provisions for creating and detecting a persistent current in the 
loop. To store a bit of information in the cell, currents are supplied 
simultaneously to the loop itself (the column line) and to the "write" 
line, which is coupled magnetically to the junction in the loop. If a 
signal is applied to the write line, the junction switches to the resistive 
state, diverting all the current into the other branch of the loop. When 
both applied currents are turned off, the junction regains its super
conductivity and a quantized, persistent current circulates in the loop, 
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representing one bit of information: a binary 1. Writing a binary 0 
into the cell requires the same sequence of events, except that no cur
rent is applied to the write line, with the result that no persistent cur
rent is established in the loop. The presence or absence of a persistent 
current can be detected by applying currents simultaneously to the 
column line and the "read" line. The read line includes a junction bur
ied under one arm of the loop and controlled by the current in that 
arm. If a persistent current exists in the loop, the column-line cur
rent is channeled into one branch of the loop, and it switches the read
line junction. Hence the read-line current is steered to the output. 
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CACHE-MEMORY CHIP is organized as a square array of storage 
cells. The complete chip is to have 64 rows and 64 columns, for a to
tal capacity of 4,096 bits, but only an eight-by-eight segment is dia-
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grammed here. Any cell can be selected by powering one column and 
either a write line or a read line. The cache is the fastest unit in a 
hierarchy of memories, but it also has the smallest capacity per chip. 
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the currents for the columns and rows. 
Although no complete chips have yet 
been made, the individual components
the cells, the drivers and the decoders
have all been designed and tested. A 
single cache-memory chip will hold an 
array of 64 rows by 64 columns, giving 
a total information capacity of 4,096 
bits. Reading a bit will take about 500 
picoseconds and writing a bit will take 
twice as long, or one nanosecond. Power 
dissipation will be about six milliwatts. 

The storage cells for the main memo
ry are simpler, and they can therefore 
be packed together at higher density: 
1 6,3 84 (2 14) will fit on a chip. The saving 
in size is accomplished by altering the 
geometry of the superconducting loop 
and by eliminating the read line and its 
associated junctions. The memory cell 
is simply a two-junction interferometer 
in which the presence or absence of a 
single quantum of magnetic flux consti
tutes a bit of binary information. As in 
the cache memory, coincident currents 
along a row and a column are employed 
to select a cell for reading or writing. 
In reading, however, the entire device 
switches to the resistive state when a 1 is 
read, erasing the information; another 
memory cycle is then required to rewrite 
the original information back into the 
cell. A 2,04 8-bit section of a main-mem
ory chip has been constructed. The full
scale chip is expected to have an access 
time for retrieving information of about 
1 5  nanoseconds and a power consump
tion of about 40 microwatts. 

In an operating computer information 
would be stored and recalled not as sin
gle bits but as "words" of perhaps 64 
bits each. In the memory organization 
proposed here blocks of 64 chips would 
be accessed in parallel. A word would be 
formed by drawing a single bit from 
each chip. 

Acomputer made up of Josephson 
junctions constitutes a radical de

parture from a well-established semi
conductor technology. The fabrication 
of Josephson-junction components re
lies, however, almost entirely on meth
ods learned in the development of semi
conductor devices. The substrate mate
rial chosen for the Josephson-junction 
chips is silicon, not because of its semi
conducting properties but because tech
niques for forming precise microscopic 
structures on silicon are well estab
lished. Circuit patterns are defined pho
tolithographically, as they are in making 
semiconductor devices. First the entire 
surface of the silicon is coated with a 
photosensitive substance called a resist. 
The pattern of the circuitry is defined 
by a mask, which leaves some areas of 
the resist exposed to light and blacks out 
others; alternatively the pattern can be 
traced out by a steered electron beam. 
The exposed parts of the resist are then 
washed away and metal is laid down in 
the exposed tracks. Several dozen chips 
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PERSISTENT CURRENT in a memory cell is  quantiZed; it  can assume only discrete values. 
In the cell measured the smallest possihle stored current is about .06 milliampere and the next 
allowed current is about .12 milliampere. Currents intermediate between these values are never 
observed. The quantization of the current reduces ambiguity in storage of digital information. 

can be made at the same time on the 
surface of a "wafer" sawn from a large 
single crystal of silicon. 

The manufacture of Josephson-junc
tion chips may be easier in some ways 
than the manufacture of semiconductor 
components. The reason is that the ele
ments of the Josephson-junction device 
all lie above the surface of the chip, 
whereas semiconductors require impur
ities to be diffused into the silicon itself. 
In the fabrication of a Josephson-junc
tion chip the first step is the deposition 
of a superconducting ground plane of 
niobium, which is covered by an insulat
ing layer of oxide. Then the bottommost 
superconducting traces are laid down. 
At the Watson Research Center my 
colleagues and I have been making the 
superconductors of an . alloy of lead, 
indium and gold. They are generally 
between 2 . 5  and five micrometers wide 
and about .2 micrometer thick. Addi
tional layers of insulator and metal are 
deposited on top of these conductors. 

By far the most critical step is the 
formation of the thin oxide layer that 
serves as the junction barrier. Because 
the tunneling probability is an exponen
tial function of the thickness of the bar
rier even a slight variation in dimensions 
can cause a large change in the proper
ties of the device. The optimum thick
ness is usually about 50 angstroms, or 
.005 micrometer. In addition to control
ling the thickness of the layer it is also 
important that no metal "whiskers" ex
tend through the oxide layer, since they 
would create a superconducting short 
circuit. 

In principle it should be possible to 
control the thickness of the tunnel bar
rier by controlling the time the met
al is exposed to oxygen, but unavoida
ble contamination of the metal surface 
leads to unpredictable variations in the 
rate of oxidation. James H. Greiner of 
the Watson Research Center has devised 
another method for forming the barr i-

er that has proved to be highly reliable. 
The base, or bottom, electrode of the 
junction is first given a thick coat of ox
ide, and a window is opened in this layer 
where the junction is to be formed, ex
posing the bare metal again. The wafer 
is then mounted in a vacuum chamber, 
where oxygen is introduced at low pres
sure and is ionized by a radio-frequency 
discharge. Because the wafer forms one 
electrode of the radio-frequency circuit 
the oxygen ions strike the metal surface 
at high velocity, and at first they have a 
high probability of combining with the 
metal to form an oxide. As the thickness 
of the oxide film increases, however, the 
rate of oxide formation declines. More
over, a competing process begins to gain 
importance : when a molecule strikes a 
thick layer, it may not add to the oxide 
coat but may instead knock loose an 
existing oxide molecule. Ultimately the 
rate of oxidation and the rate at which 
oxide is removed reach equilibrium, and 
the thickness of the barrier thereafter 
remains fixed. This "terminal" thickness 
is determined not by the duration of the 
process but by the oxygen pressure, the 
radio-frequency power and the temper
ature. It is readily controlled. 

I n order to minimize the length of sig
nal paths in a Josephson-junction 

computer the set of chips, which carry 
all the active components, must be as
sembled with extraordinary care. In a 
semiconductor computer each chip is 
usually encapsulated in its own plastic 
or ceramic package and soldered to a 
large printed-circuit board with many 
other separately packaged chips. That 
kind of assembly is much too wasteful 
of space for a high-speed superconduct
ing machine. 

The optimum packaging plan would 
pack all the chips into the smallest possi
ble volume and provide direct, point-to
point connections between them. That is 
not practical because of the complexity 
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of the interconnections, but a packaging 
system that yields a fairly high density 
of circuits has been devised. It was intro
duced by Wilhelm Anacker of the Wat
son Research Center. 

The plan calls for bonding the unen
capsulated chips upside down to a carri
er "card" about an inch on a side. Sever
al hundred small balls of solder connect 
contact pads on the chip with corre
sponding pads on the card. The chips are 
packed together as closely as possible on 
both sides of the card. Power dissipation 
does not limit the density of chips, as it 
does in a semiconductor computer. The 
heat generated can be removed directly 
to the liquid helium; there is no need 
for heat sinks. Interconnections between 
chips on a card are provided by two lay
ers of wiring deposited on the card. The 
wires take the form of superconducting 
transmission lines. 

The card itself and most other parts 
of the assembly will be made of silicon, 
like the chips. The adoption of a single 
material reduces thermal strain when 
the computer is cooled from room tem
perature to liquid-helium temperature. 
Several cards, spaced a tenth of an inch 
apart, are plugged into a board or frame; 
interconnections between cards are pro
vided by a removable wiring mo.dule 
that plugs into the back of the board. 
The ability to remove single cards or 
wiring modules will facilitate repair or 
modifications. 

Perhaps the cleverest feature of this 
packaging system is the means for es
tablishing secure electrical connections 
where the cards and the wiring modules 
plug into the board. Contact is made 
through platinum micropins some 75 
micrometers in diameter. These plug 
into small voids in the board, which are 

filled with mercury. At room tempera
ture the mercury is liquid, and so the 

FABRICATION of the tunneling barrier is 
the most difficult step in the manufacture of 
a .Josephson-junction device. A method de
vised by .James H. Greiner of the Watson Re
search Center reliably forms a layer of insu
lating oxide some 50 angstrom units thick. 
The bottom electrode of the junction is first 
coated with thick oxide (a), then a window is 
opened in the oxide to expose a patch of bare 
metal (b). In a chamber containing oxygen at 
low pressure (c) the device is mounted on one 
electrode of a radio-frequency discharge sys
tem. The discharge ionizes some of the oxy
gen, which cleans and oxidizes the metal (d). 
At first the oxide layer builds rapidly, but the 
rate decreases as the oxide coat grows thick
er. What is more, another process begins to 
compete with oxidation: some oxygen ions do 
not bind to the metal but instead kDock loose 
an existing oxide molecule (e). Eventually the 
rate of oxidation and the rate of oxide remov
al are equal (J); thereafter the thickness of 
the barrier remains constant. The thickness at 
which equilibrium is reached is determined by 
oxygen pressure, radio-frequency energy and 
the temperature. When the barrier is complet
ed, a second electrode is deposited over it (g). 
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cards and modules can readily be insert
ed or removed; at 4.2 degrees K. , how
ever, the mercury is a solid. Thus it is a 
kind of solder, but one with a melting 
point below room temperature. 

The need for a continuous supply of 
liquid helium to cool a Josephson-junc
tion computer is not as troublesome as it 
might seem at first. Indeed, the cost of 
the helium refrigerator is comparable to 
the cost of the much larger power sup
ply and the cooling system that are re
quired by a semiconductor computer. It 
is true that the helium liquefier dwarfs 
the computer itself, but the liquefier is 
no larger than a home ref!"igerator. A 
cooling capacity of about 10 watts will 
suffice. 

The components described here-log
ic circuits with a single-gate delay of 

35 picoseconds, a cache memory with 
an access time of 500 picoseconds and a 
main memory with an access time of 
perhaps 1 0  nanoseconds---<:annot be as
sembled to make a high-performance 
computer with a one-nanosecond cycle 
time. Instead the minimum cycle time 
is estimated to be about three nanosec
onds. That is nonetheless very fast: such 
a computer might be expected to exe
cute on the order of 1 00 million instruc
tions per second. Moreover, Josephson
junction technology is young; there is 
every reason to believe cycle times of 
less than a nanosecond will eventually 
be achieved. 

It is not unreasonable to ask why any
one would want a computer 50 times 
faster than most of the fastest comput
ers being made today. There are some 
computational tasks in which speed it
self is important. A perennial example is 
long-range weather prediction, which is 
now limited by the time required to fol
low the changes in a computer model 
of the atmosphere. (A prediction of the 
weather five days hence is of little val
ue if it takes 1 0  days to formulate it.) A 
few other fields, such as cryptology, also 
make prodigious demands on comput
er resources arid could benefit directly 
from higher speed. 

Those are rather special applications, 
and if they were the only ones contem
plated, the large capital investment need
ed to develop a new electronic technolo
gy would scarcely be worthwhile. The 
major uses of the Josephson-junction 
computer are likely to be more mun
dane. It will be employed for the routine 
processing of insurance premiums, tax 
returns and payroll records. It will serve 
multiple users and multiple functions in 
the central computing departments of 
universities. In most such applications 
it makes no difference whether a task 
that takes a million machine cycles is 
completed in one millisecond or 50 mil
liseconds. The point is that a computer 
running 50 times faster can do 50 times 
more, perhaps for the same cost. 

CARD 

WIR ING MODULE 

HIGH-DENSITY PACKAGING of a Josephson-junction computer is essential to minimize 
the length of signal paths between circuits. Chips bearing all the active components are bonded 
upside down to carrier "cards" made of silicon. Connections are made directly from the surface 
of the chip to superconducting transmission lines incorporated into the card. Several cards plug 
into a board or frame, and connections between the cards are provided by wiring modules that 
plug into the other side of the board. Electrical contact between the cards and the wiring mod
ules is provided by "solder" joints, in which a drop of mercury bridges the gap between two 
micropins; when the computer is immersed in liquid helium, the mercury becomes solid. For a 
computer with a cycle time of one nanosecond the assembly would be about an inch on a side. 
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The Role of Gravity 
in Quantum Theory 

An experiment with a neutron interferometer, an instrument 

in which neutron waves interfere, has shown that the laws of 

quantum theory apply in the presence of gravitational fields 

by Daniel M. Greenberger and Albert W. Overhauser 

Q
uantum mechanics and the gener

al theory of relativity (the mod
ern theory of gravity) are the 
end products of revolutions in 

the way physicists interpret the world. 
Until recently there has been no exper
imental connection between these two 
fundamental theories. The wave proper
ties that quantum mechanics attributes 
to subatomic particles are normally evi
dent on the atomic scale of about 10-8 
centimeter, and gravitational effects be
come appreciable only on the stellar or 
the cosmic scale. 

This situation has now been changed 
by the development of the neutron inter
ferometer, an instrument that enables 
neutron waves to interfere with one an
other over a distance of several centime
ters. The neutron interferometer is in 
effect an enormously powerful amplifi
er that compounds microscopic events 
so that they can be monitored on the 
macroscopic scale. The instrument has 
made it possible to measure the effect of 
the earth's gravity on the phase of a neu
tron wave, an effect that was long con
sidered to be too weak to measure. Al
though experiments with the neutron 
interferometer cannot probe the details 
of the theory of gravity, they do offer 
an important insight into the quantum
mechanical interpretation of the equiv
alence principle, a cornerstone of gen
eral relativity. This principle states that 
the effect of being at rest in a gravita
tional field is eq uivalent to the effect of 
being at rest in an accelerated coordi
nate system. 

Neutron waves interfere in the same 
way that water waves and light waves 
do. When two trains of waves of equal 
amplitude meet, they simply superim
pose. When the waves are exactly in 
phase (crests coinciding with crests and 
troughs coinciding with troughs), they 
interfere constructively and so the re
sulting amplitude is twice as great; when 
they are exactly out of phase (crests co-
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inciding with troughs), they interfere de
structively and so they cancel out. 

If surface waves (say water waves) 
spread out from two slits that are closely 
spaced along the same line, they super
impose to form an interference pattern. 
The points of constructive interference 
in this pattern fall along lines at charac
teristic angles from the line of the slits. 
The same is true of the points of de
structive interference. These character
istic angles depend on the ratio of the 
wavelength to the separation of the slits. 
When the wavelength and the slit sep
aration are about the same order of 
magnitude, the angles of constructive 
interference are substantial. When the 
wavelength is much less than the slit 
separation, the angles of constructive in
terference are so small that the pattern 
cannot be detected. 

If there are more than two equally 
spaced slits in the surface, the angles of 
constructive interference are the same 
as those for two slits. The more slits 
there are in the surface, however, the 
more sharply defined the constructive 
angles are. Think of it this way. Assume 
that the waves from two adjacent slits 
are slightly out of phase when they 
reach some distant point, that is, the 
crests do not quite overlap. Then at that 
point the wave from the next slit is out 
of phase by twice as much, the wave 
from the succeeding slit is out of phase 
by three times as much, and so on. As 
a result the waves from many slits will 
create complete chaos, leading to total 
cancellation. For a surface with many 
slits the only distant points at which a 
wave can be detected are those at which 
the waves from the separate slits add 
up exactly, mainly at the points that lie 
along the precise angles of constructive 
interference. 

For X rays, which are electromagnet
ic waves of high energy with a wave
length typically on the order of IOr8 
centimeter, the ideal scattering medi-

urn is a crystal, in which the spacing of 
the atoms is also on the order of 10-8 
centimeter. The X rays are scattered not 
by slits but by atoms in the planes of at
oms that make up the crystal. Since 
there are 108 atoms per centimeter, the 
angle of reflection (the Bragg angle) is 
defined with great precision: about 10-7 
degree. The reflected beam can be made 
monochromatic (that is, made to have 
a sharply defined wavelength) because 
only that wavelength will scatter at the 
appropriate angle. X rays have there
fore been able to contribute much to the 
understanding of the atomic structure 
of crystals: the sharp scattering patterns 
can be deciphered to reveal the geomet
rical arrangement of the atoms. 

Neutrons, like other subatomic parti
cles, exhibit characteristics of both par
ticles and waves. The wave interpreta
tion, which was forced on physicists 
by the experimental facts, was initially 
resisted by them. Yet quantum theory 
works exceedingly well, and in many 
cases it is easier to develop an intuitive 
feeling for the behavior of quantum
mechanical systems than it is for their 
classical analogues. Quantum-mechan
ical experiments that are the equiva
lent of simple two-slit experiments with 
water waves can be done, and they 
demand a wave interpretation for sub
atomic particles. 

Tike X rays, neutrons of the appropri
L ate wavelengths are scattered by 
crystals. Such scattering is the basis of 
the neutron interferometer. An X-ray 
interferometer was developed at Cor
nell University in 1964 by Ulrich Bonse 
and Michael Hart. It was mistakenly 
thought that the instrument would not 
work for neutrons, and so the first neu
tron interferometer was not operated 
until 1974 by Bonse and by Helmut 
Rauch and W. Triemer of the Austrian 
Nuclear Institute in Vienna. Here the 
crystal is one of silicon that must be es-
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sentially perfect: a single crystal up to 10 
centimeters long that is completely free 
of dislocations and other defects in its 
regular atomic structure. In a typical in
terferometer design a cylindrical crystal 
about eight centimeters long and five 
centimeters in diameter is cut away to 
leave three semicircular "ears," or slabs, 
connected by the remainder of the cylin
der. The ears are about .5 centimeter 
thick and about three centimeters apart. 

A typical beam of neutrons that enters 
the interferometer is about a centimeter 
wide. Since the wavelength of the neu
trons is only 10-8 centimeter, the beam 
propagates between the ears in what is 
essentially a straight line, as a flashlight 

beam would. The neutrons of this wave
length are thermal neutrons: they have 
roughly the same kinetic energy they 
would have if they were in random mo
tion at room temperature. 

Aneutron wave, like any other wave, 
has an amplitude and a phase, which 

can be described by a wave function 1\1. 
The physical interpretation of the wave 
function is based on the fact that the 
square of the amplitude at any point in 
space determines the probability of find
ing the neutron at that point. If an ex
periment were repeated many times, a 
neutron detector at that point would 
register the number of neutrons, which 

is proportional to the square of the am
plitude of the wave function there. 

The propagation of the wave is de
scribed by the Schrodinger eq uation, 
which in the realm of quantum mechan
ics replaces Newton's classical laws of 
motion. The wavelength of a particle 
such as a neutron equals hlp, where h 
is Planck's constant (6.625 X 10-27 erg
second) and p is the particle's momen
tum (its mass times its velocity). For 
example, in a neutron interferometer a 
neutron with a wavelength of 10-8 cen
timeter has a speed of about 105 centi
meters per second, which is about 10-5 
times the speed of light. 

When a beam of neutrons strikes 

TYPICAL NEUTRON INTERFEROMETER consists of a single 
perfect crystal of silicon about eigbt centimeters long and five centi
meters in diameter. Tbe crystal bas been carefully cut away by opti
cally controlled diamond tools to leave three "ears," or projections, 

connected by the bottom part of the crystal. The ears are each half a 
centimeter thick. Since the ears are all carved out of one crystal, the 
atoms in them are precisely lined up. The instrument is in the labora
tory of Clifford G. Shull at the Massachusetts Institnte of Technology. 
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SERIES OF CORKS FLOATING ON A WATER WAVE demonstrates the properties of 
wave motion. As a wave traveling to the right passes a cork in the water the cork bobs up and 
dowu periodically with limited horizoutal motion. The amplitude of the wave (A) is the maxi
mum displacement of the cork from its equilibrium value. Corks 1 and 4, which are separated 
by a distance A equal to the wavelength, are considered to be in phase because their motions 
are identical. Corks 1 and 2, which are separated by the distance A 12, are considered to be out 
of phase because their motions are exactly the opposite. The motion of cork 3 lags slightly be
hind the motion of cork 4, and so these two corks are considered to be slightly out of phase. 

INTERFERENCE PATTERN OF TWO WAVES of equal amplitude spreading out circular
ly has points of maximum intensity called antinodes at the solid dots and points of zero inten
sity called nodes at the circles. The colored lines represent wave troughs aud the black lines 
represent wave crests. Whenever two waves meet, they interfere, or superimpose. At the anti
nodes the waves are in phase, which means crests coincide with crests and troughs coincide with 
troughs (constructive interference), and at the nodes the waves are out of phase, which means 
the crests coincide with the troughs (destructive interference). The points of constructive inter
ference fall along lines at certain characteristic angles from the line connecting the slits. The 
angles are determined by the ratio of the wavelength to the separation between the slits. Waves 
in three-dimensional space tend to spread out spherically. On a flat surface such as the one 
shown here the waves spread out circularly. The waves were generated by directing a single 
wave at two uarrow slits. Each slit acts in effect as the point source of a new circular wave. 
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the first ear in the interferometer at a 
Bragg angle of, say, between 20 and 30 
degrees, it is scattered by planes of at
oms perpendicular to the face of the 
crystal. This kind of scattering, called 
Laue scattering, gives rise to two beams: 
a transmitted one at the Bragg angle (J 
from the scattering planes and a diffract
ed one at the same angle but on the op
posite side of the scattering planes. In 
other words, the emerging beams form 
a V whose vertex lies at the back of 
the first ear. At the second ear each 
of these beams is again Laue-scattered, 
the four emerging beams forming a W 
whose vertexes lie at the back of this 
ear. And at the third ear the two dif
fracted beams are Laue-scattered into 
two detectors that monitor the beams' 
difference in phase. 

Since the interferometer was made 
from a single crystal, the atoms of the 
third ear are lined up exactly with the 
atoms of the first and the second. This 
means that the interferometer is a mac
roscopic system with a built-in micro
scopic ordering to within 10-8 centime
ter. If there were many dislocations or 
other imperfections in the crystal, the 
atoms in the three ears would not be 
lined up, which would destroy the co
herence of the neutron beams. More
over, if the ears were not carved out of a 
single crystal but were physically sepa
rated from one another, it would be im
possible to line them up precisely. 

It is important to realize that the neu
tron beams of the interferometer are 
scattered not by the surface of the ears 
but from the planes of atoms in them. 
When a neutron travels from the air into 
the crystal, its speed remains the same 
to one part in 106, and so minor varia
tions in the thickness of an ear would 
only slightly disrupt the coherence of 
the neutron beam. As a result the ears 
need not be machined to an accuracy of 
a few wavelengths. In any event such ac
curacy would be technologically impos
sible. In contrast, visible light travels ap
proximately twice as fast in air as it does 
in a lens. This means that a small irreg
ularity in the lens only several wave
lengths deep would significantly alter 
the speed of the light wave and hence al
ter its phase in unpredictable ways. For
tunately the wavelength of visible light 
is much longer than the wavelength of 
a thermal neutron, and so it is possible 
to make high-quality lenses with imper
fections several wavelengths deep. 

The limit on the coherence of a neu
tron beam is set not by the uniformity of 
the thickness of the ears but by the Hei
senberg uncertainty principle. That prin
ciple, which puts an intrinsic limit on 
the precision of any wave phenomenon, 
determines the length over which the 
neutron waves are coherent. According 
to the uncertainty principle, the more 
sharply the wavelength of the beam is 
defined, the more the beam is spatial-
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TRADITIONAL TWO-SLIT EXPERIMENT shows the difference 
between the classical behavior of a macroscopic particle and the quan
tum-mechanical behavior of a subatomic particle such as a neutron. 
In the experiment at the left a beam of macroscopic particles that is 
fairly well collimated is directed through two slits at a target screen. 
The black curve represents the distribution of particles at the target 
when only the first slit is open. The gray curve represents the distri
bution when only the second slit is open. The colored curve represents 
the distribution when both slits are open. The colored curve is the sum 
of the black and the gray curve, because when both slits are open, each 
particle passes through one of the slits. If the experiment is done not 
with macroscopic particles but with neutrons (right), the distribution 
when both slits are open (color) resembles a typical two-slit interfer-

ence pattern. In this case it cannot be said that the neutron passed 
through either one slit or the other as a "classical" particle would. 
There are certain pOSitions on the target screen where many particles 
land and other positions where no particles land. This means that the 
effects of the two slits can superimpose either constructively or de
structively. Both the phase and the amplitude of the wave emerging 
from each slit are important. Nevertheless, each neutron also exhib
its particlelike properties: it lands at one point on the target screen. 
The neutron wave determines the probability that the neutron will land 
at a particular point on the target screen. The probability is propor
tional to the square of the amplitude of the neutron's wave function. 
Tbe interference pattern reduces to the classical interference pattern 
in the limit where the wavelength is much smaller than the slit size. 

ly spread out. Since only wavelengths 
very close to the wavelength for per
fect Bragg-angle scattering are allowed 
in the crystal, this defines the extent 
to which the beam is spread. It turns 
out that the waves are coherent over a 
length of about 10-3 centimeter. The in
terferometer must be machined to with
in that tolerance. 

Although it is not strictly necessary to 
understand what happens inside each of 
the ears in order to understand how the 
interferometer operates, we shall men
tion the effect because it is interesting in 
its own right. When the incident wave 
strikes an ear at the correct angle, the 
beam unexpectedly travels through the 
crystal perpendicularly to the crystal 
face, splitting into a transmitted and a 
diffracted part only as it emerges from 
the ear. This behavior is called the Borr
man effect. 

The function of the interferometer de
pends on the relative counting rates 

of the two detectors receiving the beams 
from the third ear. When the two com
ponents of the split beam recombine at 
the third ear, each component imping
ing on the ear gives rise to a transmitted 

beam and a diffracted beam. Therefore 
the beam each detector receives is actu
ally the sum of two beams, the transmit
ted beam from one of the split beams 
and the diffracted beam from the other. 
If a force is applied to create an asym
metry between the split beams, there 
will be a shift in the phase of one beam 
in relation to the other. That in turn will 
give rise to a phase shift between the 
two beams going to the first detector 
and a different phase shift between the 
two beams going to the second detector. 
Since each neutron must go somewhere, 
the total beam intensity is conserved. 
This means that if the beams going 
into one detector add constructively, in
creasing the counting rate there, then 
the beams going into the other detector 
must add destructively, decreasing the 
counting rate there. 

Imagine that all the neutrons were go
ing into one detector. Now suppose a 
weak force is applied to the neutron 
beams, a force so weak that it can bare
ly slow up one of the split beams by 
just half a wavelength in relation to the 
other beam in the course of its travel
ing through the entire apparatus. That 
phase shift would be sufficient to send 

all the neutrons into the other detector. 
This makes the neutron interferometer 
an incredibly sensitive instrument able 
to take a coherently split neutron beam 
that has traveled about eight centime
ters and sense that one of the component 
beams has lagged behind the other by 
less than one atomic spacing. Moreover, 
the neutron interferometer transforms 
this minute phase shift into a macro
scopic change in the relative counting 
rates of the detectors. 

The necessary asymmetry between 
the beams can be introduced in many 
ways. One way is to put a metal plate in 
the path of one beam so that the plate 
interacts with the beam, generating a 
phase shift. Another way is to apply a 
weak magnetic field to one beam. Still 
another way is to create a gravitation
al field across the interferometer by tilt
ing it so that the beams are at different 
heights. 

Although the interference of neutron 
waves is similar to the interference of 
light waves, there are some significant 
differences between the two kinds of 
waves. When the neutron is regarded as 
a "classical" pointlike particle, that is, a 
particle whose behavior can be approx-
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LAUE AND BRAGG SCATTERING are the two ways a beam could be scattered by the 
planes of atoms tbat make up a crystal. In Laue scattering (left) if tbe angle of incidence is tbe 
correct one, tbe incident beam (I) will be scattered off planes perpendicular to tbe crystal face. 
Tbe correct angle is named tbe Bragg angle (8), wbicb is defined by tbe ratio of tbe wavelengtb 
to tbe spacing of tbe atomic planes. Tbe result is a transmitted beam (T) and a diffracted one 
(D). This kind of scattering takes place in tbe neutron interferometer discussed bere. In Bragg 
scattering (right) an incident beam of tbe appropriate Bragg angle is scattered off planes paral
lel to tbe crystal face. Tbe result of tbe scattering is a transmitted beam and a reflected one (R). 

imately explained by laws of physics 
known before the emergence of quan
tum mechanics, it has no wave proper
ties. Those properties can be explained 
only by quantum-mechanical laws. Since 
the wavelength of the neutron is deter
mined by Planck's constant. which nev-

SCATTERING 
PLANES 

\-

I 
INCIDENT BEAM 

er enters into classical physics, all inter
ference effects necessarily involve quan
tum-mechanical processes. Light, on the 
other hand, is classically a wave, so that 
its wave properties do not call for a 
quantum -mechanical in terpreta tion. 

The neutron has a mass and a mag-

TOP VIEW OF THE NEUTRON INTERFEROMETER sbows bow an incident beam of 
neutrons is Laue-scattered by tbe first ear and tben again by tbe second ear. At tbe tbird ear 
tbe beams are recombined and scattered into two neutron counters (el and e2). Tbe tbird 
counter (e3) monitors tbe original beam. Tbe relative pbase of tbe two diffracted beams (ABD 
v. AeD) determines tbe counting rates. If tbe entire exit beam were striking counter el, a rela
tive pbase sbift of balf a wavelengtb between tbe diffracted beams would redirect tbe exit beam 
completely to counter e2. Inside eacb ear tbe neutron beam propagates perpendicularly to-tbe 
face of tbe crystal (tbe Borrman effect) and splits into two beams only on leaving tbe crystal. 
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netic moment, whereas the photon (the 
quantum of electromagnetic energy) has 
neither. This means that a magnetic field 
will cause a neutron to rotate but will 
not affect a photon. It also means that 
the neutron interacts much more strong
ly with gravity. Although light waves 
can be bent by gravity, in a light-wave 
interferometer the effect is negligible. 
The effect of gravity on the phase of the 
neutron waves, however, is measurable. 
The length of light waves is 10-5 centi
meter, and since the length of the neu
tron waves in the neutron interferome
ter is 10-8 centimeter, they can resolve 
effects on a smaller scale. 

The most important experiment that 
has been done so far with the neu

tron interferometer measured the effect 
of the earth's gravity on the phase of the 
neutron wave. The experiment was car
ried out by Roberto Colella of Purdue 
University, one of us (Overhauser) and 
Samuel A. Werner of the Ford Motor 
Company; it is therefore referred to as 
the COW experiment. The gravitational 
field was introduced by tilting the inter
ferometer so that the two neutron beams 
were at different heights. Before the 
COW experiment was done in 1975 it 
was already known experimentally that 
the neutron falls in the earth's gravita
tional field as any other massive particle 
does. That fall, however, is strictly Gali
lean, or classical. The question is wheth
er one can observe an effect of gravity 
on the wave nature of the neutron. The 
way to do this is through an interference 
effect, for which the neutron interferom
eter is ideally suited (provided the effect 
is large enough to detect). 

The gravitational force is extremely 
weak at the atomic level. In the macro
scopic domain the gravitational force is 
predominant because of the accumulat
ed gravitational effects of a vast num
ber of particles. Gravity at the surface 
of the earth is generated by the 1052 
protons and neutrons that make up the 
earth. The electric repUlsion between 
two protons is 1036 times greater than 
their gravitational attraction. Two pro
tons the typical atomic distance of 10-8 
centimeter apart exert an electric force 
on each other that is 1016 times greater 
than the gravitational force exerted on 
either of them by the entire earth. 

If gravity is so weak on the atomic 
scale, how can it cause interference ef
fects in the neutron interferometer? The 
answer is that such effects can be made 
to show up because of the ability of the 
neutron interferometer to compound in
terference effects over macroscopic dis
tances. 

The wavelength of a neutron wave en
tering the crystal at the appropriate an
gle is matched to the lattice spacing of 
10-8 centimeter, so that each time the 
wave passes a plane of atoms it has 

© 1980 SCIENTIFIC AMERICAN, INC



y 

L, 

BORRMAN EFFECT in tbe nentron interferometer is tbat a beam 
unexpectedly travels througb an entire ear in a direction perpendicu
lar to tbe crystal face before it splits into a transmitted component 
and a diffracted component. The Borrman effect is seen only in per
fect crystals. Tbe crystal acts as a wavegnide: multiple Laue scattering 
generates a standing-wave pattern in tbe y direction wbereas the x 
component of tbe incident wave ftows in tbe x direction. (A standing 

wave is a wave in wbicb tbe antinodes and tbe nodes are stationary.) 
Tbe ftow of energy in tbe crystal is chiefty in the x direction parallel 
to the scattering planes. Tbe standing-wave pattern has antinodes 
(solid dots) along tbe lines of atomic nnclei (crosses) in the scattering 
planes, and so it interacts strongly witb tbe silicon crystal. Tbere is 
anotber coberent wave witb nodes (circles) at the scattering nuclei, 
so tbat tbis wave interacts extremely weakly witb tbe silicon crystal. 

gone through one oscillation. The grav
itational potential-energy difference be
tween two components of a neutron 
beam spaced 10-8 centimeter apart is 
1015 times smaller than the kinetic ener
gy. Even if the neutron wave function 
is kept coherent over a height difference 
of a centimeter (as can be done in the in
terferometer), the gravitational poten
tial-energy difference between the two 
beams is 107 times smaller than the ki
netic energy, so that normally this ener
gy difference would have a negligible 
effect on the wave function of a neu
tron wave. 

The wave, however, is coherent over 
the entire 10-centimeter length of the 
crystal, and over that distance it oscil
lates 109 times. The rate of oscillation 
that is accountable to gravity is 107 
times smaller, but in the course of the 
neutron wave's trip across the crystal it 
manages to oscillate as many as 100 
times extra because of gravity. As weak 
as gravity is, it has a measurable effect 

on the wave function because the neu
tron wave is coherent on a macroscop
ic scale. 

The way to measure the effect is to 
first pass the neutron beam through the 
crystal when the crystal is horizontal. In 
that situation the two split beams in the 
interferometer are at the same height 
and there is no gravitational effect. Next 
the interferometer is rotated about the 
incident beam to put the split beams at 
different heights and hence at different 
gravitational potentials. As the height 
difference increases so does the differ
ence in phase, which shows up as a dif
ference in the relative number of neu
trons counted by the two detectors. In 
the COW experiment gravity gave rise 
to as many as 20 extra oscillations, and 
in an improved version of the experi
ment the phase difference accountable 
to gravity was verified to well within 1 
percent. 

This phase difference had to be sepa
rated from a classical side effect of grav-

ity. Gravity also pulls on the crystal, and 
so as the crystal is rotated to put one 
neutron beam above the other, gravity 
slightly distorts it, which in turn affects 
the relative phase of the beams. Fortu
nately this classical effect can be effec
tively monitored with a beam of X rays. 
Moreover, by inserting into one of the 
neutron beams an aluminum strip .002 
inch thick the investigators induced an 
extra phase shift of a quarter of an oscil
lation. This known effect served as an 
experimental control to verify that neu
trons were not repelled by the earth but 
attracted by it. 

The experiment demonstrated that a 
weak gravitational field shifts the 

phase of a neutron wave by the precise 
amount predicted by the Schrodinger 
equation. In other words, gravity ap
pears in the equation as any other force 
would. This result was fully expected. 
It nonetheless had distinct implications 
for the interpretation of the equivalence 
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COUNTING RATE of a couuter (C1 or C2) depends on the phase relation between the two 
partial beams that enter it. As the two beams (1 and 2) that entered the third ear of the crystal 
emerge from it, they each split into a transmitted component (T) and a diffracted component 
(D). Each counter receives the transmitted component of one beam and the diffracted compo
nent of the other beam. If a small applied force causes the phase of one of the beams, say 2, to 
be shifted in relation to the other one by an angle �, then the transmitted component (T2) will 
also be shifted by �, and the diffracted component (D2) will be shifted by � plus 180 degrees, 
making the components out of phase. As a result the counting rate of one of the detectors will 
increase and the counting rate of the other detector will decrease, although the sum of the two 
counting rates will remain the same because each neutron must go into one of the detectors. 

principle in quantum mechanics, which 
we shall discuss below. For now we 
shall note that Colella and one of us 
(Overhauser) have shown that the exper
iment verifies that the equivalence prin
ciple applies on the microscopic scale 
governed by the laws of quantum me
chanics. 

Imagine an observer falling toward 
the interferometer with the acceleration 
of gravity. To him a neutron in the inter
ferometer would not be falling at all, 
since he is falling with it. He would see 
the neutron moving in a straight line be
tween collisions with the ears of the in
terferometer. He would also see the ears 
accelerating upward. What this means is 
that he sees a neutron in one split beam 
approaching the second ear at a certain 
velocity and a neutron in the other split 
beam approaching the ear at a different 
velocity. The velocity difference causes 
the neutron beam to shift in frequency. 
This is the familiar Doppler shift: an 
observer approaching a wave sees the 
crests arrive sooner, so that he observes 
a higher frequency, whereas an observer 
receding from a wave sees a lower fre
quency. 

We have done a detailed analysis in 
the coordinate system of the accelerated 
observer and have proved that the over
all phase shift he sees is the same as the 
phase shift produced by gravity in the 
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interferometer system. In other words, if 
one accepts that the Schrodinger equa
tion works for a free particle, one has 
only to apply it to the case of a beam 
meeting an accelerating crystal and one 
will have proved that this case is equiva
lent to the case of a falling beam meet
ing a stationary crystal. The argument 
applies to what is called the strong form 
of the equivalence principle, a point we 
shall also take up below. 

There is another interpretation of the 
COW experiment that is extremely in
teresting. According to the general the
ory of relativity, a gravitational field 
affects the rate of a clock. In a weak 
gravitational potential the time differ
ence (f!..t) that accumulates between two 
clocks in a time 1 is <1>11 c2, where <I> is 
the gravitational potential difference be
tween the clocks and c is the speed of 
light. The entire interference effect in 
the COW experiment can be attributed 
to the difference between the time on a 
clock moving along with one beam and 
the time on a clock moving along with 
the other beam. 

The time difference, which is due en
tirely to the gravitational potential dif
ference of the clocks as they move 
through the interferometer at different 
heights, is the famous gravitational red 
shift Albert Einstein predicted in 1916 
in his original paper on the general theo-

ry of relativity. Unfortunately aithough 
this interpretation is very suggestive, it 
is not necessary, because the effect can 
be explained by nonrelativistic quantum 
theory in which gravity is treated as an 
ordinary force without appealing to rel
ativity at all. 

We now turn to two other elegant 
experiments that have been done 

with the neutron interferometer. The 
first is based on the fact that the interfer
ometer is rotating with the earth as the 
neutron beam passes through it. (The 
beam itself is free of the earth between 
collisions with the ears.) This rotation, 
like gravity, affects the phase of the 
beam, although the slow angular veloci
ty of one rotation every 24 hours results 
in an effect on the interferometer beam 
of only about 2 percent of the gravita
tional effect. This small effect was none
theless detected by Colella, Werner and 
J.-L. Staudenmann of the University of 
Missouri with a sensitive interferometer 
made accurate to 10-4 centimeter by an 
optically controlled milling device with 
a diamond saw. 

The experimenters were able to sepa
rate the weak effect of gravity from the 
even weaker effect of rotation by pass
ing the two beams vertically through the 
interferometer so that gravity would af
fect them equally and hence leave their 
relative phase unchanged. This experi
ment, which is the quantum-mechanical 
version of one done by G. Sagnac in the 
early part of the century, verified the 
applicability of the Schrodinger equa
tion to an experiment actually carried 
out in an accelerating coordinate sys
tem. Incidentally, it provided an esoteric 
quantum-mechanical demonstration of 
the Copernican theory that the earth ro
tates, for those who still have a linger
ing doubt. 

The other experiment with the neu
tron interferometer, done independently 
in 1975 by a group in the U.S. and a 
group in Europe, confirms an amazing 
but straightforward prediction of quan
tum mechanics. According to quantum 
theory, if a neutron (or any other parti
cle with a half unit of "spin," or intrinsic 
angular momentum, such as the elec
tron or the proton) is rotated 360 de
grees, the sign of the wave function of 
the particle is reversed. In classical phys
ics, of course, an object that has been 
rotated 360 degrees is in exactly the 
same geometrical state it was in before 
it was rotated. The sign reversal is pos
sible in quantum mechanics because ex
perimental results depend only on the 
square of the wave function. 

Here the neutrons were made to ro
tate 360 degrees by passing one beam in 
the interferometer through a magnetic 
field. If the beams interfere construc
tively before the field is turned on, they 
interfere destructively after it is turned 
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on, and vice versa. The neutron must be 
rotated 720 degrees for it to be unaffect
ed by the rotation. This result, which 
runs completely counter to classical in
tuition, is a perfect example of what 
Eugene P. Wigner has called the "un
reasonable effectiveness" of abstract 
mathematics in its ability to predict 
physical phenomena. Nevertheless, the 
consequences of rotation had been indi
rectly verified many times because the ef
fect of a rotation on a wave function en
ters into many experiments. Although it 
was important to demonstrate this ef
fect directly, the outcome was never 
in doubt. The COW experiment broke 
new ground because never before had a 
gravitational field affected the specific 
wave properties of a particle in a quan
tum-mechanical experiment. 

In order to assess the significance of the 
COW experiment one must consider 

gravity's relation to the other three nat
ural forces: the strong nuclear force, 
which holds the nucleus together, the 
electromagnetic force, which binds at
oms and determines chemical structure, 
and the weak nuclear force, which is re
sponsible for most nuclear decays. It is 
known that gravity controls the large
scale structure of the universe, even 
though it is extremely weak on the mi
croscopic level. It was Einstein's dream 
to unify large- and small-scale phenom-

ena in one grand theory. Until a few 
years ago, however, there was no dis
cernible experimental connection be
tween them. 

Each of the four forces of nature 
known today has a different strength 
and operates on a different scale. And 
yet it has recently proved possible to 
construct a unified theory of the weak 
nuclear force and the electromagnetic 
force. Michael Faraday, James Clerk 
Maxwell and Einstein developed a su
perstructure in which electricity and 
magnetism were two aspects of the same 
phenomenon. It is now recognized that 
the weak interaction is a third aspect of 
the same phenomenon, which would be
come apparent at extremely high ener
gies. Last year's Nobel prize in phys
ics honored Sheldon Lee Glashow and 
Steven Weinberg of Harvard Universi
ty and Abdus Salam of the Internation
al Center for Theoretical Physics in Tri
este for recognizing this relation. Their 
work is the first step toward the discov
ery of a "philosopher's stone," which 
would uncover a harmony in nature be
yond anything ever dreamed of by the 
ancient alchemists. There is some indi
cation that the strong force could be in
corporated into such a theory and a few 
clues that even gravity might be incor
porated. 

We want to point out, however, that 
there are good reasons for maintaining 

an attitude of open-minded skepticism 
about the role of gravity in any unifica
tion scheme put forward so far. For ex
ample, if the basic laws of quantum me
chanics apply to situations dominated 
by gravitational fields, the phenomena 
they predict would be difficult to in
terpret. Consider a neutron with mass 
m bound gravitationally to a particle 
with mass M by the Newtonian force 
GmMlr2, where G is the gravitational 
force constant and r is the distance be
tween the particles. This situation is for
mally identical with the one in which 
an electron and a proton are bound 
electrically by the Coulomb force e21r2, 
where e is the charge of the electron. 

The energy and the separation of the 
two particles in their smallest orbits 
around each other can easily be calcu
lated by quantum theory. The electrical 
case is the familiar Bohr atom, and the 
gravitational case is found by replacing 
e2 by GmM. For neutrons attracting 
each other this procedure yields an al
most inconceivably low energy and an 
almost inconceivably large separation 
of 1025 centimeters, which is close to 
the size of the universe. Such ludicrous 
numbers raise the question of whether 
the concept of wave coherence, or for 
that matter of a wave function, makes 
sense in this connection. 

Moreover, according to quantum the
ory, gravitational fluctuations would be-

Cl 

DIFFERENCE IN HEIGHT between beams in tbe interferometer 
is introduced by rotating tbe apparatus about tbe incident beam 
(AB). This gives rise to a gravitational potential difference. between 

the beams, which alters their phase. This alteration shows up as a 
change in the count of the detectors, which is a measure of the effect 
of gravity on the quantum-mechanical wave properties of a neutron. 

73 

© 1980 SCIENTIFIC AMERICAN, INC



8,ooo ,-------�--------,_------_,--------_,--------,_--------,_------_,--------._------_.--------� 

(jJ f
Z => 
>a: « a: f
iii a: 
� 

� 
(jj Z W f-
� 

�
4
�O �-------�

3
�
2
�-------�

2
�
4

---------�1
6

�---- ----�
8
---------0�------�8�-------!.1

6

�-------

2

�

4

�------�

3

�

2

--------4�O 

ANGLE OF ROTATION (DEGREES) 

READING OF THE FIRST DETECTOR as a function of tbe angle 
of rotation of tbe neutron interferometer is sbown for a typical data 
run. The reading never falls to zero because the two beams are not 

perfectly coherent. This data run is from an improved version of tbe 
original neutron-interferometer experiment, which verified tbe phase 
shift due to gravity to well within 1 percent of the predicted value. 

come significant only at dimensions of 
about 10-32 centimeter, a fantastical
ly small scale with respect to anything 
that is currently known. An extrapola
tion down to 10-32 centimeter would 
be an even greater transition than the 
one from the macroscopic scale to the 
nuclear scale that led to the develop
ment of quantum mechanics and altered 
completely the accepted picture of how 
nature operates. 

These considerations are not meant to 
dismiss current thinking on how quan
tum theory applies to gravity but merely 
to indicate that caution is clearly called 
for. Since the numbers are so outland
ish, there is no reason to take for granted 
the theory that predicts them. At every 
stage in its development the theory will 
have to be tested experimentally, but 
whenever it correctly predicts a phe
nomenon, a significant intellectual vic
tory will be won. Before the COW ex
periment there was no reason to be com
placent about the correctness of the 
current picture of quantum gravity, even 
on the level of very weak gravitational 
fields acting as small perturbations. 

One still should not be complacent, 
because there is a deep conceptual prob
lem caused by the difference between 
the usual theoretical treatment of classi
cal gravitational phenomena and that of 
quantum-mechanical phenomena. The 
difference is based on the role played by 
mass in the two kinds of phenomena. 
Galileo observed that all bodies fall 
with the same acceleration in an exter
nal gravitational field. Here "external" 
means that the bodies themselves are 
too small to contribute measurably to 
the field. Robert H. Dicke of Princeton 
University has called this observation 
the weak equivalence principle to distin
guish it from a stronger formulation we 
shall discuss below. 
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From the viewpoint of classical phys
ics in discussions of eq uivalence one 
thinks of releasing a particle with some 
initial position and velocity. Gravity 
then gives the particle a definite acceler
ation. If a particle with a different mass 
was released with the same initial posi
tion and velocity, it would follow the 
same trajectory because the accelera
tion due to gravity is independent of the 
particle's mass. To put it another way, 
the position and the velocity are the nat
ural variables for discussing the prob
lem because the mass has no intrinsic 
role. In fact, the problem can be refor
mulated so that the mass drops out. 

Einstein recognized the significance 
of Galileo's observation. He realized 
that since all particles that start with 
the same position and velocity follow 
the same path, there is no input from 
the nature of the particle itself. The 
motion of a particle in a gravitational 
field depends only on its environment, 
that is, only on the properties of space 
and time. To explain why all particles 
follow the same curved trajectory Ein
stein replaced the concept of an exter
nal gravitational field with the concept 
of a curved space-time. The theory of 
gravity is in effect reduced to a branch 
of geometry. 

From the viewpoint of Einstein's the
ory a particle is said to obey the geodesic 
equation: the particle takes the "short
est" path in the curved space-time. The 
geodesic equation replaces the classical 
law of inertia: free particles in fiat space 
tend to travel in a straight line, which is 
of course the shortest path in fiat space. 
Like Galileo's observation, Einstein's 
formulation speaks not of mass but of 
position and velocity. We can summa
rize this point by introducing the ge
ometrical weak equivalence principle, 
which holds classically. The principle 

states that there are no physical effects 
at all in an external gravitational field 
that depend on the mass of a point 
particle. 

A more general formulation can be 
achieved by replacing the geometrical 
weak equivalence principle with the 
strong equivalence principle. This prin
ciple states that as far as the locally ob
served laws of physics are concerned, 
being at rest in a gravitational field is 
eq uivalent to being at rest in an accel
erated coordinate system. The strong 
equivalence principle not only indicates 
why all objects must fall with the same 
acceleration in a gravitational field but 
also provides a powerful tool for incor
porating the gravitational field into a 
physical system. If it is known how a 
system behaves in the absence of a grav
itational field, the strong eq uivalence 
principle provides a way of determining 
how the system will behave in the pres
ence of a field. All one has to do is to 
transfer the system to an accelerated co
ordinate frame, which is equivalent to 
introd ucing a gravitational field. 

The general theory of relativity spec
ifies the mathematical proced ure for 
making this transformation and for dis
tinguishing in a higher order the differ
ence between real gravitational fields 
and the effects of acceleration. For ex
ample, once the Schrodinger equation is 
known for the case with no gravitational 
field it can be written for the case with 
a gravitational field. I t was the strong 
equivalence principle that the COW ex
periment confirmed. 

Everything we have said so far about 
gravity seems to be purely geomet

rical. Yet surprisingly it turns out that 
the result of the COW experiment is in
compatible with the geometrical weak 
equivalence principle because interfer-
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ence .effects in guantum mechanics de
pend on the mass. It is only in taking the 
average values of the trajectory parame
ters that the mass drops out. How, then, 
does the mass enter the quantum-me
chanical picture? The answer lies in the 
quantization procedure itself. This is the 
conceptual problem that we alluded to 
above. 

The energy of a photon is eq ual to 
Planck's constant (h) times the frequen
cy (/). This equation goes back to Ein
stein's work of 1905. Although the 
equation is quite simple mathematical
ly, it is quite deep physically because 
it connects two disparate concepts. The 
frequency is a specific wave property, 
whereas the energy is a dynamical fea
ture that can be measured when matter 
absorbs or emits a photon. The equation 
for the energy is eq uivalent to the state
ment that the photon's momentum (p) 
equals Planck's constant divided by the 
wavelength (A). 

It was Louis de Broglie who applied 
the formulap = hlA to define the wave
length of the waves that quantum me
chanics attributes to ordinary matter. 
Like the energy formula E = hI. the 
momentum formula connects a wave 
property, the wavelength, to a dynami
cal one, the particle momentum. The in
terference between matter waves, which 
is an essential part of quantum mechan
ics, is the phenomenon that underlies 
the neutron interferometer. Since the 
wavelength of a neutron depends on the 
momentum, which is equal to the mass 
times the velocity, it depends on the 
mass as well. This means that from the 
outset the mass is incorporated into the 
wave nature of the neutron. In other 
words, the importance in quantum me
chanics not of velocity but of mass times 
velocity has deep theoretical roots as 
well as having been securely established 
by experiment. 

In a sense the question of the relative 
importance of velocity and momentum 
goes back to the different approaches of 
Galileo and Newton to mechanics. Gali
leo observed that all objects are equally 
accelerated by gravity. His intellectual 
heir is Einstein, who put the observation 
in geometrical terms. On the other hand, 
Newton recognized that accelerations 
are caused by forces that change mo
menta, which depend on mass. Only 
in the case of gravity does the mass 
drop out. 

In the 1820's William Rowan Hamil
ton reformulated Newton's laws of me
chanics so that they expressed the laws 
of mechanics in a way that did not de
pend on the particular coordinate sys
tem chosen to describe the problem. The 
formulation highlights any underlying 
symmetries that may be present. Ham
ilton himself was aware that his for
malism expressed a powerful analogy 
between particle phenomena and wave 
phenomena, an analogy that Schroding
er exploited 100 years later in devel-

oping quantum mechanics when the 
experimental facts demanded it. The 
formalism has as its basic variables 
the momentum and the position, and 
it meshes perfectly with de Broglie's 
work. As a result quantum mechanics 
predicts that all phase-dependent phe-

nomena, whether or not they are in a 
gravitational field, depend on the mass 
through the wavelength. This feature is 
intrinsic to quantum mechanics. 

Quantum mechanics makes clear-cut 
predictions about the effects that will be 
seen in a weak gravitational field such 

CLASSIC ELEVATOR "THOUGHT" EXPERIMENT, developed by Albert Einstein, dem
onstrates the strong equivalence principle: The effect of being at rest in a gravitational field 
(left) is the same as the effect of being at rest in an accelerated coordinate system (right). At the 
left a man in an elevator in outer space experiences a real gravitational field due to a large mass 
that is near him, and so he feels himself pulled down toward the floor of the car. If he drops 
simultaneously a small mass (m) and a large mass (M), they will fall with the same acceleration 
g and therefore reach the floor at the same time. Now imagine instead that the gravitational 
field has been replaced by a rocket that pulls the elevator upward with a uniform acceleration 
g (right). The man will still feel himself pulled down toward the floor of the elevator with the 
same force. When he releases the two masses, they will maintain a constant upward velocity, al
though the elevator floor is rising with acceleration g to meet them. As a result they appear to 
be falling with acceleration g, as they did in the gravitational field. Therefore the man in the 
elevator cannot tell the difference between the situation at the left and the one at the right. 
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as the one in the COW experiment. The 
classical gravitational approach, how
ever, is geometrically formulated not in 
terms of position and mass but in terms 
of position and momentum, and so the 
two theories do not speak the same lan
guage. The two great traditions, the geo
metrical one of Galileo and the dynami
cal one of Newton, seem to have been 
heading in different directions for three 
centuries. Suddenly they confront each 
other in the application of quantum the
ory to gravity. Therefore it is not at all 
trivial for the COW experiment to have 
demonstrated that quantum mechanics 
actually works in gravitational fields. 

For example, without the experimen
tal confirmation of the COW experi
ment would it really be so obvious that 
the correct gravitational potential to 
add to the Schrodinger equation is sim
ply the classical one? In classical physics 
the potential has a form that guarantees 
the mass will drop out of the problem. In 
quantum mechanics, however, such is 
not the case. For example, in a gravita
tional Bohr atom, where a particle of 
mass m is bound to a much heavier par
ticle of mass M. the radius of the lowest 
quantum state is a function of the mass 

m. This means that m can be determined 
from a measurement of the particle's ra
dius in this state. The mass disappears 
only for average values over states that 
have extremely high quantum numbers, 
which behave in an essentially classical 
manner. 

Since quantum mechanics contradicts 
the geometrical weak equivalence 

principle, with its requirement that the 
mass drop out of the problem, it was 
important to test the Schrodinger equa
tion in an experiment where gravitation
al forces were present. The test was 
necessary even though the Schrodinger 
equation has proved to be enormous
ly successful for nongravitational prob
lems. The COW experiment was this 
test, and it demonstrated convincingly 
that the Schrodinger equation works in 
the presence of gravitational fields. 

Since the phase shift depends on mass 
even in the case of a gravitational field, 
it seems in retrospect almost acciden
tal that the mass drops out of the classi
cal gravitational equations. Weinberg 
has emphasized that most of the fea
tures of the gravitational field can be 
derived from its mathematical symme-

ROTATION OF 
THE EARTH 

B 

c 

try properties, as is true for any oth
er field in quantum theory. This inter
pretation tends to bother theorists who 
prefer to think of gravity as being in
trinsically related to geometry. Never
theless, since the COW experiment con
firms the applicability of quantum me
chanics even in the presence of gravity, 
including the nongeometrical mass de
pendence, the experiment seems to be a 
step in the undermining of the purely 
geometrical point of view. 

Yet one strange feature of all of this is 
that in most cases where a symmetry 
manifests itself in a classical theory, the 
quantum version of the theory tends not 
to eliminate the symmetry but to greatly 
strengthen it. The failure of the classical 
geometrical conception of gravity in the 
realm of quantum mechanics would run 
counter to this trend. Perhaps, then, na
ture still has some major surprises in 
store for physicists before they finish 
the task of smoothly joining the theory 
of gravity and the theory of quantum 
mechanics. Einstein once said, "Nature 
is subtle, but she is not malicious."  Un
fortunately it sometimes takes a great 
deal of hindsight to appreciate the dis
tinction. 

EFFECT OF THE EARTH'S ROTATION on tbe interference pat
tern of neutron beams (tbe Sagnac effect) is best understood by imag
ining tbe neutron interferometer to be at tbe North Pole (left). As tbe 
eartb rotates, tbe interferometer rotates witb it. Tbe neutron beam, 
however, travels in a straigbt line between collisions witb tbe interfer
ometer ears because it is Dot attacbed to tbe rotating eartb. An over
head view of tbe interferometer (right) shows tbat tbe rotation causes 

one side (C ) to move away from tbe beam and tbe otber side (B) to 
move toward tbe beam. Tbese different relative velocities will give 
rise to a sbift in frequency between tbe two components of tbe split 
neutron beam. Tbis is tbe familiar Doppler sbift. Tbe net result is 
tbat tbe interference pattern of tbe neutron beams is sbifted by tbe ro
tation of tbe eartb. Tbe magnitude of tbe sbift is different at other lat
itudes on tbe eartb, altbougb tbe underlying mecbanism is tbe same. 
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Timely topic for our lOOth birthday_ 
Photography is wonderful .  Press the button and make 
time stop. By and large, that's why so many buttons 
have been pressed over the century. Make an instant last. 

How long? Cheerful folk don't ask. That's no way 
to stay cheerful. Nevertheless, here are a few thoughts 
for resolutely objective minds that insist on grappling 
with the question: . 
• All dyes change in time. Even if Kodachrome film 

had been available, the people in charge of King Tut's 
funeral made a better choice in that gold mask. 

Filamentary silver in the absence of oxidants does 
well, too. The stuff it's suspended in to constitute a 
black-and-white photograph tends to go, though, as 
time starts rolling by.* Extreme care in processing and 
in control of temperature, light, humidity, and ambient 
pollutants during storage makes a big difference. 

• At least we suppose so. Insufficient real time has rolled by to speak from 
experience. 

• The recently issued Kodak Publication F-30, 
"Preservation of Photographs," shown above, can be 
ordered from photographic dealers and booksellers. 
• To rejuvenate images from antique black-and

white plates and films, some professional photographers 
offer a service based on Kodak professional direct 
duplicating film, type SO-0 l 5  . 
• To give a color image of extraordinary historic or 

artistic value the archival longevity of a black-and
white image, it can be stored as a set of separation 
negatives. 
• Without going to this extreme, a fine color photo

graph can delight the eye for many years of daily 
encounter. There has been much progress on image 
dye stability in the 40 years since color photography 
opened up to all. 

© Easlman Kodak Company. 1 980 
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SCIENCE AND THE CITIZEN 
Political Problem 

After more than two years of study .I1.. the 66 nations that took part in 
the International Nuclear Fuel 

Cycle Evaluation (lNFCE) have fin
ished their examination of current and 
proposed reactor systems, nuclear-fuel 
cycles and waste-management prob
lems stimulated by the fears expressed 
by President Carter three years ago: 
that the spread of nuclear material us
able for weapons resulting from the 
growth of civilian nuclear-power pro
grams threatens to place nuclear weap
ons within the reach not only of more 
nations but also of determined terror
ists. In order to emphasize his concerns 
about nuclear proliferation President 
Carter announced in April, 1977, that 
the U. S. would forgo the reprocessing 
of spent nuclear fuel and restrain the de
velopment of reactors designed to breed 
plutonium. Moreover, he declared, the 
U.S. would not approve the export of 
enrichment or reprocessing technology 
to other count�ies. The INFCE was sub
sequently organized to consider the is
sues the President had raised. 

Inasmuch as several European na
tions were heavily committed to reproc
essing and breeder development it is re
markable that the reports of the working 
groups, eight in all, were issued without 
separate or dissenting views. There was, 
first of all, agreement with the U.S. 
statement (which had originally been 
questioned by some) that it is possible to 
use the plutonium produced by power 
reactors to build nuclear weapons even 
though it contains undesirable isotopes 
of the synthetic element. The isotope 
preferred for weapons is Pu-239. Pow
er-reactor plutonium incorporates sub
stantial amounts of certain isotopes 
(particularly Pu-240 and Pu-242) with 
such a high rate of spontaneous fission 
that they would tend to initiate a chain 
reaction prematurely and make the yield 
of a weapon unpredictable. 

The report implicitly concedes that 
unpredictability alone is not an ade
quate deterrent to the diversion of pow
er-reactor ("commercial grade") pluto
nium for weapons. The report states, 
however, that "the use of commercial
grade plutonium is an unattractive route 
to the manufacture of nuclear weapons 
as compared with weapons-grade plu
tonium produced by a dedicated pro
gram." It further observes that "a deci
sion by a government to construct nu
clear weapons is obviously a political 
decision motivated by political consid
erations that are beyond the scope of 
this study." 

The 519 experts who held 61 meet
ings focused much of their examination 
on conclusions previously reached by a 
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U. S. study group that stimulated Presi
dent Carter's original pronouncement. 
U. S. representatives to the INFCE ad
vanced three main theses: that certain 
fuel cycles promise to be inherently 
more resistant to proliferation than cur
rent fuel cycles are, that uranium re
serves are large enough so that it is un
necessary to recycle the plutonium and 
uranium in the spent fuel from conven
tional reactors, and that the commercial
ization of breeder reactors can be post
poned for the same reason. In support 
of these propositions the U. S. also ar
gued that the reprocessing of spent fuel 
would not be economic (at least in the 
absence of breeders) and that spent fuel 
containing plutonium would be no more 
difficult or hazardous to store than re
processed wastes from which most of 
the plutonium had been removed. 

The U.S. won least support on the 
first proposition and ultimately agreed 
(after "swallowing hard," according to 
one American observer) that "no single 
judgment about the risk of diversion 
from different fuel cycles can be made 
that is valid both now and for the fu
ture." This conclusion was reached after 
a study of 22 reactor types and their fuel 
cycles. 

On the question of uranium resources 
and the lack of a need for recycling plu
tonium the U.S. won limited support. 
In the absence of information from 
the U.S. S. R., from other countries of 
eastern Europe and from China, the 
INFCE was obliged to limit its projec
tions of future demand for nuclear pow
er to what it calls the "world outside the 
centrally planned economies area" 
(WOCA). The installed nuclear capacity 
within WOCA today is about 125 giga
watts electric, or GW(e). This corre
sponds to somewhat more than 125 nu
clear power plants, since many early 
plants are smaller than the current typi
cal size of 1 GW(e) (1,000 megawatts). 
For the year 2000 the INFCE projec
tions of nuclear generating capacity 
within WOCA range from 850 to 1,200 
GW(e) and for the year 2025 from 1,800 
to 3,900 GW(e). The American rep
resentatives proposed much lower fig
ures, but went along with the higher 
projections. The corresponding demand 
for uranium was judged to range from 
90,000 to 160,000 tons per year in 2000 
and from 75,000 tons (following the in
troduction of breeders) to 430,000 tons 
per year in 2025. 

The study estimates that the uranium 
industry should be able to meet annual 
requirements up to the year 2025 for the 
low-growth projections even without re
covery of plutonium from spent fuel, 
the "once through" strategy. If, how
ever, nuclear capacity conforms to the 
high-growth projections, the uranium 

industry cannot hope to achieve annual 
supply levels beyond the year 2000 if 
a once-through strategy is generally 
adopted. The working group on fast 
breeder reactors calculates that if breed
ers, which create more fissionable mate
rial than they consume, are developed 
vigorously, the amount of uranium re
quired by 2025 could be reduced "by at 
least a factor of four, on either the high 
or low projections of nuclear power de
mand." The INFCE report concludes 
that "countries with nuclear power pro
grams will wish to have available ro
bust policy options [meaning breeders] 
affording some protection against the 
possibility that uranium, at some time 
in the future, will become effectively 
unavailable." 

The economics of the breeder reactor 
was hotly debated. The U.S. argued that 
breeders, even after development, will 
cost from 25 to 75 percent more than 
light-water reactors of the same capaci
ty. The report concedes that "a new lev
el of technology is required for breeder 
development and [that] costs will be 
high for a national program." It ob
serves, however, that if br.eeders are in
troduced on a substantial scale, they will 
not only extend the supply of uranium 
but also help to hold down its price. As 
for the economic choice among once
through light-water reactors, light-water 
reactors with the recycling of plutonium 
and breeder reactors with the recycling 
of plutonium, the report concludes that 
"no one fuel cycle can be said to have an 
economic advantage in all cases." 

The groups studying spent fuel and 
waste management saw no insurmount
able barriers to safely storing high-level 
wastes with or without the presence of 
plutonium and in effect supported the 
U.S. position. The report emphasizes 
that the major environmental and health 
hazard in nuclear power is not in the 
reactor wastes but in "the natural radio
activity in mill tailings from uranium 
mining operations and from the urani
um 238 that for certain fuel cycles is 
emplaced in an underground repository. 
As a consequence the radiological im
pact of waste management is mainly 
correlated with uranium demand and is 
largest for the once-through fuel cycles 
and smallest for the [fast breeder reac
tor] cycles." 

In summary the American representa
tives to the INFCE meetings can be 
pleased that the final report does not 
concl ude that reprocessing is essential 
for the economical operation of Iight
water reactors, that it does not conclude 
that reprocessing is essential for waste 
management or for eking out uranium 
supplies and that it does not offer much 
of an economic case for breeder reac
tors. What the report does conclude is 
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The future is coming. And with it will come 
great benefits for mankind. And a whole new set of 
problems. Because we are a forest products com· 
pany, and plant seeds that take up to SO years to 
become mature trees, Champion International has 
to think a lot about the future. We'd like to share 
some of the things we've learned with you-to help 
you make intelligent choices in the years to come. 
Here is something you might want to think about. 

I n the future, we may 
discover that we are not 
alone in the universe, and 
we may even make con
tact with powerful beings 
from another world. 

How might that awesome 
possibility affect our 
view of ourselves and our 
world? 

There are trillions upon trillions of stars 
in the universe. It is a cosmic light show of 
unimaginable wattage, and it is getting 
harder and harder to believe that we are the 
only spectators. 

Amazing discoveries about our universe 
are occuring more and more often. Quasars, 
which radiate more energy than can be ac
counted for in earthly physics. Black holes, 
where all the normal laws of nature seem to 
be repealed. We are even beginning to under
stand what happened during thefirst 90 sec
onds in the life of the universe. 

While there is as yet no direct evidence of 
extraterrestrial life, complex organic mole
cules have been found throughout the uni
verse. Man has landed space probes on only 
two planets-Mars and Venus-and the vital 
ingredient water was found on both of them. 

Indeed, scientists have already derived a 

formula which strongly indicates that there 
must be many, many technological civiliza
tions out there, and there are huge radio-tel
escopes trained on the skies, listening. So it 
should not come as a complete surprise if one 
day an astronomer looks up from a printout 
and reports that someone just said hello. 

The benefits of an exchange of inform a
tion could be enormous. They might give us 

short cuts that would save us a few hundred 
years of Research & Development. They 
might present us with practical fusion power 
which, so far, has eluded earth's scientists. (It 
could solve the energy shortage in a flash.) Is 
cancer universal? Progress report, please. 
And the cold? Is it really common? 

There will also be a few problems. How 
will earthly religions handle the new facts? 
How will we manage to get along with an al
ien race that has a different culture, ethics, 
habits, expectations, rituals, and maybe even 
four arms, when sometimes we even have 
trouble getting along with the couple next 
door, not to mention other nations. 

On the other hand, maybe these differ
ences will teach us something fundamentally 
enlightening about differences, and we'll end 
up getting along better with each other here 
on earth. Just that would literally be a gift 
from the heavens. 

But the greatest fact of all will be the 
demonstration that highly technological soci
eties more advanced than ours exist. Have 
lasted. In other words, if they've managed to 
keep from destroying themselves, maybe we 
can too. 

You can learn more about some of the 
other critical issues we face in the future and 
get a bibliography for further reading by 
sending for our free brochure. Write: 
Champion International Corporation 
Dept. 200A, P.O.Box 10141 
Stamford, Connecticut 06921 

Don't wait too long. 

Champion-
a forest products company with 
its roots planted firmly 
in the future. 

We are in the forest products business. 
We plant trees, grow trees, harvest 
trees. And from trees we make wood 
building products. Plus fine paper for printing 
and business. And paper packaging for 
shipping and selling. 

Because we make our living from the 
forest, our success depends, in one 
way or another, on the future. And 
we're planning-and planting-for it. 

CIJ �bgmpion 
Planting seeds for the future 
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boofs, the perfect precision of the RGM.P. 
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, SPEAk FRENCh 1 
LikE A dipLOMAT! I 

What sort of people need to learn a for· 
eign language as quickly and effectively as 
possible? Foreign service personnel, that's 
who. Members of America's diplomatic 
corps are assigned to U.S. embassies 
abroad, where they must be able to con· 
verse fluently in every situation. 

Now you can make a start on learning to 
speak French just as these diplomatic per· 
sonnel do-with the Foreign Service Insti· 
tute's Basic French Course. 

The U.S. Department of State has spent 
tens of thousands of dollars developing this 
course. It's by far the most effective way to 
learn French at your convenience and at 
your own pace. 

The Basic French Course consists of a 
series of audio cassettes and an accom· 
panying textbook. You simply follow the 
spoken and written instructions, listening 
and repeating. By the end of the course 
you'll find yourself learning and speaking 
entirely in French! 

This course turns your cassette player 
into a "teaching machine. "With its unique 
"pattern drill" learning method, you set your 
own pace-testing yourself, correcting. 
errors, reinforcing accurate responses. 

The FSl's Introductory Basic French 
Course comes in two parts. Part A provides 
an introduction to the simpler forms of the 

language plus a basic vocabulary. Part B 
introduces more complex structures and 
additional vocabulary. 

You may order one or both parts of the 
Basic French Course: 
o Basic French, Part A. 11 cassettes (16 

hours) and 200·page text, $115. 
o Basic French, Part B. 18 cassettes (25'1z 

hours) and 3OO·page text, $149. 
(New York State residents add sales tax) 

Your cassettes are shipped to you in 
handsome library binders. 
TO ORDER, JUST CLIP THIS AD and mall It 
with your name and address and a check or 
money order. Or, charge to your credit card 
(American Express, VISA, Master Charge, 
Diners Club) by enclosing card number, 
expiration date, and your signature. 

The Foreign Service Institute's French 
course is unconditionally guaranteed. Try it 
for three weeks. If you're not convinced it's 
the fastest, eaSiest, most painless way to 
learn French, return it and we'lI refund every 
penny you paid! Order today! 

Audio·Forum ,
"".

.
� 

Dept. 507 

Many other FSI language courses also 
available. Write us. 

bj 145 East 49th Street , !!!III.I � �a811 �® New York, N.Y. 10017 -.... 

, ..., .... ·r ...... .. (212)753.1783 '--.. _ � 
.... _ -- - --- - --- ----- --- ---- --
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that the linkage President Carter per
ceived between the growth of civilian 
nuclear power and the proliferation of 
nuclear weapons cannot be broken By 
some clever choice of a new kind of fuel 
cycle. Weapons, it declares, are still a 
political problem. 

Group Therapy 

Pew concepts in mathematics have 
proved more powerful than the con

cept of a group: a collection of objects or 
operations of unspecified character that 
can be combined in accord with a set of 
well-specified rules. Groups essentially 
describe different types of symmetry, 
and so the study of these abstract struc
tures-the branch of mathematics called 
group theory-provides fundamental in
sights into such diverse fields as arith
metic, particle physics and crystallogra
phy. Because groups are such useful ob
jects mathematicians have long sought 
to break them down, to identify the 
basic components of which all groups 
are composed. Early this year news of 
the long-awaited construction of two 
special groups, one by a mathematician 
at the University of Michigan and the 
other by a group of mathematicians at 
the University of Cambridge, brought 
group theorists closer to this goal. The 
groups, known as FJ (or "the monster") 
and J4, may be the last pieces in a jig
saw puzzle that has taken more than a 
century to put together. 

The building blocks of group theory, 
analogous to the elementary particles of 
matter or the prime factors of integers, 
are called simple groups. Just as any in
teger can be uniquely expressed as a 
product of prime numbers, so any group 
can be uniquely represented as a "com
position" of simple groups. To analyze 
groups, then, mathematicians would 
like to make a complete catalogue of all 
the different types of simple groups. In 
particular they would like to classify 
all the simple groups with a finite num
ber of elements: the building blocks of 
finite groups. 

There are some 18 infinite families 
into which most of the known finite sim
ple groups fit. A few groups have been 
encountered, however, that not only do 
not belong to any of these families but 
also do not seem to form any family of 
their own. They are called the sporadic 
finite simple groups, and if there are infi
nitely many of them, then the efforts to 
classify the finite simple groups have all 
been in vain. Fortunately there is good 
reason to believe the number of sporad
ic groups is finite, and indeed many 
mathematicians believe the sporadics 
that have already been identified, a total 
of 26, complete the list of finite simple 
groups. In mathematics as in particle 
physics, however, the existence of an ob
ject can often be predicted long before it 
can be proved, and until quite recently 
only 24 of the sporadics had been con-
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structed. At the beginning of this year 
two sporadic finite simple groups had 
yet to be constructed: Fl and J4. 

The way mathematicians construct 
a group depends to a large extent on 
whether the group has a natural rep
resentation as the transformations of 
some geometrical object, for example 
the rotations of a polyhedron in space. 
If a group does not have such a natural 
underlying geometry, then its existence 
must usually be proved by a brute-force 
method that relies on extended comput
er calculations. This was the case with 
h a group with 86,775,57 1,046,077,-
562,880 (or 221 X 33 X 5 X 7 X 1 13 X 
23 X 29 X 31 X 37 X 43) elements, 
whose existence was first predicted in 
1975 by Zvonimir Janko of the Uni
versity of Heidelberg. The Cambridge 
mathematicians who finally constructed 
the group (David Benson, John Horton 
Conway, Simon P. Norton, Richard 
Parker and Jonathan Thackray) first ap
plied new theoretical techniques devel
oped by Norton to establish that if J4 did 
exist, it had to be generated, or built up, 
from a pair of 1 12-by- 1 12 matrixes of 
binary digits (O's and 1 's). Elaborate ma
trix calculations were then required in 
order to show that the group generated 
by the two matrixes was in fact J4. These 
calculations were done by a computer 
program, which reached the desired re
sult at 4:00 A.M. on February 20. 

Fb which was proposed independent
ly in 1973 by Bernd Fischer of the Uni
versity of Bielefeld and by Robert L. 
Griess, Jr., of the University of Michi
gan, lent itself to a different type of con
struction. In January, Griess, who is cur
rently on sabbatical leave at the Institute 
for Advanced Study in Princeton, N.J. ,  
announced that he had constructed the 
group and that his construction had 
been carried out "entirely by hand," that 
is, without the aid of a computer. Griess 
has not yet made public the details of his 
construction, but it is widely believed he 
relied on a representation of Fl as a 
group of rotations in a space of 196,883 
dimensions. 

Fb the largest of all the sporadic 
groups, is a particularly interesting 
group. Called the monster because it 
has a staggering 808,0 17,424,794,5 12,-
875,886,459,904,96 1,7 10,757,005,754, -
368,000,000,000 (or 246 X 320 X 59 X 
76 X 1 12 X 133 X 17 X 19 X 23 X 29 X 
3 1  X 4 1  X 47 X 59 X 7 1) elements, the 
group appears nonetheless to be a very 
natural structure. In particular it has 
embedded in it most (although not all) 
of the other sporadic groups. Moreover, 
although several of these smaller groups 
were constructed by means of a lengthy 
computer proof, Griess reports that 
their existence follows "almost trivial
ly" from his proof of the existence of Fl' 

In order to classify the finite simple 
groups it is necessary not only to make a 
list of their different types but also to 
prove that the list is complete. Over the 
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past 30 years hundreds of mathemati
cians have worked on the latter part of 
the problem. This unprecedented group 
effort, which has been described as a 
mathematical equivalent of the Man
hattan project, has been carried out 
primarily by finite-group theorists in 
the U.S., Britain and West Germany. In 
1972 Daniel Gorenstein of Rutgers Uni
versity put forward a 16-step program 
for proving that any finite simple group 
must be either a member of one of the 
established infinite families or one of 
the 26 sporadics. Michael Aschbacher 
of the California Institute of Technolo
gy later proved a number of fundamen
tal theorems that resulted in a modified 
version of the program that could be 
completed faster. Today only a few 
well-defined problems remain to be 
solved, and it is expected that the pro
gram will be completed in anywhere 
from six months to two years. In other 
words, the end is clearly in sight. 

Completing the classification proof 
will not automatically settle the issue of 
whether FI and J4 are indeed the last of 
the sporadic groups. The final proof will 
be extremely long (some tO,OOO pages, 
according to Gorenstein) and so will 
certainly include some mistakes. Most 
mathematicians believe, however, that 
the classification program and the tech
niques employed to implement it are ba
sically sound. They have faith that any 
holes in the various arguments can be 
patched. It is nonetheless possible that 
through such a hole one or two sporad
ic groups may have slipped. Only time 
will tell. Meanwhile the construction of 
FI and J4 makes a significant contribu
tion to mathematicians' understanding 
of one of the most unifying concepts in 
all mathematics: the group. 

Microbroadcasting 

In the office of the future, it is said, the 
clattering of the typewriter will be 

replaced by the meaningful silences of 
the computer display terminal and by 
the beeps, whirs and hums of other ma
chines that manipulate or store informa
tion in electronic form. In general these 
devices must communicate with one 
another and with a central computer, 
which suggests that another characteris
tic of the office of the future may be a 
tangled web of cables underfoot. The 
cables are more than a mere imped
iment. They are expensive; installing 
them is still more expensive, and once 
they are installed it is difficult to move 
or rearrange any of the devices connect
ed to them. 

An alternative to such a "hard-wired" 
office is now under investigation at the 
Zurich Research Laboratory of the In
ternational Business Machines Corpo
ration. It would enable computers, ter
minals and other electronic devices to 
communicate by broadcasting at infra
red wavelengths. The system is de-
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scribed by Fritz R. Gfeller and Urs 
Hapst of the Zurich laboratory in Pro
ceedings o/the IEEE. 

In principle a computer and several 
remote terminals could be linked by 
radio-frequency signals. Each terminal 
would be equipped with a transmitter, 
a receiver and an antenna. The range 
of radio-frequency signals cannot be 
controlled precisely, however, with the 
result that neighboring computer net
works might interfere with one another. 
There are many other possible sources 
of interference, incl uding radiation from 
the terminals themselves. What is more, 
some part of the radio-frequency spec
trum would have to be set aside for 
such purposes, and the spectrum is al
ready crowded. 

The use of infrared radiation would 
circumvent all these problems. Infra
red radiation does not penetrate most 
materials, and so the signals could read
ily be confined to a single room; near
by networks could operate independ
ently. The system would be immune to . 
interference from most electromagnet
ic emissions. 

The transmitter for an infrared data
communications link would be a light
emitting diode, a semiconductor device 
that emits infrared radiation in response 
to an applied voltage. The emitted radi
ation could be modulated directly by 
turning the diode off and on to represent 
the O's and 1 's of binary data; alterna
tively the diode could be switched off 
and on at a fixed frequency to generate a 
carrier wave, which would then be mod
ulated by any of several methods, such 
as shifting the phase of certain pulses. 
The receiver is another semiconductor 
device, a photodiode that gives rise to a 
voltage when it absorbs light or infrared 
radiation. Amplifying and detecting cir
cuits would recover the original signal 
from these voltages. 

An essential feature of the infrared 
data link is that it does not depend on a 
direct beam to connect two devices. The 
radiation is diffuse, it is reflected by 
walls and the ceiling and ideally it per
meates an entire room like light from a 
chandelier. Hence there is no need to 
maintain a clear line of sight between 
a transmitter and a receiver. Terminals 
and other devices could be placed any
where in the room and in any orienta
tion. Signals from the central computer 
would be broadcast by a large array of 
light-emitting diodes near the center 
of the room; each signal would be pref
aced by an address designating a par
ticular terminal and would be ignored 
by all other terminals. Signals in the 
other direction would be transmitted 
by light-emitting diodes mounted on 
the terminals and would be received 
by photodiodes in the central array. 

The maximum speed with which in
formation can be transmitted is deter
mined in part by the size of the room. 
The interval be'tween successive pulses 
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must be long enough so that a pulse re
fle�ted from a distant wall reaches the 
receiver before the next pulse gets there 
by direct transmission. In practice a low
er speed limit is set by noise introduced 
into the photodiodes by background 
illumination. The maximum practical 
speed is probably less than a million bits 
per second. Prototype senders and re
ceivers built at the Zurich laboratory 
operate at 64,000 and 1 25,000 bits per 
second. 

Having untethered a computer termi
nal, it becomes possible to make it truly 
portable. An infrared data link devel
oped by Siemens AG of West Germany 
will be employed to connect a central 
computer with a hand-held data-input 
device, much like a hand-held calcula
tor. The transmissions will have a range 
of about 20 meters and will carry infor
mation at a rate of 2,400 or 4,800 bits 
per second. The system is to be installed 
on a Volkswagen assembly line, where 
the hand-held terminal will report as
sembly defects to the computer control
ling the line. 

Disentangling Alliance 

The DNA in a cell of the human body 
is more than four feet long, but it lies 

within a nucleus that is less than a thou
sandth of an inch in diameter. Most of 
the time, therefore, it seems to be a tan
gle. Yet when the cell divides, the DNA 
condenses into strands in duplicate cop
ies and complete sets draw apart, one set 
for each daughter cell. Clearly the DNA 
was copied while it was apparently in 
the form of a tangle, and it was copied 
in a way that allowed the duplicates to 
segregate. 

The study of bacteria, the principal 
experimental organisms of modern bio
chemical genetics, is of little help in un
derstanding this process. To be sure, it is 
known that in bacteria the copying of 
DNA is engineered by enzymes-per
haps as many as 1 00-that form com
plexes that bind to the DNA, locally un
wind it, synthesize new DNA using the 
old as a template and even correct mis
takes. Moreover, evidence is accumulat
ing that the copied DNA, and perhaps 
the enzyme complexes, binds to the 
inner face of the bacterium'S surface 
membrane, no doubt in a way that facili
tates the allocation of genetic material 
between the two daughter cells. The fact 
remains that the genetic material in a 
bacterium is far simpler than that in a 
higher organism: it consists of a single 
circular chromosome and smaller circu
lar strands, and they are not confined in 
a nucleus. 

In 1 974 Ronald Berezney and Donald 
S. Coffey of the Johns Hopkins Univer
sity School of Medicine reported that 
approximately 5 percent of the protein 
in a nucleus constitutes what appears in 
electron micrographs to be a rigid skel
eton or scaffolding. They called this 

structure the nuclear matrix. Further ex
periments, conducted by Drew M. Par
doll, Bert Vogel stein and Coffey, now 
suggest a function of the scaffolding. 
The investigators propose that the DNA 
in the nucleus is attached at thousands 
of places to sites on the nuclear matrix, 
so that the genetic material is arrayed in 
thousands of loops. The sites are en
zyme complexes and the loops are in 
motion through them, because it is there 
the loops are copied in a way that pre
serves the loops and keeps them at
tached to the matrix. Thus when the cell 
divides, it is duplicate copies of loops 
already joined to a scaffolding that are 
drawn apart to the daughter cells. 

The experiments on which the Johns 
Hopkins workers base their hypothe
sis involved the brief exposure of rat 
cells or mouse cells to a radioactively 
labeled substance that is incorporated 
into DNA in the course of its synthe
sis. A subsequent treatment of the cells 
enables enzymes to digest the DNA, 
leaving only those parts that are tightly 
bound to the nuclear matrix. The DNA 
that is bound turns out to include much 
of the radioactivity, which means that it 
is newly made. 

The Johns Hopkins workers acknowl
edge that their hypothesis leaves a num
ber of mechanical details unexplained. 
For example, if a length of DNA is ar
rayed as a series of loops because it is 
attached at several places to enzyme 
complexes, and if loops are simulta
neously in motion, the DNA may be
come unduly stretched. The investiga
tors cite some numbers as a partial reso
lution. The genetic material in rat liver 
cells consists of from 1 0,000 to 1 5,000 
loops. The nuclear matrix has a corre
sponding number of enzyme complex
es. The complexes work at a rate that 
would make a copy of a loop in approxi
mately half an hour, yet the part of the 
life cycle in which the DNA replicates is 
known to last for eight hours. On the 
average, therefore, only a sixteenth of 
the complexes need to be active at any 
one time, and only a sixteenth of the 
loops need to be moving. 

Where Is Thy Sting? 

Aminor but fascinating puzzle of na
ture is how certain fishes can live 

safely in intimate contact with coelen
terates that sting other fishes and digest 
them. Among the immune fishes is the 
clownfish Amphiprion, which in its nat
ural habitat in the Pacific and Indian 
oceans finds shelter among the tenta
cles of various sea anemones, includ
ing those of the genus Stichodactyla. 
Over the years numerous hypotheses at
tempting to explain the immunity of 
the clownfish have been put forward. 
Now in a series of elegant experiments 
designed to test these hypotheses Rog
er Lubbock of the University of Cam
bridge has eliminated them all and come 

forward with an explanation of his own. 
An experiment that had been done 

was to remove the skin from clown fish 
tissue and expose the tissue to an anem
one. The anemone readily stung the tis
sue, indicating that what protects the 
fish is some factor associated with its 
exterior. One hypothesis was that the 
fish secretes some kind of protective 
substance. Another was that the sea 
anemone secretes substances that inhibit 
the response of its stinging cells, and that 
the fish becomes coated with these sub
stances. A third hypothesis was that the 
anemones that do not sting the clown
fish do not sting any other live fish ei
ther. A fourth was that the presence of 
the clownfish alters the anemone's be
havior and prevents the stinging reflex. 

Lubbock tested Stichodactyla's pred
atory abilities and found it was prompt 
to seize and sting fishes other than the 
clownfish. He suggests that the observa
tions indicating the anemones did not 
sting any live fish were made under poor 
aquarium conditions. He repeated the 
live-fish tests with a clownfish sheltered 
among the anemone's tentacles. The 
presence of the clownfish in no way in
hibited the anemone's efforts to capture 
other fish species, a finding that disposed 
of the possibility that the clownfish al
ters the anemone's behavior. 

The clownfish, like other fishes, is 
coated with a layer of mucus ("slime"). 
Lubbock found that the mucous coating 
of the clownfish was three to four times 
thicker than that of the other fishes used 
in the experiments. Could the thick coat
ing result from a buildup of anemone 
mucus, along with the proposed inhibi
tory substance? Evidently not; the mu
cous layer was just as thick on clownfish 
kept in isolation for five months as it 
was on clownfish in daily 'contact with 
anemones. So much, then, for the hy
pothesis that the fish is protected by a 
substance secreted by the anemone. 

Could the clown fish itself be secreting 
into its mucous coating a substance that 
inhibits the anemone's stinging cells? 
To test this possibility Lubbock mixed 
clownfish mucus with the mucus of 
fishes that were subject to attack by the 
anemones. When the mixture was pre
sented to the anemone, its stinging re
sponse was as strong as before. Clearly 
there was no substance present that af
fected the anemone's stinging behavior. 

What was left? Writing in Proceedings 
0/ the Royal Society 0/ Londol/, Lubbock 
reports a simple conclusion. It is not a 
matter of what is in the clownfish mucus 
but of what is not in it. The sea anemo
ne's stinging cells are able to recognize 
that the protein in the mucus of fishes 
other than the clownfish is "foreign," 
and their response follows automatical
ly. The thick mucous jacket worn by the 
clown fish, however, is chemically neu
tral, so that the stinging cells do not rec
ognize it as being foreign, and therefore 
the fish is not stung. 
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Myelin 

It wraps around nerve fibers and gives them electrical insulation. 

Its presence reconciles the brain's conflicting needs for compact 

size, complex circuitry, rapid signaling and modest use of energy 

by Pierre Morell and William T. Norton 

I
n all higher verte brate animals the 

division of the tissue of the brain 
and the spinal cord into white re

gions and gray regions-white matter 
and gray matter-is plain on even casual 
inspection. The proportion of the white 
matter to the gray increases as one as
cends the evolutionary scale, until in 
man more than 40 percent of the area of 
a cross section through the brain may 
consist of glistening white material . The 
nerves that course through the body are 
also a glistening white. Microscopic ex
amination shows that the white matter 
consists of closely packed cylinders, 
most of which have a fatty white coat
ing. These are axons: the fibers over 
which neurons, or nerve cells, transmit 
their signals. The fatty coating is myelin. 
The German pathologist Rudolf Vir
chow, to whom the naming of myelin is 
attributed, gave an early description of 
the substance in 1 864. He derived the 
word myelin from the Greek myel6s. 
marrow. The term reflects his observa
tion that myelin is notably abundant in 
the marrow, or core, of the brain. 

The pervasiveness of myelin has a 
ready explanation: it is an electrical in
sulator that speeds the cond uction of 
nerve signals. In particular the velocity 
of signal cond uction by a bare nerve fi
ber (one without a myelin coat) increas
es with roughly the square root of the 
fiber's diameter, so that for the rate to be 
doubled the caliber of the fiber must be 
four times larger. In contrast, the veloc
ity of signal conduction by a nerve fi
ber sheathed in myelin increases with 
roughly the diameter of the fiber, so that 
a doubling of the rate requires only a 
doubling of the caliber. The saving in 
space is prodigious: at a mammalian 
body temperature of 37 degrees Celsius 
an unmyelinated fiber would have to be 
several millimeters in diameter to con
duct at the speed (100 meters per sec
ond) of a myelinated fiber only 20 mi
crons, or a fiftieth of a millimeter, in 
diameter. To put it another way, if the 
h uman spinal.cord contained only bare 
nerve fibers, it would have to be several 
yards in diameter to maintain its con
duction velocities. 
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An advantage in energy consumption 
is equally impressive. In a frog a myeli
nated nerve fiber 12 microns in diameter 
cond ucts signals at a velocity of 25 me
ters per second. So does the unmyeli
nated giant axon of the squid, but it is 
500 microns in diameter and uses 5,000 
times as much energy. For at least two 
reasons, then, it is impractical for a com
plex nervous system to lack a substance 
such as myelin: the energy and space 
req uirements would both be too strin
gent. If myelin has a disadvantage, it lies 
in the very degree to which it is needed. 
The loss of myelin sheaths, or of the 
cells that produce them and wrap them 
around nerve fibers, is implicated in dis
eases such as multiple sclerosis. 

Signal Conduction in Neurons 

Suggestions that myelin is an electri
cal insulator date back to 1 878, when 
the French pathologist Lo uis-Antoine 
Ranvier, in a book on the anatomy of 
the nervous system, drew an analogy be
tween myelin and the protective sheath
ing of undersea telegraph cables. N o  
doubt h e  was influenced b y  the wide in
terest in the transatlantic cables, the first 
of which was laid in 1 866. 

The mechanism by which myelin fa
cilitates conduction, however, has no ex
act analogy in electrical circuitry. To be
gin with, a nerve cell consists of a cell 
body with various processes, or fibers. 
The major process, the axon, bears sig
nals away from the cell. It can be re
markably long. Axons of neurons con
trolling muscles in the foot extend into 
the foot from cell bodies inside the spi
nal cord. 

The membrane forming the surface of 
the ne uron, including the axon and its 
endings, maintains a difference in volt
age between the inside and the outside 
of the cell. It does so by concentrating 
potassium ions inside the cell while ex
pelling sodium ions. Under certain con
ditions gateways in the membrane can 
be opened temporarily to allow an in
fl ux of sodium followed by an outflow 
of potassium, so that the voltage differ
ence drops but then is rapidly restored. 

When a sufficiently large area of the 
cell-surface membrane is "depolarized" 
in this manner, the transient disturbance 
can propagate down the axon. That is 
the neuron's signal, often referred to as 
the nerve imp ulse. 

In an unmyelinated axon the imp ulse 
propagates by means of a local and tem
porary flow of ions, and thus of elec
tric current, into the depolarized region 
of membrane and out through adjacent 
membrane. These local circuits depolar
ize the nearby membrane in a continu
ous, sequential manner. Hence the sig
nal moves down the axon like a wave. 
The mechanism is called continuous 
conduction. At the end of the axon the 
depolarization triggers the release of a 
neurotransmitter, a substance that can 
depolarize the membrane of a ne uron 
that receives it. If the axon ends on a 
muscle, the neurotransmitter can cause 
the muscle to contract. 

In a myelinated axon the process of 
cond uction is different. Here the axonal 
membrane is exposed to the extracellu
lar environment only at the gaps called 
the nodes of Ranvier. (It was he who first 
described the gaps in 1 87 1 . ) The remain
der of the axonal membrane is covered 
by a myelin sheath, which has a much 
higher electrical resistance and a much 
lower capacitance than the axonal mem
brane itself. When the membrane is de
polarized at a node of Ranvier, the local 
circuit generated cannot flow through 
the adjacent membrane. Instead it ex
cites the membrane only at the next 
node. Because the excitation of the 
membrane jumps from node to node the 
conduction of signals is faster than it is 
in a fiber without a myelin sheath . 

Moreover, in a myelinated axon a 
modest flow of sodium ions and potas
sium ions will serve to depolarize the 
small area of axonal membrane that is 
exposed at a node of Ranvier. Hence a 
modest amount of energy is involved in 
pumping sodium ions back out of the 
axon and potassium ions back in to re
polarize the membrane. In an unmyeli
nated fib�r the entire axonal membrane 
must depolarize and then repolarize. 
That is why the signal conduction in a 

© 1980 SCIENTIFIC AMERICAN, INC



MYELIN SHEATHS of nerve fibers appear as thick, dark coats of 
the axons in this electron micrograph, which like the other electron 
micrographs in this article was made by Cedric S. Raine of the Albert 
Einstein College of Medicine in New York. The tissue is white mat
ter. It com es from the optic nerve of a guinea pig, but it is typical of 
white matter from the central nervous system (the brain and the spi-' 

\ . 
'"» 

SINGLE MYELINATED AXON from the central nervous system 
is shown at a magnification of 150,000 diameters. The beginning of 
the sheath is a loop of cytoplasm. It is actually a ridge, seen here in 

nal cord) of any vertebrate animal: it includes axons of various di
ameters, with sheaths of various thicknesses. In general the wider 
axons have thicker sheaths. The axons with their sheaths lie in a ma
trix consisting of the processes of cells called astrocytes. One such 
process courses downward at the upper right. Others are cut in cross 
section. The magnification of the micrograph is 16,000 diameters • 

.. ,. 

cross section. The loop compacts on itself to form a two-ply layer of 
myelin that spirals around the axon. The end of the sheath is an in
ner loop of cytoplasm. The tissue is from the spinal cord of a dog. 
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myelinated fiber is less demanding of 
energy. The form of signal conduction 
in a myelinated fiber is called saltatory 
conduction, from the

' 
Latin sa/lare, to 

leap. 

The Form of the Sheath 

Studies of the structure of myelin 
were first carried out on nerves whose 
position in the body makes them easy to 
dissect. In addition the axons in a nerve 
are arranged in parallel, as if they lay in 
a cable, so that the entire assembly, in
cluding the myelin sheaths, is in a known 
configuration. The ability of nerve fibers 
to reorient polarized light waves had 
been known since the 19th century. It 
was correctly interpreted as demonstrat
ing that the molecules constituting mye
lin are arranged with a high degree of 
order. In 1913 Gustav Gothlin demon
strated that the reorientation was due 
primarily to an arrangement of lipids, 
because the optical properties of myelin 
changed drastically after the extraction 
of such molecules with alcohol. (Lipids 
are a structurally heterogeneous class of 
compounds defined by the property of 
being relatively insoluble in water but 

• • • • • • • • 

soluble in organic solvents such as alco
hol and benzene.) An ordered arrange
ment of proteins also made a contribu
tion. Another technique, the diffraction 
of X rays, was utilized in the late 1930's 
by Francis O. Schmitt, Richard S. Bear 
and their colleagues at the Massachu
setts Institute of Technology to assign 
distances between the repetitive molec
ular arrays that appeared to constitute 
myelin. A model was proposed in which 
myelin had a stratified structure consist
ing of layers assumed to be lipid, each 
about 5.5 nanometers thick, alternating 
with more strongly diffracting layers as
sumed to be proteinaceous, each about 
three nanometers thick. The protein lay
ers were themselves of two types, one 
type more diffractive than the other. 
They appeared to alternate in the over
all stratified structure. Finally, each lip
id layer was posited to be in fact a bilay
er, two lipid molecules thick. 

The model is consistent in many ways 
with the structure of surface membrane 
of mammalian cells in general, a struc
ture that consists of a bilayer of lip
ids sandwiched between proteinaceous 
inner and outer faces. (The inner face 
bounds the cytoplasm of the cell; the 

• • • • • • 

outer face is exposed to the extracellular 
environment.) The reason for tfie simi
larity became apparent in 1954, when 
Betty B. Geren, who was then working 
at the Harvard Medical School, pub
lished electron micrographs demon
strating that in the peripheral nervous 
system myelin is not the product of the 
neuron with whose axon it is intimately 
associated. Indeed, the myelin does not 
come from neurons; it develops instead 
from the cell-surface membrane of the 
cells known as Schwann cells. 

The arrangement in the peripheral 
nervous system was then rapidly clari
fied. A row of Schwann cells lies paral
lel to an axon, and each segment of mye
lin sheath between two nodes of Ran
vier is supplied by a separate Schwann 
cell. More specifically, the membrane 
of each Schwann cell compacts on it
self to form a flattened sheet that wraps 
around the axon repeatedly. As a result 
of this compaction each wrap of a mye
lin sheath is two plies of a cell-surface 
membrane. The occasional appearance 
of cytoplasmic compartments called 
Schmidt-Lanterman clefts within the 
myelin sheath is also clarified in this 
scheme; the clefts are ribbons of cyto-
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AXON MEMBRANE DEPOLARIZED REGION LOCAL CIRCUIT 

AXON MEMBRANE MYELIN SHEATH 

CONDUCTION OF AN IMPULSE (a signal produced by a nerve 
cell) is diagrammed for a bare nerve fiber (top) and a nerve fiber 
sheathed in myelin (bottom). In both cases the impulse is a local and 
transient depolarization: a change in the membrane of the fiber so 
that sodium ions (black dots) flow in and then potassium ions (col
ored dots) flow out. In the bare nerve fiber a local current arises from 
the flow of ions that depolarizes nearby membrane. Hence the con-
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CURRENT NODE OF RANVIER 

duction is continuous. In the myelinated fiber the ions flow in and out 
mostly at the nodes of Ranvier, which are gaps in the myelin sheath
ing. The impulse "jumps" from node to node. U an impulse somehow 
were generated i'n the middle of an axon, it would spread along the 
fiber in both directions (a possibility suggested by this illustration). It 
is generated, however, at the cell body of a neuron. Thus it is con
ducted away from the cell body toward the terminals of the axon. 
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SCHWANN 

AXON 

EXTRACELLULAR 
SPACE 

, . 

MYELIN SHEATH IN A NERVE is contributed to an axon by a file of cells called Schwann 
cells, which wrap their flattened surface membrane many times around the fiber. Although the 
actual mechanism is not yet certain, a likely one is depicted here in successive cross sections. 
The cell body of each Schwann cell is stationary and its flattened membrane burrows under it
self so that it envelops the axon. As successive wraps are added and the axon grows in diameter 
the myelin membrane compacts. Each Schwann cell contributes one segment of myelin sheath; 
the gaps between the segments are the nodes of Ranvier. Only near the nodes does the sheath 
actually meet the axon. Elsewhere a slender extracellular space intervenes between the two. 
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plasm that remain where the compac
tion of Schwann-cell membrane is im
perfect, and they lead back to the cell 
body of the Schwann cell. 

The successive wrappings of mem
brane account for the multilayered 
structure predicted by Schmitt, Bear 
and their colleagues. They also account 
for the alternation of protein layers, and 
by that token for a pattern of dark and 
light lines that form concentric rings 
around an axon in electron micrographs 
of a myelin sheath in cross section. The 
dark lines result from the coming to
gether of the proteinaceous inner faces 
of the membrane of a Schwann cell 
when the membrane compacts on itself. 
The inner faces abut so closely that they 
almost fuse. The lighter lines result 
from the coming together, in successive 
wraps around the axon, of the Schwann
cell membrane's outer faces.  These too 
are proteinaceous, but they do not abut 
as closely, perhaps because their pro
teins are different from those of an inner 
face. Thus one can often distinguish a 
split in the l ighter line. 

Elucidation of the organization of 
myelin in the central nervous system 
(the brain and the spinal cord) was de-. 
layed by various technical difficulties, 
but eventually Richard P .  Bunge and 
his colleagues at the Cohimbia Univer
sity College of Physicians and Surgeons 
were able to infer its three-dimensional 
arrangement from the two-dimensional 
images of electron micrographs. M yelin 
in the central nervous system is different 
in some ways from myelin in nerves.  In 
particular the cells supplying myelin in 
the central nervous system are oligoden
droglia. They are a variety of what are 
called glial cells, which are satellites 
of neurons. Each oligodendroglial cell 
body sends out a number of processes 
that invest adjacent axons. Alan Peters 
of the Boston University School of 
Medicine has shown that for an oligo
dendroglial cell in certain parts of the 
nervous system the average number of 
these processes may be as high as 40. It 
is probable, however, that on any single 
axon each internodal region is myelinat
ed by a different oligodendroglial cell. 

Molecular Composition 

The most conspicuous feature of the 
composition of myelin with respect to 
the composition of other cell-surface 
membrane (for example the cell-surface 
membrane of liver cells) is its high pro
portion of lipid to protein. Since a high 
concentration of lipid effectively ex
cludes water and whatever is soluble in 
water, including sodium ions and potas
sium ions, the content of lipid in myelin 
contributes to myelin's function as an 
insulator. 

The high concentration of lipid also 
makes myelin more buoyant than other 
membranes (a reflection of the fact that 
oil floats on water). This property facili-
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· "We got this 011 by cooking rocks!' 

"Cooking isn't exactly the right 
word;' says Gulf engineer John 
Selters. "Actually we heat the 
rock - oil shale - to about 900'£ 
The heat releases a kind of oil called 
kerogen. The idea is to refine 
the kerogen and use it instead of 
petroleum. 

"The oil shale is mined 800 feet down." 
'There are huge oil shale 

deposits in America. According to 
some calculations, these deposits 
contain as much oil as there is in 
the Middle East. 

"Gulf and another oil company 
are equal partners in a project 
in Rio Blanco Omnty, O:>lorado, 
to make shale oil a practical 
alternative to expensive imported 
crude oil. 

"It's a costly proposition. We're 
still at the development stage and 
production is years away. But we'll 
need the oil then even more than 
we do now. 

"Of course Gulf is still working 
hard to find and produce all the 
domestic petroleum and natural gas 
we can. But we're also working hard 
on alternatives. Oil shale is just one 
of many. It takes energy to produce 
energy, and at Gulf we're giving it 
our best shot;' 

e 
Gulf people: 

energy for tomorrow. 
Gulf Oil Corporation 

"The liquid is shale oil. The rock is oil shale." 
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• 
ACTUAL 
SIZE 

The big picture. Instantly. 
The integrated circuit, shown actual size above, is easily examined on the right-hand 

page - in an actual size reproduction of an original Polaroid instant 8x 10 photomicro

graph of the same circuit. 

Obviously, magnification of the subject is a primary factor. As is the size of the finished 

image which facilitates viewing and handling. And, color makes a critical contribution to 

clarity and differentiation of circuit components. The result was obtained instantly, so the 
user knew immediately he had the record he needed. 

In this case, our instant 8x 10 photographic process was combined with an easy-to
use camera system that lets almost anyone produce essential-and often spectacular

results. On-the-spot. I nspection and documentation of manufacturing quality in the micro
electronics industry is only one of many applications for Polaroid instant photography. 

Should you have need for photographic documentation, we undoubtedly have an 
instant solution. Why not talk to one of our technical application specialists? In the conti
nental U.S. call toll-free: 800-225-1618. From Massachusetts, call collect: 617-547-5177. 

Or, write to Polaroid Corporation, Department A470, 575 Technology Square, Cam
bridge, Mass . 02139. 

Polaroid 
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LATERAL 
LOOP 

INNER LOOP 

UNROLLED MYELIN SHEATH from an axon in a nerve shows cytoplasmic channels that 
remain in the sheath where the Schwann cell's membrane does not quite compact on itself. 
Channels that lead from the sheath back to the cell body of the Schwann cell are Schmidt
Lanterman clefts. These are always present in myelin outside the brain and the spinal cord. 

tates myelin's isolation and makes possi
ble more detailed studies of its compo
sition. In one technique, a widely used 
version of which was developed by one 
of the authors (Norton) in collaboration 
with S.  E.  Poduslo, a brain homogenate 
is placed in the top of a centrifuge tube 
containing a gradient of sucrose. When 
the tube is spun in the centrifuge, each 
of the various particulate components 
of the homogenate is driven through 
the gradient until it reaches the solution 
whose density is the same as its own. 

In this way it is possible to obtain a 
membrane fraction that under the elec
tron microscope appears to consist al
most exclusively of particles identifiable 
as myelin by the characteristic pattern 
of alternating dark and light lines. The 
lipids, which constitute some 70 percent 
of the dry weight of purified myelin 
from the central nervous system, can 
then be isolated and analyzed. As in oth
er membranes, some of the lipid is cho
lesterol, some is phospholipid (a diverse 
category of lipids that are comparable 
because they all contain phosphorus at- • 
oms) and some is glycolipid (a diverse 
category of lipid molecules that each in
clude a sugar). A glycolipid called cere
broside, which incorporates in its struc
ture the sugar galactose, turns out to 
represent some 20 percent of the total 
dry weight of the myelin. Six percent of 
the dry weight of the human brain there
fore consists of this kind of lipid. Cere
broside is found almost nowhere in the 
brain except in myelin sheaths. 

The protein content of myelin also 
is distinctive. Most cell-surface mem
branes consist primarily of a hetero
geneous collection of proteins, none of 
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which quantitatively overshadows the 
others. In contrast, not only does myelin 
have much less protein than other cell
surface membranes but also there are 
many fewer types of protein. Among the 
missing proteins are those that facilitate 
the passage of ions through lipid bilay
ers; their absence contributes to the ion
ic impermeability of the myelin sheath. 
Furthermore, two proteins in myelin 
predominate. One of them is called my
elin basic protein because of its solubili
ty in an acidic solution. It accounts for 
about a third of the total myelin pro
tein. The other predominant protein was 
identified some 30 years ago by Jordi 
Folch-pi and Marjorie B.  Lees of the 
McLean Hospital in Belmont, M ass. It 
accounts for another third or more of 
the total, and it has the unusual property 
of being soluble in organic solvents. Be
cause of this lipidlike feature it is called 
proteolipid protein. 

Both proteolipid protein and myelin 
basic protein are thought to have struc
tural roles. The proteolipid protein is 
presumed to organize the lipid bilayer; 
this is suggested by the lipidlike solu
bility of the substance and is supported 
by indirect evidence that the proteolipid 
protein is largely buried within the lipid 
bilayers of myelin. The basic protein 
may be involved in the tight compaction 
of inner membrane faces to form the 
dense line seen in electron micrographs. 
This hypothesis too is supported by the 
location of the protein; a number of 
experimental approaches have demon
strated that it is exposed primarily on 
the inner membrane face. 

Several other proteins that are present 
in lesser quantity have also been isolat-

ed, and some have been partially char
acterized.  One of them is a sugar-con
taining protein, hence the term myelin 
glycoprotein. Others have been identi
fied as enzymes. Among the latter some 
are now known to catalyze the synthesis 
or degradation of the lipids in myelin. 
Presumably these are necessary for the 
assembly or the metabolic turnover of 
components of the membrane, topics to 
which we shall return. The presence of 
other enzymes is harder to explain. An 
example is carbonic anhydrase, an en
zyme that catalyzes the inter conversion 
of carbon dioxide and carbonic acid. Its 
presence suggests that in addition to be
ing an electrical insulator myelin may 
play some active role, as yet unknown, 
in facilitating neuronal function. 

Although the myelin of the peripher
al nervous system has a concentration 
of lipid (about 80 percent) even higher 
than that of the central nervous system, 
the proportions of the various lipids are 
similar. In the peripheral nervous sys
tem, however, a single protein designat
ed Po accounts for 55 percent of the 
total of myelin protein. Other proteins 
that have been characterized in myelin 
of the peripheral nervous system in
clude PI (a protein probably identical 
with the basic protein of the central ner
vous system's myelin but present in 
small amounts in the peripheral nervous 
system) and P2 (a basic protein unique 
to the peripheral nervous system). 

Assembly of the Sheath 

In the peripheral nervous system of a 
human infant the investment of axons 
with myelin sheaths is largely complete 
before birth, although myelination must 
continue d uring childhood to cover the 
expanding surface area of nerves, which 
grow along with the body. In contrast, 
the myelination of the human brain and 
spinal cord is far from complete at birth. 
It occurs at different times in different 
regions of the central nervous system. 
The mechanism by which an axon' sig
nals to an oligodendroglial cell that it is 
ready to be myelinated is not known in 
detail. Quite recently, however, Nancy 
Sternberger, Richard H. Quarles, Henry 
DeForest Webster and their collabora
tors at the National Institute of Neuro
logical and Communicative Disorders 
and Stroke have demonstrated that at 
the time of myelination the glycoprotein 
mentioned above is concentrated at the 
place of contact between an axon and 
the outgrowing membrane of oligoden
droglial cells. A logical (although un
proved) assumption is that the glyco
protein plays some role in recognition 
between the two. 

After recognition there is a rapid dep
osition of myelin around the axon. 
M uch of the myelin is laid down over a 
time that in human beings may be sever
al months for any one brain region. Dur
ing this period the cell body of an oligo-
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With the Celica Supra, you can 
enjoy sporty performance in richly 
deserved comfort. 

As prominent automotive critic 
Wade Hoyt wrote, "The Toyota Celica 
Supra is proof that a sports car need 
not look or ride like a packing box on 
roller skates:' 

He praised the 2.6 liter 6-cylin
der engine and Supra's Bosch
designed fuel injection system "that 
provides easy start-ups and 
stumble-free acceleration through all 
kinds of weather." 

Power assisted disc brakes on 
all four wheels, and manual 5-speed 
overdrive transmission, which are 
all standard, contribute to Supra's 
responsiveness. 

Hoyt added ,"The piece de resist
ance is the optional automatic trans
mission with four forward speeds, 
rather than the usual three. It is the 
latest and the best in a new genera
tion of 'smart' automatics that no car 
enthusiast need be ashamed of." 

With pleasurable power comes 
powerful pleasures. And the list of 

standards is incredible. Like power 
steering, air-conditioning, tilt steer
ing wheel, AM/FM/MPX four speaker 
stereo, a six way adjustable driver's 
seat and an extendable map light. 

While everything from quartz 
halogen high beam head lamps to 
a time delay illuminated entry are 
standard, you may wish to indulge 
in cruise control, or even the luxury 
of glove leather seats! 

The Toyota Celica Supra. It's a 
powerful pleasure that has grown 
up for the likes of you. 

THE CELICA SUPRA. 
THE SPORTS CAR HAS GROWN UP. 
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Any true international traveller 
finds his Rolex invaluable. 

Ever since 1937, Thor 
Heyerdahl has had a dream. 

To find out if the ancient 
civilisations of Mexico, Peru, 
the Pacific Islands, Egypt and 
Mesopotamia could have had 
a common ongm. 

To prove that, long before 
the Europeans, the crossing 
of the world's three oceans 
could have been achieved. 

In 1947, Heyerdahl set sail 
from the coast of Peru in the 
balsa log raft "Kon-Tiki:' One 
hundred and one days later 
the "Kon-Tiki" made landfall 
in the Pacific Islands. 

In 1970, Thor Heyerdahl's 
papyrus reed ship "Ra II" left 
Africa. Fifty-seven days later "Ra II" reached 
Barbados on the other side of the Atlantic. 

During 1977-78, Heyerdahl built the reed 
ship "Tigris" in Iraq, and sailed it by way of 
Oman and Pakistan to the entrance of the 
Red Sea. Local war stopped further pro
gress, but "Tigris" had shown that the three 
old-world civilisations of Sumer, the Indus 
Valley and Egypt could have communicated 
by sea. 

"The oceans did not separate early 

civilisations;' says Heyerdahl. 
"They linked them together." 

The success of Heyer
dahl's expeditions is based 
on careful pl anning and strict 
accuracy in ever y detail. 

"� have sailed precise 
replicas of the first ships built 
by early navigators," says 
Heyerdahl. "�have used 
their rigging and steering 
methods, survived on their 
food, and tested their simple 
navigation devices. But for 
accurate scientific plotting of 
our routes, and for obligatory 
radio contacts when entering 
modem ports and shipping 
channels, we needed what 

ancient man could do without: a thoroughly 
reliable, precisely accurate modem watch." 

� are flattered to receive such a com
pliment especially from the world's number 
one international traveller. 

The watches used by Thor Heyerdahl 
and his crew are made by Rolex. 

ROLEX a/Geneva 

Write /or brochure. Rolex Watch, U.S.A., Inc., Dept.116H,RolexBuilding, 665 Fi/th Avenue, New York, NY/o022. 
World headquarters in Geneva. Other offices in Toronto and major cities around the UXlrld. 
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dendroglial cell must synthesize several 
times its own mass in myelin each day. 
Marked interference with the general 
supply of nutrients, or with the supply of 
certain critical nutrients such as essen
tial amino acids (those building blocks 
of protein that must be supplied in the 
diet because the body itself cannot syn
thesize them), may render the oligoden
droglial cells incapable of meeting the 
metabolic demands placed on them. 
Such metabolic insult can result from 

malnutrition (either outright starvation 
or a severely unbalanced diet) or be sec
ondary to some disease that interferes 
with eating or the absorption of food or 
with the synthesis of protein or lipid in 
the myelin-forming cells. 

In any case severe metabolic insult 
during early development can result in 
an insufficiency of myelin at the appro
priate time in the complex sequence of 
events in brain growth. Although some 
catching up is possible in later life, it is 

likely that in severe cases a permanent 
deficit results. It is impossible at present 
to separate the consequences of inade
quate myelination from other results of 
starvation, but it seems a safe assump
tion that they are not beneficial. It 
should be emphasized that the situation 
during development is different from 
the one in maturity: a starving adult ani
mal suffers no appreciable loss of any 
brain component. 

In regard to the actual growth of the 

MYELIN SHEATHS IN THE BRAIN (or in the spinal cord) are 
made by cells called oligodendroglia, which send out sail-like exten
sions of their surface membranes that provide segments of sheath for 
numerous axons. Two segments of sheath are depicted at least partial-

Iy unrolled. The unrolling of the segment of sheath near the bottom of 
the illustration makes the channels of cytoplasm inside it visible. The 
analogues of Schmidt-Lanterman clefts are absent in the segment 
because such channels are not common in the central nervous system. 
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This is what 
lasers 

cut best. 

Costs -- manufacturing costs. 
Western Electric has many 

lasers at work. 
And all are focused on one 

objective: helping the Bell System 
bring you the best possible 
telecommunications service at the 
lowest possible cost. 

Lighting the way 

Western Electric gave the 
laser its first application in industry. 
In 1965, scientists at our Engineer
ing Research Center designed a 
laser operation that vaporized holes 
through the diamonds used as dies 
for drawing copper wire. It turned 
a five-day drilling job into a 90-second 
flash. 

It may sound simple, but it 
wasn't. There's much more to work
ing a laser than "ready ... aim ... fire". 
Years of exhaustive research pre
ceded that first laser-drilled diamond. 

Every kind of laser reacts 
differently with different materials. 
A material that's transparent to 
natural light may be opaque to laser 
light, and vice versa. A laser that 
burns through one substance may 
have absolutely no effect on another. 

Makingany laser an industrial 
tool requires a host of experiments 
to determine not only which laser 
is best for the job, but how best to 
adapt it to the production process. 

Spectrum of questions 

And these lasers are paying off -
with better products manufactured 
for the Bell System at lower costs. 

Light of the future 

Even with these uses, Western 
Electric has only begun to tap the 
laser 's potential for telecommuni
cations. 

More applications are on the 
way. And they will bring more sav
ings, more and better products made 
with laser technology. 

Using lasers to cut costs is just 
Complex. questions of phy sics, one innovation from the Engineering 

chemistry, metallurgy, electronics Research Center. The Center's 
and mechanical engineering must research in manufacturing tech-
be answered and coordinated. niques is an important part of 

That's why there's a full-time Western Electric's total commit-
laser studies group at our Engineer- ment to using the latest and the best 
ing Research Center. It's the reason in technology to keep the cost of 
that Western Electric now uses your phone service down. 
lasers not only in drilling, but also Keepingyour communications 
in many otha operat;on,. @ system Ow best in Ow "",!d. 

Western Electric 
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PATTERN OF DARK AND LIGHT LINES in electron micrographs of myelin is explained 
by the molecular structure of the membrane and by the way it sheathes an axon. At the top of 
the illustration the surface membrane of an oligodendroglial cell compacts on itself to form a 
two-ply sheet that wraps around the axon repeatedly. When the membrane compacts, its inner 
faces (which bound the cytoplasm of the myelin-forming cell) meet and almost fuse; they make 
a dark line. The outer faces of the membrane abut in successive wraps to make a lighter line; 
they do not fuse as closely. Both dark and light lines are protein. Between them are lipid layers. 

CLOSER VIEW of myelin membrane in the central nervous system includes hypothetical po
sitions of various proteins. The view, which is adapted from an illustration prepared by Peter 
E. Braun of McGill University, encompasses the rectangle in the top illustration on this page. 
Basic protein (BP) is a constituent of the dark lines that are apparent in electron micrographs 
of a myelin sheath. Proteolipid protein (PLP) is in the lighter lines, from which, however, it ex
tends into the lipid layers. Glycoprotein (GP) is also a protein of the lighter lines. Other proteins 
(labeled X) remain to be characterized; some are known to be enzymes. The lipid layer is ac
tually a bilayer: it is two molecules thick. Its structure is shown here in extreme simplification. 
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sheaths it is instructive to consider brief
ly what is known about the synthesis of 
surface membrane in more typical cells 
such as those that make up other body 
organs. Inside such a cell lipids and most 
of the protein components of mem
branes are synthesized and assembled 
into a membrane-precursor vesicle, or 
sac. The vesicle then fuses with the sur
face membrane and becomes a part of it. 
In a later step other proteins are added, 
primarily those exposed on the inner 
face of the mem brane. 

The crucial point is that in most cell 
types the membrane of precursor vesi
cles seems to become distributed at ran
dom in the growing cell membrane. In 
contrast, it would appear that myelin 
membrane must be assembled with a 
polarity, since it grows away from the 
cell body in a particular direction. 

What is the location of the newly add
ed myelin? Is it added near the cell body 
of the myelin-forming cell or at the 
growing edge of the sheath? Or is it add
ed randomly in patches? The available 
evidence favors !he first possibility. 
Robert M. Gould of the Institute for Ba
sic Research in Meiltal Retardation has 
carried out experiments in which the 
incorporation of radioactively labeled 
molecules into growing myelin sheaths 
in the sciatic nerve, which innervates tis
sues in the leg, has been resolved by the 
electron microscope. When the labeled 
substance is the myelin protein Po, ra
dioactivity first appears in the cyto
plasm of the Schwann cell, then in a 
region of its membrane close to the 
outgrowth of myelin and next in the 
outermost wrapping of the growing my
elin sheath. After a period of days this 
band of radioactivity is buried under 
successive layers of myelin. 

The findings leave undetermined the 
precise way an axon gets its sheath. 
Is newly formed myelin deposited by 
movement of the myelin-forming cell 
around an axon, with a trail of myelin 
left behind, or is my�lin extruded from a 
stationary cell, so tflat the leading edge 
of the sheath is pushed around the axon? 
It should be noted that in the central 
nervous system an oligodendroglial cell 
has a constraint that does not exist for a 
Schwann cell. As a growing tongue of 
myelin loops around an axon the parent 
Schwann cell may move to give rise to a 
looseness in the spirals of the sheath so 
that the tongue can squeeze under the 
layers already deposited. An oligoden
droglial cell, however, is anchored by 
the processes that connect it to many 
myelin sheaths. It therefore seems im
possible in the central nervous system 
for myelin to be deposited by a cell body 
that shuttles around an axon. Here the 
newly formed myelin must push the 
many layers of already formed myelin 
in a spiral so that the tip of the sheath 
advances. How the requirement for 
looseness of the spiraling myelin sheath 
during growth is met by the oligoden-
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Advertisement 

This gas pumping station, near Houston, is in a pipeline operated by Houston Natural Gas Corporation. To estimate the reseroe in a gas or 
oil field, the company sends instrument probes down a dnU hole. Today, computation with APL has replaced extensive graphic analysis 

of this data, and geologists learn far more about each field. 

More Oil for the Buck: HNG 
Takes a Closer Look at its Reservoirs 

"Analysis of a gas or oil field is not a 
'cookbook' kind of thing;' says Michael A. 
Roberts ofHNG Fossil Fuels Company. "I 
can't simply crank the instrument read
ings into-the computer and sit back to wait 
for the results. 1 watch the progress of the 
calculation and make computing deci
sions as the program runs. The course of 
the analysis is different for each field:' 

Roberts is senior geological engineer 
for HNG Fossil Fuels Company, a subsid
iary of Houston Natural Gas Corporation 
specializing in exploration and production 
of oil and gas. Using APL, an IBM user
oriented computer language, he analyzes 
some 100 existing or potential fields 
around the world each year, in order to 
estimate the reserve of oil and gas con
tained in each. 

To do so, Roberts uses a number of 

physical measurements: an instrument 
probe is sent down a drill hole, and senses 
a number of variables, such as induced 
electric potential in the surrounding for
mations and the resistivity of fluids in the 
reservoir rocks. The readings at each 
depth are analyzed by the IBM 3031 Pro
cessor at the company's headquarters in 

Houston. 
A great deal can be learned about the 

material at each depth from such mea
surements, and from calculations on 
them, Roberts notes. For example, if 
sandstone is encountered, the geologist 
can calculate porosity from its acoustic 
response. Then he can apply this porosity 
factor to the computed volume of the for
mation, to estimate the volume of crude 
petroleum in the field. 

Other measurements help him fore-

cast the viscosity of the crude, its expan
sion and shrinkage that will be encoun
tered during production, and the volumes 
of associated gas. 

Formerly, Roberts explains, many of 
these calculations were done by manipu
lating a chart, called a nomograph, of 
physical relationships. "This graphical 
method was tedious and less accurate;' he 
says. "And with the computer, if we don't 
have a good handle on one variable, we 
can run a sensitivity analysis and establish 
a range of probable values for the reser
voir volume. 

"We get a better picture of what's in an 
oilfield, so the money to get it out is better 
spent. Today the person who needs the 
power of the computer accesses it di
rectly. APL bridges the communication 
gap; it gets the tool to the user." 
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You Ate 0.459 Gram of Phenylalanine Yesterday 
Health professionals at Louisiana 

State University can determine the exact 
amount of each of 100 different nutrients 
in any list of foods, with the help of a 
computer. For example, a hospital dieti
tian can submit a series of planned menus, 
and receive back a complete analysis of 
the number of calories, the quantity oHat, 
carbohydrate, protein, and other nutri
ents from Vitamin A to phenylalanine (one 
of the amino acids). 

Conventionally, a dietitian does such 
analyses with a desk calculator and a refer
ence table. If one item of a menu is 
changed - say, a peach is substituted for a 
pear in a dessert - the entire list must be 
recalculated. 

Insights into Disease 
The nutrition data base at LSU is also 

very useful in studying the relationship 
between diet and disease, explains Dr. 
Prentiss E. Schilling, head of the depart
ment of Experimental Statistics at the 
university's Baton Rouge campus. "We 
can enter a person's food intake for 24 
hours - items and quantities - and receive 
back a calorie count and the quantity of 
each nutrient," he says. 

"In one project, a study of atheros
clerosis, the researchers are measuring 
plaque formation in the coronary arte
ries of individuals, and comparing it 

to their eating histories by recording all 
food prepared in each subject's home for 
one month. Then the system converts 
each history into a complete nutritional 
profile." 

The nutrition data base is maintained 

by the International Dietary Information 
Foundation, Dr. Schilling notes, which 
collects its information from laboratories 
in the food industry as well as government 
and academic sources. Currently stored 
in the university 's IBM 3033 Processor is 
the complete analysis of over 3,000 basic 
foods and recipes. 

Food Industry Aided 
"Our system is very useful to the food 

industry," Dr. Schilling points out. "Fre
quently, a processor must reformulate a 
product, as ingredients become available 
- substituting, say, palm oil for soy oil in 
baked goods. And this Signif icantly 
changes the nutritional analysis. We enter 
the revised recipe and receive back a 
printout of a complete table of nutrients, 
with the quantity of each constituent 
stated in the appropriate unit of measure. 

This provides the basis of the nutri
tional labeling most packaged foods 

are required by law to carry." 

Under the direction of Dr: Prentiss 
E. Schilling, a data base in an IBM 

computer at Louisiana State University 
keeps track of the proportion of every 

known nutrient in more than 3,000 foods. 
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T his technician is taking a sound signature to identify and isolate naise sources. Deere controls noise while developing 
nwchines that operate with increased power and speed. . 

John Deere Breaks New Ground 
in Farm Tractor Design 

Designing a farm tractor becomes a 
much tougher challenge year by year. 
Customers demand comfort as well as in
creased productivity, which means better 
control of noise, vibration and tempera
ture, along with a wider range of power. 
And the government is imposing new 
noise and emission regulations. 

Mike Mack of Deere and Company 
explains: "We have to accommodate a va
riety of farming practices and cultures, 
while holding down the proliferation of 
models and parts." Mack is director of the 
Product Engineering Center in Waterloo, 
Iowa, where Deere designs its farm trac
tors, engines, and hydraulic and elec
tronic systems. 

"W ithout interactive computing, 
product development would be far cost
lier and take much longer, " he continues. 
"We would have to build more prototype 
models for test and would often still not 
achieve the same product quality. " 

Adds Kenneth H. Huebner, manager 
of engineering analysis: "A good example 
of this is gear design. We must find a good 
compromise between surrnce-compres

sive stress and beam stress. Calculating 

the best geometry is tedious and repeti
tive: manually, you may have time for only 
three or four iterations. The computer 
does it hundreds of times, giving us a 
more nearly optimal design. " 

The center has been striving to bring 
the computer directly to the engineer, 
Huebner explains, by installing over lOO 
online terminals, and adopting APL, an 
easily learned IBM programming lan
guage for end users. 

Engineers can now access the full 
power of the IBM System/370 Modell68 
computer by drawing on a library of some 
600 prepared engineering programs, doc
umented and following a set of standards 
that make them widely used. The Center 
holds training seminars, and the number 
of active users has risen from five to over 
200 in less than two years. 

"A technique called finite element 
analysis has helped us reduce the weight 
of parts while meeting structural require
ments, " he notes. "This results in consid
erable savings on large parts. 

"Another valuable tool is the IBM 
Continuous System Modeling Program 
(CSMP). By simulating a hydraulic sys-

tem or transmission, it eliminates many 
test models we would otherwise have to 
build. 

"While these computer programs can't 
be expected to describe the physical 
product with absolute precision," 
Huebner points out, "they are good at 
reflecting change, clearly showing the 
sensitivity of important performance pa
rameters to variations in the design. " 

DP Engineering Dialogue is designed to 
provide you with useful infornwtion 
about data processing applications, 
con ce pts an d tech niques. For more 
informat ion about IBM produc ts or 
services, contact your local IBM branch 
offICe, or wite Editor, DP Dialogue, IBM 
Data Processing Division, White Plans, 
N.Y. 10604 . 

-- -
-=-�-=. ::: 
= = =--� - - - ---
==-=':'=® 

Data Processing Division 
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RAT MYELIN (BRAIN) 

MOLECULAR CONTENT of myelin and tbat of a more typical cell-surface membrane are 
compared by weigbt. Tbe typical membrane is of liver cells in tbe rat; tbe myelin is from tbe 
brain of a rat. In myelin lipids are dominant over protein. Tbe lipids are of three distinct types. 

• CARBON 
o HYDROGEN 
\8 OXYGEN 
o NITROGEN 
® PHOSPHORUS 

THREE LIPIDS IN MYELIN are diagrammed; tbey represent tbe different classes of lipids 
sbown in tbe bar graphs at tbe top of tbe page. Pbospbatidyl cboline (a) is a pbospbolipid:.a lipid 
tbat includes pbospborus atoms. Cerebroside (b) is a glycolipid: it includes a sugar, bere galac
tose, in its structure. A double bond between carbon atoms bends a tail of pbospbatidyl cboline. 
In tbe tails of glycolipid double bonds are not common. Tbe tbird molecule (c) is cbolesterol. 
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droglia is a puzzle that is now taxing the 
ingenuity of electron microscopists. 

Replacement of Molecules 

The question also arises whether there 
is turnover of proteins and lipids in the 
fully formed myelin sheath, as there is 
in more typical cell-surface membrane. 
The replacement rate of a particular 
membrane component is determined by 
introducing into the vicinity of the cell 
that synthesizes the membrane a radio
actively labeled compound. Typical ex
periments involve the use of a radioac
tive amino acid, which is incorporated 
into protein, or of radioactive glucose, 
which is metabolized into products that 
are incorporated into lipid. Consider a 
constituent of myelin that is labeled in 
this manner. It is inserted into the mem
brane over a period of minutes or hours. 
In time, however, the total radioactivity 
in the membrane declines because the 
molecules, or the membrane fragments 
containing them, are removed and new 
membrane components are added that 
are not radioactive. The time in which 
the radioactivity declines by half is the 
time in which half of the molecules are 
replaced.  That is the metabolic half-life 
of the lipid or the protein. 

Actual calculations are somewhat 
more complicated because corrections 
must be included for any increase in the 
amount of membrane that takes place 
during growth. M oreover, some of the 
membrane turnover may be accom
plished when entire pieces of membrane 
form vesicles and reenter the cytoplasm 
of the cells, probably to be replaced by 
newly assembled segments of mem
brane. Many components of the old 
membrane may be reused in this proc
ess. Still, it is now clear on the basis of 
work by a number of research groups 
(including the laboratory of Marion E. 
Smith at the Stanford University School 
of Medicine and the laboratory of one 
of the authors, M orell, at the University 
of N orth Carolina School of Medicine) 
that the components of myelin do turn 
over, although more slowly than the 
components of other membranes in the 
brain. This greater metabolic stability 
was originally proposed by Alan Davi
son of the University of London Insti
tute of Neurology. Most of the lipids in 
myelin have half-lives of several weeks. 
Some of them, such as cerebroside, have 
half-lives of several months. The turn
over of the myelin proteins is also very 
slow: for much of the myelin basic pro
tein and proteolipid protein the half
life is several months. These results, it 
should be said, are obtained with experi
mental animals, usually with rats. The 
turnover of myelin in the human ner
vous system may be even slower. 

One wonders, of course, how the mol
ecules in myelin can be metabolized at 
all, when the bulk of the myelin mem
brane is highly compacted between ad-
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FIGHT BACK AGAINST CARS THAT CRAMP YOUR 

IT HANDLES LIKE A 
A WAGON IS 

Car companies don't call their big 
cars, "big cars" anymore. They are 
"luxury-sized:'  Small cars are 
"economy-sized:' Station wagons are 
"family-sized: ' Only the 19S0 Scout 
gives you the advantages of all three. 
It has the maneuverability of a small 
car, the room for people and things of a 
station wagon, and the comfort of a big 
car. So just maybe "The Car of the SO's" 
is a lot more than just a car. Maybe it's 
a 19S0 International Scout. 

The numbers point to Scout. 
Let's compare Scout II " to ordinary 

cars from the outside-in. You j ust might 
be surprised. 

t----------166.2 -------i 

The Scout wheelbase is 4 inches 
shorter than GM's new X-cars . So is our 
turning radius . And the overall length 
of a Scout is lO -inches shorter than an 

X-car. What it all 
means is that you 
can maneuver a 
Scout in and out of· 
traffic better and 
park easier than 
America's hottest 
new compacts. 

On the inside, 
Scout gives you 
the comfort of a 

big car. Scout easily seats five adults, 
compared to four for many compacts. 

And it is hard to find any station 
wagon with more usable space than a 
Scout. Scout gives you almost double 
the cargo space of an X-car. And that's 

'Warranties are non-tr ansferable, and 
ass ume customer's proper care and 
maintenance. See your dealer for details. 

with the rear seat up. With the 
rear seat down, you get a cavern
ous S2 cubic-feet. Not to mention 
that Scout can carry a heavier load 
than any size car made in America. 

Introducing the longest 
and best warranty package 
in the business. 

At International Harvester, we 
build every one of our engines to last 
well beyond 1 0 0 ,0 0 0  miles. That's why 
we proudly and conjidently announce 
the longest engine warranty in auto 
motive history: 1 0 0 ,0 0 0  miles. Or five 
years. Clean and simple. During the 
first 100 ,000 miles, or 5 years (which
ever comes jirst), International'" Scout 
will repair or replace without charge 
jor parts or labor any part oj the engine 
block and all internally-lubricated en
gine components which are dejective� 

A trouble-free engine is j ust one of 
the reasons your 19S0 Scout will carry 
you well into the SO's.  Another is our 
new 5-year no-rust-through protection 
plan. During the jirst 5 years, or 
1 00, 000 miles (whichever comes first), 
International Scout will repair or 
replace any vehicle body component 
which sujjers "perjoration " due to 
corrosion without charge jor parts or 
labor. · You don't have to pay extra for 
our warranty package. It's a no-charge 
feature of every 19S0 Scout. 

The freedom of selective 
4-wheel drive, 

Selective 4-wheel drive lets you 
shift into 4-wheel drive only when you 
need it. For normal driving and maxi
mum economy, Scout drives with 
the two rear wheels. But 
you need more traction 
to conquer bad 
weather or bad roads, 
merely shift a lever 
to send power to 
four wheels. 

Selective 4-wheel 
dri ve combines with our 
just right size to gi ve you a 
new kind of driving free
dom. Scout feels as com
fortable with a load of 
kids as it does with a load 
of logs for the fireplace. It handles a 
trip through a foot of snow as easily as -
a su mmer trip to the country. 

The only 4x4 with a 4, 
diesel-6 and V-8. 

Scout is the only 4-wheel drive 
vehicle that offers you the choice of a 
four, six or eight cylinder engine. Our 
standard 196 cubic-inch four cylinder 
engine is a smaller version of the same 
engine that powers our 2 J;2-ton trucks. 
It's designed to give you pulling power, 
without wasted horsepower. It can 
power through bad weather and even 
do some light tOwing, when four 
cylinder car engines fail . 

If you choose to work or play even 
harder, Scout offers an optional turbo
charged diesel six cylinder engine 
and two brutes . . .  our 304 and 345 
cubic-inch V-S's.  

The advantages of 
looking "square!' 

Mike Telley, our chief 
engineer, thinks the Scout 
"square" design is beauti
ful . Because it lets him 
make Scout stronger 

for you. With 
features that 

, -help protect 
you from things 

push 
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LIFESTYLE. 

CAR CARRIES 
BUILT LIKE' A SCOut® 
[lashier ordinary cars to their limit . . .  
lnd beyond. Like 1980 - size potholes, 
[looded roads and hazardous 
.vinter driving. 

Scout gives you the 
;ecure feeling of sitting in a 
vehicle that surrounds you 
.vith protective steel. 

In a Scout you sit 
ligher than a car. A van
;age point that lets you 
;ee the road ahead 
nore clearly and avoid 
;rouble more easily. 

Mike Telley knows that " square" 
is beautiful. 

And higher ground clearance 
helps you go over hazards 
that ordinary cars have to 
avoid altogether. 

How to fight back. 
Your International Scout 

dealer has j ust what you need 
to fight back against the com

promise of ordinary cars. 
The versatile Scout II 
or the bigger, roomier 
Scout Traveler. ®  Before 
you even consider 

buying an ordinary car, test drive 
a 1980 Scout. It's as easy as dialing 
8 0 0 -IH- SCOUT for your local 
Scout dealer. 

Thl?-Wee 800 · IH ·  SCOUT 
Illinois Residents 800-322-0821 

INTERNATIONAL HARVESTER 

FIGHT BACKWITH SCOUT. 
Anything less is just a car. 
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By the end of 
1979, Digital 
Equipment Corpo
ration had sold 
more 16-bit micros 
than any other 
company in the business. 

Over 100,000 of them. 
And the reason is simple.  We give 

you more to work with. More hard
ware . More software . And more true 
systems capability. 

That means you can develop your 
products faster, and offer your cus
tomers the right balance of cost and 
performance every time. 

What's more, Digital's micros are 
software compatible . Not just with each 
other, but with our whole PDP-ll mini
computer family as well. So you'll 
never run opt of ways to expand your 
business.  

Behind all Digital's micro products is 
a support commitment thafs unmatched 
in the industry. 13,000 people world
wide. Technical consuftation and training. 

And a wide range 
of support agree
ments - from do-it
yourself service 
using our special 
kits, to full support 

including coverage for your customers . 
It's the total approach to micros . And 

it's the reason Digital has sold more 
high performance micros than anyone. 

Anyone. 
Digital Equipment Corporation, 
Dept. NR2/2, 146 Main Street, 
Maynard, MA 01754. 

It took the ft11nirnrnnlklr make �"UA&&"!'this"'''"yM�'''' oompany 
to nu.cros easy. 
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BRAIN of a 60-year-old man who died of multiple sclerosis, a disease 
of myelin, 14 years after the condition was diagnosed has pathology 
that is visible even in a cross section that has not been stained. Two 
large, more or less symmetrical holes in the section are tbe chambers 
in tbe forebrain called the lateral ventricles; the surrounding white 

matter is discolored in places where axons bave lost tbeir myelin 
sheaths. Other such regions, whicb are called plaques, are scattered 
throughout the white matter. Tbe map at tbe rigbt sbows locations 
of the plaques. The brain was photographed at the Albert Einstein 
College of Medicine by Cedric S. Raine and Dikran S. Horoupian. 

jacent layers of myelin. On looking at an 
electron micrograph one sees no obvi
ous mechanism by which any given part 
of the compacted myelin membrane can 
bud off into the cytoplasm of the mye
lin-forming cell. Nor can myelin mem
brane be piscarded to the outside of the 
cell. Occasional views of the myelin 
sheath in cross section, however, reveal 
the channels of cytoplasm that lead 
from the cell body that made the myelin 
sheath into the compacted regions. 
Perhaps they contain the intracellular 
machinery for metabolizing the constit
uents of myelin. If such a cytoplasmic 
finger is not really fixed in time and 
space (as is the case when it is trapped 

. for electron microscopy) but is a dy
namic structure constantly in motion, 
one can imagine a local reprocessing 
that takes place in this compartment. 

A related possibility is that compo
nents of the myelin membrane may dif
fuse to an outside edge of the sheath, 
where the compaction of the membrane 
is imperfect and leaves a cytoplasmic 
channel called the lateral loop. It is 
likely that the lipid components of the 
sheath are freer to diffuse than the pro
tein components. (The latter may be ar
ranged in a framework that limits their 
mobility.) In this view the lower turn
over rates of certain lipids might be re
lated to a tighter binding to protein. 

Multiple Sclerosis 

Since myelin facilitates the conduc
tion of the nerve impulse, one would 
expect that the loss of myelin sheaths or 
inj ury to them would have deleterious 
effects on the functioning of the nervous 
system. This indeed is the case. It is par
ticularly true in the central nervous sys
tem, because oligodendroglia I cells do 

not regenerate after inj ury. In contrast, 
damage to the Schwann-cell population 
of a nerve is often reversible because 
new Schwann cells form. 

The role of damage to myelin in caus
ing functional deficits is complicated by 
the fact that in many diseases of myelin 
there is also damage to neurons. In fact, 
the severe inj ury or death of neurons 
causes disruption of myelin and the 
death of oligodendroglial cells; this is 
called secondary demyelination because 
the primary event is damage to the neu
rons. There are, however, a number of 
disorders in which damage to myelin or 
to oligodendroglial cells is an initial 
event. It is those conditions, in which the 
myelin-forming cells are uniquely vul
nerable and the nerve cells and axons 
remain relatively intact for long periods 
of time after the initial inj ury, that we 
shall consider here. 

The most prevalent and best-known 
of the diseases in which myelin is de
stroyed and nerve cells are spared is 
multiple sclerosis. In the U.S.  the disease 
is fairly common: it is estimated to affect 
about 2 50,000 people. It is diagnosed in 
young adults, usually between 20 and 40 
years of age. The incidence is higher in 
females than in males. The symptoms 
vary; examples are difficulty in seeing, 
muscle weakness, lack of coordination 
and spasticity. All of them, however, re
flect alterations in nervous-system func
tion. The symptoms may vanish or be
come less severe, followed by exacerba
tions. The usual course is cyclical, with 
progressively increasing disability, but 
there are many variations. For these rea
sons multiple sclerosis is difficult to di
agnose in its early stages. 

Evidently the symptoms of multiple 
sclerosis are caused by the development 
of multiple sclerotic (scarlike) plaques 

in the white matter of the central ner
vous system: plaques that frequently are 
visible to the unaided eye at autopsy. 
Under the microscope the plaq ues are 
seen to be devoid of myelin and oli
godendroglia, but the axons running 
through them look fairly normal. The 
myelin and the oligodendroglia have 
been replaced by cells known as reactive 
astrocytes, which form a hard, inter
laced matrix. Around the edges of each 
plaque are macrophages and lympho
cytes (white blood cells that destroy for
eign material).  In active plaques, where 
the destruction of myelin is still in prog
ress, the macrophages have myelin de
bris inside them. Stephen Cohen, Rob
ert M .  Herndon and Guy M .  McKhann, 
working together at the Johns Hopkins 
University School of Medicine, and 
John Whitaker of the University of Ten
nessee have recently shown that exacer
bations of the disease are accompanied 
by an increase of myelin basic protein 
in the cerebrospinal fluid, which sur
rounds the brain and the spinal cord. 
This further supports the proposed rela
tion between the symptoms of the dis
ease and the breakdown of myelin. 

M ost investigators believe the symp
toms are caused by the failure of ax
ons in the plaques to conduct impulses 
properly after they have lost their mye
lin insulation. In fact, it appears that 
such axons cannot conduct at all. There 
is speCUlation (and some evidence) that 
if an axon has lost its myelin only in 
small regions, the properties of the de
myelinated axon membrane change af
ter a time, so that a slow conduction 
may be restored in the demyelinated 
region by the continuous-conduction 
mechanism. (Some axons never become 
myelinated and operate by the contin
uous-conduction mechanism exclusive-
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We build a plane for 
To help the U.S.  Marines give quick and sure 

close-support to their ground forces, we're 
building a plane that can stop in the air, settle 
gently onto a clearing and rise vertically to 
strike with the speed of a jet . To hold down 
the cost we took a proven British Aerospace 
system and, with a new graphite wing for light
ness and with engine exhaust and aerodynamic 
refinements, produced a plane that can carry 
twice the load of its predecessor but is easier 
to maintain and fly. It's the AV-SB Ad
vanced V/ STOL (Ve r t i c al Short  
Take-Off and Landing) prototype r=dbdb==ll 
and it's now in flight testing. 

process crops to 
make them dry . . .  

A fire at the government records center in 
St. Louis led us to a promising way to conserve 
energy - a  new system for drying crops . To 
save millions of water
soaked records, we 
turned to the vacuum 
chambers we'd 
built to test space
craft . It worked. 
Now we've com
bined vacuum and 
microwaves for a safer crop-drying system that 
uses less energy than conventional dryers 
while reducing damage to fragile crops. A pilot 
plant is already drying crops for the U.S .  
Department of  Agriculture at  Tifton, Georgia . 

use computers to help 
mine coal • • •  

In the minds of engineers with a zest for 
innovation, it's but a short journey from elec

tronics that help guide planes 
to electronics that help mine 
coal . We've developed a com
puterized information and 
display system that  helps 
operators run massive drag
lines more efficiently, to mine 
coal while using less energy 
- and with greater safety. 
Data collected by a compu-
ter on the dragline is avail

able for management analysis and mainte
nance planning. Underground or undersea, on 
the surface, in the air, and into space, common 
applications of technology often yield uncom
mon results. 
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Marines in close quarters . 
. . .  and boost 
satellites from the 
hold of Shuttle. 

When NASA's Space Shuttle flies in the 
1980s, payloads will be carried into low Earth 
orbit in its cavernous cargo bay. Satellites 
bound for higher orbit will then spring from 
the hold, attached to our Payload Assist Mod
ules (P AMs) .  Once free, the P AMs will spin like 
tops to gain stability before igniting to boost 
payloads 22,000 miles out into space where 

they will seem to hang 
motionless above our 

revolving Earth. 
C o m m e r c i a l l  y 

d e v e l o p e d  b y  
McDonnell Douglas, 

tradition begun by our Delta rockets, which 
have successfully launched more than 135 
weather, communication and scientific space 
payloads for government and commercial in
terests since 1960. 

These are among the capabilities and prod
ucts through which we bring technology to life. 
Your life. To make it easier, safer, and perhaps, 
a little better and longer. If you want to learn 
more about the HSurprising Technologies" of 
McDonnell Douglas, write: P. O. Box 14526, St.  
Louis, MO USA 63178. 

PAM continues a space /' 
_CDONNELL DOUGLA� 

A JOB? LET'S SWAP RESUMES SEND YOURS. WE'LL SEND OURS. AN EOUAL OPPORTUNITY EMPLOYER. WRITE: BOX 1 4526. ST. LOUIS. MO 63 1 78 
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DISEASED REGION of white matter is shown in an electron micrograph of plaque tissue tak
en at autopsy from the spinal cord of a man who died of multiple sclerosis 20 years after the dis
ease was diagnosed. Cross sections of five axons appear, and parts of a few more. They have lost 
their myelin sheaths and are embedded in a matrix of abnormal astrocyte processes that pro
duce hardening (sclerosis) of the plaque. One such process courses diagonally at the upper right 
corner; the others appear in cross section. The minute dots in each such process are filaments 
cut in cross section. As a comparison with the normal tissue shown in the top illustration on 
page 89 will suggest, their density is abnormally great. The magnification is 8,000 diameters. 

EXPERIMENTAL DISEASE that mimics multiple sclerosis is experimental allergic enceph
alomyelitis. Like multiple sclerosis, the chronic form of the disease causes axons to lose their 
myelin and lie embedded in a matrix of abnormal astrocytes. The nucleus of such an astrocyte 
is at the left. The tissue is taken from the spinal cord of a guinea pig that received a single sub
cutaneous injection of emulsified white matter and developed an immune reaction to myelin 
in its own nervous system. The injected material also included an adjuvant: a preparation of 
dried bacterial membrane that stimulates the immune system nonspecifically. The animal be
came paralyzed eight weeks after the injection, recovered partially and then relapsed more se
verely. It was sacrificed 16 weeks after the injection. The magnification is 8,000 diameters. 
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Iy.) That may be why some symptoms 
of multiple sclerosis remit. 

Another possible reason for partial 
recovery of function is partial remyeli
nation. This may involve the synthesis 
of myelin by undamaged oligodendrog
lial cells. Oligodendroglial cells can
not, however, increase in number, and 
so they have no capacity to remyeli
nate plaques of any significant size. In 
plaq ues that lie in the spinal cord not too 
far from a nerve a special case has been 
observed:  remyelination by Schwann 
cells that penetrate into the cord from 
the peripheral nervous system. M ight it 
be possible to encourage Schwann cells 
to migrate to plaques farther in the inte
rior of the spinal cord or the brain? At 
the moment almo,st nothing is known 
about how the Schwann cells migrate, 
nor is there any assurance that remyeli
nation of axons is indeed related to any 
recovery of function. 

Altho ugh the cause of multiple scle
rosis is obscure, several plausible hy
potheses exist. There is evidence sug
gesting a virus infection. Other evidence 
shows that the disease has a higher inci
dence in people with a particular genet
ic makeup. Moreover, most immunolo
gists would agree that the lesions in the 
nervous system are consistent with a 
cellular immune reaction, in which the 
body destroys its own tissue. The most 
comprehensive hypotheses include all 
three of these factors. Such hypotheses 
propose that a virus infects the brain 
early in life and that susceptibility to 
the virus is partly a function of genetic 
backgro und. Lymphocytes and macro
phages then invade the brain, but in the 
act of destroying the virus they destroy 
the brain's myelin too. Another possi
bility is that brain proteins, including 
those in myelin, are released by the virus 
infection or by the immunological reac
tion to the virus and eventually reach 
the general circulation. Ordinarily these 
molecules are strictly compartmental
ized in the nervous system, and so the 
immune system, having never encoun
tered them before, might make antibod
ies against them. The antibodies would 
then destroy the normal proteins in my
elin as if they were foreign invaders. 

Experimental Diseases 

Let us be somewhat more specific 
about the evidence bearing on the cause 
(or causes) of mUltiple sclerosis. Sup
port for a viral etiology comes from epi
demiological studies that correlate the 
incidence of the disorder not so much 
with the geographical location where 
the disease was first diagnosed but with 
where the patient lived as an adolescent. 
This pattern is compatible with infec
tion by a virus at an early age and ex
pression of the virus after a latent period 
of many years. Other "slow virus" disor
ders have been characterized in recent 
years. There are also reports that one or 
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You think you're confused about 
what kind of car to buy? 

Thats nothi�. 
Most car ntakers don't even know 

what kind of car to build. ' 
Saab engineers read the same news reports that 

other car engineers around the world do. 
Their reactions to the news, however, have been 

quite different. 

Where other companies indecisively present you 
with an assortment of various automobiles and let you 
decide what you're willing to give up- room, perfor
mance, economy and so on-Saab engineers have inge 
niously built the entire assortment into a single basic car. 

This is no small accomplishment. Despite the 
times, in effect, buying a Saab allows you to buy a new 
car without forgoing a thing. 

Its not claustrophobic. 
Give or take a centimeter or so here and there, 

the exterior of the Saab 900 is the same size as the 
Audi 4000 and 5000, the Volvo DL and GLE, the BMW 
320i and 528i and the Mercedes 280E. 

Inside, however, the Saab is bigger than all of 
them. 

By EPA measurements, in fact, the Saab is a mid
sized car. While the others are all compacts. 

Its not boring. 
From 60 to 0, in separate road tests conducted by 

Road & Track magazine during '78 and '79, the Saab 

900 Turbo stopped quicker than, among other cars, 
two Audis, two Jaguars, five BMWs, a Ferrari, a 
Maserati, a Mercedes and a Volvo. 

And going was no less spectacular. 
Through the R & T slalom course, the Saab 900 

Turbo-a four-cylinder, front-wheel drive car, mind 
you-was timed faster than three Mercedes, four 
BMWs, two Ferraris, two Jaguars and a couple of 
Porsches, including the 928. 

Its not just a sedan. 
The Saab 900 has a trunk equal to those in the 

largest sedans available today. 
Yet for those few times every year when you wish 

your sedan was a station wagon, the Saab accommo-. 
dates you. 

Fold the rear seat forward, lift the rear hatchback 
and the Saab presents a station wagon-like cargo space 
over six feet long and 53 cubic feet big. 

It's not s mall. It is econo mical. 
The Saab 900 is a comfortable mid-sized car that's 

economical. 
The Saab 900 EMS, for example, gets @ EPA 

estimated mpg and 30 estimated highway mpg. 
Better than many compacts. And nearly as good 

as some of the miniatures. 
(Remember, use estimated mpg for comparison 

only. Mileage varies with speed, trip length and 
weather. Actual highway mileage will probably be less. ) 

Its not co nfusing, is it? 
As well prepared as you may be in these times to 

accept less in a car, the Saab 900 makes accepting less 
than everything unnecessary. 

Small wonder, then, why the experts at Car and 
Driver magazine have labeled it " . . .  the target at which 
to aim the sedan of tomorrow." 

And why a test drive will convince you. 

SAAEJ The most intelligent car ever built. 
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another research group has found evi
dence for viruses in the brain of multi
ple sclerosis patients. Such reports have 
not yet been confirmed, but further ef
forts can be expected. 

Support for a genetic predisposition 
to the disease comes from studies in 
which . individuals have been typed ac
cording to the presence or absence of 
certain cell-surface marker molecules. 
The distribution of these markers in the 
population was initially studied in con
nection with the problem of determin
ing compatibility for tissue transplanta
tion, but the typing for certain markers 
turned out also to have a slight statisti
cal correlation with the increased inci
dence of certain diseases, including mul
tiple sclerosis. 

Finally, support for an imm unologi
cal etiology is based on the relation be
tween the brain lesions observed in mul
tiple sclerosis and those observed in a 
disorder called experimental allergic en
cephalomyelitis, or EAE. EAE has a 
long and curious history. In the 1 8 80's 
Louis Pasteur and his colleagues devel
oped a way to modify rabies virus for 
use as a vaccine while the virus was still 
in the stage of incubation. M any pa
tients were helped by their treatment, 
but a significant number had an adverse 
reaction that led to paralysis and even 
death. The reason is now known. The 
modified rabies virus was originally cul
tured in the brain and the spinal cord of 

rabbits; thus it was injected into a pa
tient along with representative mole
cules of the rabbit nervous system. Anti
bodies might be raised against not only 
the modified virus but also other com
ponents of the mixture. One of these 
components is evidently the same in 
rabbit myelin and in human myelin, and 
so if the human rabies victim was unfor
tunate enough to have a strong immune 
reaction, his own lymphocytes would 
penetrate into his brain and spinal cord, 
primed to destroy his own tissue. 

This accidental disease of human be
ings is called EAE when it is duplicated 
in animals by injecting them with an 
emulsion of brain tissue along with an 
adj uvant, a bacterial-membrane prepa
ration that stimulates the imm une sys
tem nonspecifically. The particular pro
tein responsible for the disease-the one 
at which the immune reaction is direct
ed-was isolated from brain tissue in the 
late 1 9 50's by the research groups of 
M arian W. Kies at the National Institute 
of Mental Health and of Elizabeth Ro
boz Einstein at the University of Cali
fornia School of Medicine in San Fran
cisco. It was later shown to be myelin 
basic protein. 

Although there are many similarities 
in the symptomatology and pathology 
of EAE and multiple sclerosis, there are 
also many differences. For example, 
classical EAE fails to show the cycle of 
remission and relapse characteristic of 

multiple sclerosis. Furthermore, q ther
apy that reverses the course of EAE has 
not yet proved to be useful in the treat
ment of multiple sclerosis. That therapy 
is the injection into the bloodstream of 
myelin basic protein without the addi
tion of an adj uvant. It is the injection, 
in other words, of the substance that 
caused the disease. The further injection 
seems to make the immune reaction 
spend itself outside the brain. 

In connection with immunology the 
P2 protein of myelin in the peripheral 
nervous system is also of importance : 
when it is injected into animals along 
with an adj uvant, it can cause an immu
nological disease. The disease is called 
experimental allergic neuritis, or EAN ; 
it consists of demyelination and loss 
of Schwann cells in peripheral nerves. 
EAN is much like the human disorder 
Guillain,Barre syndrome, which occa· 
sionally occurs as a sequel to certain vi
rus infections. (In the U.S. a number of 
cases of Guillain-Barre syndrome were 
brought on a few years ago as a by
product of the "swine flu" vaccination 
program.)  Both EAN and the G uillain
Barre syndrome cause paralysis, and ei
ther one can be life-threatening if it in
terferes with breathing. If appropriate 
life-support measures are maintained, 
however, Schwann cells multiply and re
myelinate the damaged nerves.  Recov
ery in human cases of Guillain-Barre 
syndrome is often complete, although 

MYELIN IS DEVOURED by a macrophage, a white blood cell, in 
the nervous system of a rabbit that developed experimental allergic 
encephalomyelitis after a single subcutaneous injection of white mat
ter and an adjuvant. In the rabbit the disease is acute: it consists of a 
single episode of an untoward immune reaction. At the left pseudo-

pods of the macrophage lift layers of myelin from an axon. Cytoplasm 
of the axon appears at the bottom left, under the disrupted sheath. 
One large fragment of myelin, already pried from the sheath, lies 
above and at the left of the nucleus of the macrophage. Another is 
at the right of the nucleus. The magnification is 25,000 diameters. 
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Choosing a portable typewriter isn't hard if 
you know what to look for. This brief guide will 
hel p you make the best choice. 

Test the feel. Check the slope and height of 
the keyboard. Check the size and shape of the 
keys. Make sure the control s are uncrowded and 
easy to reach. 

Test the feel of a Smith-Corona® electric type
writer against several other brands. We welcome 
the comparison. 

Try the touch. A responsive touch makes for 
better, eas ier typing. Look for a touch that is  
prompt, easy and dependable. 

When you test a Smith-Corona, for instance, 
note how smartly the carriage returns. Press a but
ton - zip - the carriage is  back where it  started. 

Listen to the sound- the typewriter is  try
ing to tell you something. If it sounds tinny, beware. 
This may indicate that the construction is  too l ight.  

Note the look of the type. Lines and indi
v idual letters should be straight. The impression 
should be crisp, clean and even . The print  qual ity 
should not vary over the page. 

Check the overall design. Good design is 
part of good val ue, so choose an attractive modern 
i nstrument. The Smi th-Corona 
shown is  an example of classic, 
good des ign.  

Look at the carrying case. 
Does it  have double wall s  for 
air-cushioned protection? 
Does it '  have sturdy 
latches and hinges? 
The Smi th- Corona 
case does. 

Check the price. A typewriter that sel l s  for 
substantially less than others might be substantially 
less typewriter. I f  the price difference is minimal , 
you're probably better off paying a few dollars 
extra for the typewriter that tests best. 

Ask who makes it. Smith-Corona makes 
every single typewriter that bears its name, which 
is not true of most other brands. So consider the 
maker's reputation. A company that has a sol id rep
utation will still be around tomorrow and in the fu
ture to give your typewriter necessary service and 
maintenance. 

A note about ribbon systems. Smi th
Corona offers a unique cartridge ribbon and car
tridge correction system. I t  lets you change rib
bons in  seconds without touching the ribbon. I t  
also lets you correct typing errors neatly, quickly 
and easily. Not all correction systems produce 
equal ly good resul ts. Test and compare. 

Be sure to try the Smith-Corona carbon 
film ribbon. We offer a re-usable nylon fabric rib
bon, excellent for ordi nary typing jobs. This is the 
only kind of ribbon most portable typewriters 
offer. But Smith-Corona also offers carbon film rib
bon in five colors. I t's the kind of ribbon the most 
expensive office typewriters use, and it's perfect 

for jobs requi ring a crisp, professional 
look such as term papers or a 

resume. 
More people prefer 

Smith-Corona electric por
tables than all other 

brands combined. After 
these tests, we think you' l l  

know why. 

Patented Correction 
Cartridge 

Smith-Corona 
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PUSSYCAT AT 300' WITH TH E QU ESTAR 700 
It i s  sound practice to k e e p  a fair amount of distance between y o u  a n d  this 
photogenic fellow, and with a Questar 700 you can get his "good side" at any 
range. Ralph and Doris Davis, who have given us such great photographs of 
the moon, and last year did our detailed studies of the heads at Moun t 
Rushmore , recently took some beautiful shots of the tigers at Busch 
Gardens in Tampa, including the one above. They told us it was pure delight 
to watch the antics of these magnificent beasts on their moat-protected 
island. I t  was particularly astonishing to see them playing in the water, 
where they would duck each others' heads under, just like a bunch of 
youngsters horsing around in the old swimming hole. 

The reproduction above is a portion of an enlargement from 35 mm. Plus X. 
Distance 300 feet. Speed 1/125 second. One thing is certain: the Questar 700 
is no pussycat when it comes to going after that sharp detail you've set your 
sights on. It's a tiger! 

Why don't you try the Questar 700 for photographs at distances you can't 
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residual effects on the control of fine 
muscle movement are not uncommon. 

Sometimes damage to myelin is clear
ly unrelated to any immunological or 
viral etiology. It can result, for example, 
from exposure to certain toxins. The 
germicide hexachlorophene is notorious 
in this respect. It was used extensively in 
hospitals to prevent the spread of staph
ylococcal infections in infants, and it 
was included in some deodorant soaps 
and other proprietary prod ucts. The 
compound can enter the skin and then 
be carried in the blood to the brain, 
where it is concentrated in myelin. Sev
eral cases of poisoning in which myelin 
sheaths had become swollen and dis
rupted were eventually traced to hexa
chlorophene, which has since been with
drawn from general use. Certain trialkyl 
tin compounds, which are employed in 
industrial processes, and acetyl-ethyl
tetramethyl tetralin, a synthetic fra
grance at one time used in certain cos
metics, have also been shown to damage 
myelin preferentially. M oreover, recent 
work with young animals during their 
period of rapid myelin formation has 
shown that relatively low levels of expo
sure to lead or organic tin compounds 
can cause a profound and probably per
manent deficit of myelin. 

Still another group of diseases of mye
lin consists of developmental disorders 
due to biochemical defects called inborn 
errors of metabolism. One such disease, 
fortunately quite rare, is globoid-cell 
leukodystrophy. Here the biochemical 
defect is the inability to break down cer
ebroside. The normal metabolic turn
over of cerebroside is slow, but if it 
cannot be degraded, it will eventually 
accumulate. The myelin-forming cells 
become stuffed with the material. Even
tually they die. The name of the disease 
refers to the accumulation of cerebro
side as crystalline or tubular deposits in 
swollen (globoid) cells. The explanation 
of the disease is consistent with the met
abolic experiments on the normal turn
over of myelin constituents . .  

Our description of myelin and of the 
myelin-forming cells has placed empha
sis on what is known, but the efforts to 
understand myelin conform to the ad
age that good experiments raise more 
questions than they answer. Knowledge 
of the way myelin-forming cells are at
tracted to the axons of neurons and trig
gered to deposit myelin, of how mye
lin is synthesized and assembled and of 
how it is metabolized are j ust approach
ing the point where one can ask spe
cific questions about the mechanism 
involved. Along with the increase in 
knowledge about normal myelin comes 
information of importance to an under
standing of diseases in which myelin is 
affected. The application of this knowl
edge to the design of specific thera
pies for myelin disorders is the obvious, 
if distant, goal of many research pro
grams. 

© 1980 SCIENTIFIC AMERICAN, INC



The 1 980'5 are here! The decade. of 
the personal computer has arrived, and 
BYTE has made it happen!  BYTE -
the smal l  systems journal devoted to 
personal computers - has helped usher 
in  the new era. Leading the personal 
computer revolution, which is already 
transforming home and personal l ife, are 
BYTE's 1 60,000 enthusiastic readers. 
Their enthusiasm has made BYTE the 
largest computer magazine in the world! . 

Tobe knowledgeable In the 1 980's 
you need to know how to use personal 
computers. BYTE is your personal 
gUide to the new era.  BYTE tel ls you 
how to bu i ld, buy, and use computers 
for fun ,  pradical purposes, and profit. 
With help from BYTE, you can experi� 
ment right in your own home with 

��TI® 
the small systems journal 
A McGRAW-H I LL PUBLICATION 

graphics, word processing,  computer 
music, speech synthesizers, simulations, 
robotics, personal data base manage
ment, business computing - and 
hundreds of other fascinating hardware 
and software applications. 

Resolve now to expand your 
computer knowledge. Subscribe to BYTE! 

Call US toll-free . Fill in and mail th� courxm today. Read your firsl copy of B YTE. If it 
is everything you expected. honor our invoice. If il isn't. just write 
" Cancel" on the invoice and mail il back. You won', be billro and 
the first issue is yours al no charge. 800-258-5485 
r - - - - - - - - - - - - - - - - - - - - - - - - - - - - - , 

BYTE Subscription Dept. P.O. Box 590 Martinsville, NJ 08836 I 
Please enter my subscription for: "Q I 
o One year $ 1 8  ( 1 2 issues) 0 Two years $32 0 Three years $46 � I 

ro I 
o Check enclosed entitles me to 1 3  issues for price of 1 2  (North America only) 

o Bi l l  Visa 0 Bill Master Charge 0 Bi l l  me (North America on ly) 

Card Number _______________________ ,Expiration ________________ _ 

Signature Name (please print) 

Address 

� I  � I  � I. � I  
q 
gl 

�Ci��----------------------------r.St�ate�/�Pr�ov�in���/�Co�u�nt��-rC�ooLe-------� :  
Foreign Rates (To expedite service. please remit in U.s. Funds) �' I o Canada or Mexico 0 One year $20 0 Two years $36 0 Three years $52 OQ 
o Europe, one year (air delivered) $32 

. 

: o All other countries, one year (surface delivered) $32. Air delive� available on request. 7 1 5 0  
� - - - - - - - - - - - - - - - - - - - - - - - - - - - - - � 

© BYTE Pubi k:aHons. tnc. 1 980 © 1980 SCIENTIFIC AMERICAN, INC



The Chemical Evolution 
of the Earth's Mantle 

Clues to the nature and timing of the mantle's differentiation are 
gained from precise measurements of the isotopic ratios of certain 
trace elements in rock samples from continental and oceanic crust 

by R. K. O'Nions, P.]. Hamilton and Norman M. Evensen 

ltcording to the prevailing plate-tec
tonic theory of geophysics, the 
oceanic crust, which represents 

more than two-thirds of the earth's solid 
surface, is being constantly created at 
the mid-ocean ridges by flows of lava 
from the earth's interior. This veneer of 
basaltic rock, averaging less than a thou
sandth of the earth's radius in thick
ness, rides along on top of the consider
ably denser mantle for as much as thou
sands of kilometers to a subduction 
zone, where it plunges downward, re
turning to the deep recesses of the mantle. 
The thicker, lighter continents, which 
account for the remaining third of the 
globe's s urface area, are literally is
lands of stability amid this shifting 
scene. Whereas the oldest-known parts 
of the oceanic crust are about 200 mil
lion years old, an area of the continental 
crust has been found to be close to 3. 8 
billion years old: almost 20 times old
er. Yet old as the continents are, they 
are apparently not primordial features 
of the earth but rather secondary fea
tures that have formed and evolved dur
ing the earth's lifetime. Indeed, they ap
pear to be accreting even today. Recent 
advances in geochemistry offer a clear
er view of how the continents have aris
en out of material of the mantle and, 
by inference, how and when the earth 
as a whole became differentiated into 
its present multilayered structure. 

The continental crust has a chemical 
composition very different from that 
of the rest of the earth. Although the 
continents make up only .4 percent of 
the earth's mass, they have concentrat
ed within them disproportionately large 
shares of the earth's inventory of cer
tain elements. Among the most notable 
of these elements are the heat-producing 
radioactive isotopes of potassium, thori
um and uranium; a significant fraction 
of each of these elements now resides in 
the continents. Within the past two dec
ades it has been demonstrated on the 
basis of the systematic radiometric dat-
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ing of continental rocks that the conti
nents themselves must have grown more 
or less. continuously over the course of 
geologic time. In the early 1 960's Pat
rick M. Hurley and his colleagues at the 
Massachusetts Institute of Technology 
were able to show that the continents are 
the product of many separate episodes 
of chemical differentiation, and a great 
deal of evidence has since been adduced 
in support of this conclusion [see "The 
Oldest Rocks and the Growth of Con
tinents," by Stephen Moorbath; SCIEN
TIFIC AMERICAN, March, 1 977]. 

The outstanding questions concern
ing the role of the earth's mantle in 

producing the continents include the 
following: How much of the mantle is 
involved in the formation of the con
tinents? Do the mantle-derived lavas 
that have erupted at the surface come 
from previously differentiated mantle 
or from undifferentiated mantle? Over 
what part of the earth's history have the 
continents developed and at what rate? 
How much early continental material 
has been recycled back into the mantle? 

The search for satisfactory answers 
to these questions involves the difficult 
task of deciphering from a very incom
plete geologic record the comparative 
distributions of various elements be
tween the mantle and the continental 
crust as a function of time. In a situation 
where much of the material of interest 
is securely out of reach one must resort 
to the use of geochemical "tracers" to 
reconstruct some record of the chemi
cal fractionation and differentiation that 
has taken place. The most recent and 

s uccessful work of this kind has exploit
ed the nonradioactive decay products 
of radioactive trace elements with half
lives comparable in duration to the age 
of the earth. These naturally occurring 
"parent-daughter" associations include 
the parent isotopes potassium 40, ru
bidium 87, samarium 1 47., thorium 232, 
uranium 235 and uranium 238, togeth
er with their respective daughter iso
topes calcium 40 (or argon 40 in the 
case of electron capture by potassium 
40), strontium 87, neodymium 1 43, lead 
208, lead 207 and lead 206 [see illustra
tion on page 123]. 

One feature common to all these ele
ments is that their ionic radii are much 
larger than those of the most abundant 
constituents of the mantle, such as mag
nesium, aluminum, silicon and iron. The 
large ionic radii of the trace elements, 
together with their propensity to substi
tute for other ions in the comparatively 
open silicate structures of the rocks of 
the earth's crust, has led. geochemists to 
refer to them as large-ion lithophile ele
ments. In spite of the comparatively low 
abundance of the large-ion lithophile 
elements in the earth, three of them
potassium, thorium and uranium-are 
responsible for most of the earth's in
ternal heat production. The degree to 
which these trace elements are concen
trated selectively in the continental crust 
can be appreciated by comparing their 
abundances in the continental crust with 
their abundances in the earth as a whole 
[see top illustration on page 124]. Because 
the trace elements have larger ionic 
radii than magnesium, silicon or iron, 
which make up most of the dense rocks 

MATERIAL FROM THE MANTLE is exposed in the form of newly created oceanic ernst in 
this Landsat image of southern Iceland. The entire island is part of the Mid-Atlantic Ridge sys
tem. Here the crest of the ridge, an intensely active volcanic zone, runs southwest-northeast. In 
this false-color image, made in the summertime, the dark gray areas correspond to the most re
cent lava flows and the red areas are somewhat older lava beds covered with vegetation. Large 
white shapes are glaciers. Circular white spots are snow-capped volcanoes. The small islands 
at the bottom include Heimaey and Surtsey, both sites of volcanic eruptions in recent years. 
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of the mantle, they do not substitute 
readily in these rocks. 

How does the abundance of a particu
lar daughter isotope reflect the fraction
ation history of a part of the earth? Con
sider the abundance of the daughter iso
tope lead 206 at a given time and place 
within the earth. Some of the lead 206 
will have existed from the time of the 
earth's formation, but it will have been 
augmented by additions from the decay 
of the parent isotope uranium 238. The 
exact amount of lead 206 present will 
reflect changes in the ratio of uranium to 
lead as a function of time. If, for exam
ple, the fractionation history of uranium 
and lead is such that at some time in the 
past one part of the earth had a high 
uranium/lead ratio and another part 
had a low uranium/lead ratio, then after 
a certain elapsed time the relative abun
dance of lead 206 in the first part would 
be expected to be greater than that in the 
second. The difference is conveniently 
illustrated by expressing the abundance 
of lead 206 with respect to the abun
dance of an isotope of lead that has not 
received radiogenic additions, namely 
lead 204. Thus the fractionation history 
of uranium and lead in the earth is re
corded in the variability of the lead 206/ 
lead 204 ratio from time to time and 
place to place. 

In a similar way the ratios of lead 208 
to lead 204, of lead 207 to lead 204, of 
neodymium 143 to neodymium 1 44, of 
strontium 87 to strontium 86 and of ar
gon 40 to argon 36 will respectively re
flect the fractionation histories of the 
thorium-lead, uranium-lead, samarium
neodymium, rubidium-strontium and 
potassium-argon parent-daughter asso
ciations. Because the half-lives of the 
parent isotopes are all comparable to 
the age of the earth the present isotopic 
ratios of argon, strontium, neodymium 
and lead can be taken as a reflection 

. of parent-daughter fractionations that 
have taken place over the entire history 
of the earth. The daughter of a parent 
isotope with a much shorter half-life, 
such as xenon 129, the decay product of 
iodine 129, which has a half-life of 16 
million years, can reflect only the frac
tionation of iodine and xenon that oc
curred in the first couple of hundred 
million years after the formation of 
the earth. Parent-daughter associations 
with such short half-lives are of limit
ed value for studying processes that 
have occupied a large fraction of the 
earth's history, such as the growth of 
continents. 

The selective removal of large-ion 
lithophile elements from the mantle 
and their concentration in the develop
ing continental crust are processes that 
involve relative fractionations in the 
abundances of these elements. For ex
ample, the continental crust develops 
with a higher ratio of rubidium to stron
tium and a lower ratio of samarium 
to neodymium than exist in the mantle; 

in both cases the continents selectively 
concentrate the element with the larger 
ionic radius of the pair. As a result the 
continents evolve with a greater relative 
abundance of strontium 87 and a lesser 
relative abundance of neodymium 143 
than the mantle, a phenomenon that 
is recorded in a higher strontium 87/ 
strontium 86 ratio and a lower neodym
ium 143/neodymium 144 ratio in the 
continents compared with the residual 
mantle. In principle, therefore, isotopic 
studies of new additions of material to 
the continents at various times can pro-
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vide information about the previous dif
ferentiation history of the source from 
which the sample was extracted. Simi
larly, the present isotopic composition 
of mantle-derived samples will in princi
ple yield information about the mantle's 
prehistory. 

This article is primarily concerned 
with recent developments in geo

chemistry that furnish insights into the 
nature and timing of the processes that 
have produced the earth's present chem
ically differentiated character. Before 

OTHER DECAY HALF-LIFE 
PRODUCTS (BILLIONS OF YEARS) 

1 ELECTRON 48.8 

1 ELECTRON 1.47 

11.8 

8 ALPHA PARTICLES, 4.468 6 ELECTRONS 

7 ALPHA PARTICLES, .7038 4 ELECTRONS 

6 ALPHA PARTICLES, 14.008 4 ELECTRONS 

1 ALPHA PARTICLE 106 

LARGE IONIC RADII of an assortment of radioactive trace elements and their respective 
major decay products are crucial to the effectiveness of these isotopes as geochemical probes. 
The ions constituting each "parent-daughter" associatiou are drawn to the same scale at the 
left. (The smallest of these isotopes, samarium 147, has an ionic radius of .964 angstrom unit.) 
As the column at the right shows, each of the parent isotopes has a half-life on the order of (or 
greater than) the estimated age of the earth (4.55 billion years). Potassium 40 cau decay by ei
ther capturing or emitting an electron, leading to differeut daughter isotopes. With the excep
tion of calcium, all the parent and daughter isotopes showu are present in trace amounts in the 
earth (one part per million or less). Each of the trace elements has an ionic radius larger than 
that of the much commoner elements silicon, aluminum, magnesium, calcium aud iron, which 
in the form of oxides make up most of the earth's mantle. The large ions do not fit into the 
dense crystal structures of the mantle minerals, which generally accommodate only the more 
abundant smaller ions. As a result the larger ions migrate to the crust, where they reside in less 
dense crystal structures. The largest ion, that of argon 40, can escape into the atmosphere, which 
is about 1 perceut argon. This argon is almost entirely the product of the decay of potassium 40. 
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ABUNDANCE IN CONTINENTAL CRUST/ABUNDANCE IN ENTIRE EARTH 

ABUNDANCES OF SOME LARGE-ION TRACE ELEMENTS in the continental crust, es
timated by S. R. Taylor of the Australian National University, are given as a function of their 
estimated abundances in the earth as a whole. The elements with the largest ionic radius tend 
to exhibit the greatest degree of enrichment in the crust. In spite of the insignificant mass of 
the crust compared with that of the mantle, a significant fraction of the earth's total inventory 
of these large-ionie-radins elements resides in the crust. Because of the propensity of such ele
ments to substitute for those with smaller ionic radii in the comparatively open silicate struc
tures of the crustal rocks, they are referred to by geochemists as large-ion lithophile elements. 
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THE EARTH AND THE MOON APPEAR TO BE DEPLETED in certain volatile trace ele
ments (colored type) when the ratios of pairs of elements are compared with corresponding 
ratios in carbonaceous chondrites, a class of meteorites that are considered to be representative 
of the average composition of the solar system. (Ratios are used for this purpose rather than 
average abundances, because they can be determined with greater precision.) When both ele
ments are refractory, and hence would presumably have condensed together at high tempera
tures out of the primordial solar nebula, their ratio is identieal in the earth, the moon and the 
chondrites. The ratio of volatile elements to refractory ones is found to be lower in the earth 
than in the chondrites, however, and it is lower still in the moon. The volatile elements would 
have condensed out of the cooling solar nebula later than the refractory ones; the earth and the 
moon appear to be depleted in this volatile fraction. (Here lead refers to primordial lead and 
does not include lead produced since the earth's formation by decay of uranium and thorium.) 
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getting into the details it will be helpful 
to compare the abundances of some of 
the elements in the earth that are rele
vant to our story with their estimated 
abundances in the primordial solar neb
ula and also in the moon, the only oth
er sizable object in the solar system for 
which appropriate data are currently 
available. 

The inner, terrestrial planets, such as 
the earth and Mars, have in general re
tained a much smaller complement of 
the most volatile elements (hydrogen, 
for example) from the solar nebula than 
the outer, giant planets, such as Jupiter 
and Saturn. Furthermore, recent plane
tary explorations have uncovered signif
icant differences in composition among 
the earth, Mars and the moon. Much of 
the ensuing discussion will be concerned 
with the abundances and isotopic ratios 
of potassium, argon, rubidium, stronti
um, neodymium, samarium, lead, thori
um and uranium, all of which are trace 
constituents not only of the earth but 
also of the other terrestrial planets. For 
comparative purposes magnesium, alu
minum and silicon, which are major 
constituents of both the earth and the 
other terrestrial planets, will also enter 
the discussion. As far as these particular 
elements are concerned the meteorites 
known as carbonaceous chondrites are 
considered to represent the best approx
imation of their abundances in the pri
mordial solar nebula. 

The first point to be noted from a 
comparison of this type is that the abun
dances of most of the elements named 
are roughly the same in the earth, the 
moon and the carbonaceous chondrites. 
In contrast, potassium, rubidium and 
lead are apparently less abundant in the 
earth and the moon than in the chon
drites, the extent of the depletion be
ing greater in the case of the moon. The 
relative depletion of potassium can be 
demonstrated on the basis of the mea
sured potassium/uranium ratios of ter
restrial, lunar and chondritic samples. 
The relative depletion of rubidium and 
lead can be demonstrated on the basis 
of the known isotopic compositions of 
the strontium and lead in these three 
materials. 

Lawrence Grossman of the Universi
ty of Chicago has calculated that in a 
gas of the same composition as that of. 
the sun calcium, aluminum, strontium, 
neodymium, samarium, uranium and 
thorium would all be quite refractory, 
condensing at temperatures higher than 
1,350 degrees Kelvin, whereas potassi
um, rubidium and lead would all con
dense at lower temperatures, the least 
refractory of these being lead, which 
would condense at about 520 degrees 
K. It is beyond the scope of this article 
to review the possible mechanisms by 
which this fractionation of elements of 
differing volatility could have occurred 
in the earlie'st stages of the solar system; 
it is sufficient here merely to note that 
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The new Boeing 767 won' t leave 
the ground until 1981. But it has 

already flown over 23,000 hours at 
speeds near the sound barrier at 
pressures similar to altitudes up to 
35,000 feet. 

Engineer Dick Day, assistant 
Carol Hutson, and a team of 
Boeing people have been putting 

aerodynamically -perfect scale 
models of the 767 through an 
exhaustive series of wind tunnel 
tests for more than four years. 

These tests help verify engi
neering calculations about fuel 

efficiencies and the integration of 
lightweight structural compo
nents, as well as predict flying 
characteristics. 

As advanced as this technology 
may be, it is still people ingenuity 
that makes it all possible. And 
that's true in every- stage of design 
and construction of a Boeing jet
liner. 

For it's all too easy to think a 
Boeing is built on an enormous, 
fully -automated assembly line. 
Actually, every Boeing on the line 
is custom-built. A meticulous 
hand-made construction of liter· 
ally millions of wires, aluminum 
panels, struts, ribs, levers, 

wheels, dials, motors, rivets, 
pumps, electrical devices and 
countless subassemblies. 

But before any new model is 
built, there is a full-scale dress re
hearsal. That's what these pictures 
show. Besides extensive wind 
tunnel tests, a detailed mockup of 
the aircraft is constructed. 

So even before the 767 gets off 
the ground, we know it will. 

Machines make it easy, people 
make it possible. 

THEIIOEINGFA AlILY 
Getting people together. 
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ROCK SAMPLES analyzed in the investigation of the isotopic ratios 
of large-ion lithophile elements in the continental crust and the oce
anic crust are located. Parts of the continental crust more than 2.5 
billion years old are in gray; in general they are found in the most 
ancient, tectonicalIy stable "shield" regions of the continents. Rocks 
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from the named regions have 6gured speci6calIy in the recent deter
mination of the early isotopic history of the earth. The colored areas 
include the youngest parts of the earth's crust: the mid-ocean ridges, 
where new crust is ·created by the flow of lava from the mantle. Iso
topic analyses of these lavas indicate they are derived from mantle 
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material tbat is depleted in tbe very elements (particularly in tbe beat-producing radioactive 
trace elem ents potassium, tborium and uranium) selectively concentrated in tb� continental 
crust. Tbe oceanic islands, marked in solid color, bave emerged as a result of particularly vo
luminous flows of lava. Analyses of rocks from tbese islands suggest tbat tbe rocks are derived 
from mantle material less depleted tban tbat responsible for tbe rest of tbe mid-ocean ridges. 

the earth and the moon appear to have 
formed with an assortment of refractory 
elements present in roughly chondritic 
proportions, but with a marked (and in 
the case of the moon an extreme) deple
tion in the more volatile elements. (The 
notion that the earth has a chondrit
ic composition was popular for many 
years among geophysicists investigating 
terrestrial heat flow because of the coin
cidence of the conductive heat loss from 
the earth and the average rate of heat 
production in the chondritic meteorites. 
It now appears, however, that the ratios 
of the refractory elements thorium and 
uranium, two of the main heat-produc
ing elements in the earth, to the more 
volatile potassium, the third important 
heat-producing element, in the earth dif
fer greatly from those in the chondrites.) 

Having considered briefly the abun
dances of some elements in the en

tire earth in the context of the composi
tion of the primordial solar nebula, let 
us now turn our attention specifically to 
the differentiation of the earth itself. We 
shall first consider the progress that has 
been made in extracting isotopic data 
from some of the older parts of the con
tinents. The prime objective of such in
vestigations is to derive the values of 
the strontium 87 /strontium 86, neodymi
um 143/neodymium 144, lead 208/lead 
204, lead 207/lead 204 and lead 206/ 
lead 204 ratios for the source region of a 
given segment of continental crust and 
to compare these values with the pre
dicted isotopic ratios for undifferentiat
ed mantle at that time. 

Since 1975 considerable progress has 
been made in exploiting the samarium
neodymium system for the solution of 
problems in geochronology and in uti
lizing neodymium 143 as a natural 
tracer of geological processes. The ru
bidium-strontium and uranium-lead 
systems have been exploited successful
ly for two decades or more, but the ap
plication of the samarium-neodymium 
system was impeded by technical dif
ficulties involved in the extraction of 
samarium and neodymium from rock 
samples and in the isotopic analysis of 
these elements to the required degree 
of precision. Because samarium 147 de
cays very slowly, extremely small dif
ferences in the abundance of neodymi
um 143 must be determined. Precise 
mass-spectrometric techniq

'
ues now ex

ist for such measurements, largely be
cause of the pioneering efforts of Ger
ald J. Wasser burg and his colleagues at 
the California Institute of Technology. 
In 1975 Guenter W. Lugmair of the Uni
versity of California at San Diego pub
lished the first precise isotopic analy
ses of the samarium-neodymium sys
tem in an achondritic meteorite and 
a lunar sample. Subsequently C. J. Al
legre and his colleagues at the Univer-
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ROCKS FROM ISUA, an ancient metamorphosed volcanic deposit in western Greenland, are 
dated by means of measurements of their samarium/neodymium and neodymium-isotope 
ratios. Assuming that the rocks formed originally from a part of the mantle with a uniform 
ratio of neodyminm 143, the daughter isotope of samarium 147, to neodymium 144, an isotope 
that is neither generated nor consumed by radioactive decay, then the neodymium 143/neo
dyminm 144 ratios of the rocks will increase with time, at rates that are proportional to their 
samarium 147/neodymium 144 ratios. Basic igneous rocks (colored dots) form with higher sa
marium 147/neodymium 144 ratios, closer to the original mantle value, than the more acid, 
silica-enriched rocks (black dots). In a plot of neodymium 143/neodymium 144 against samar
ium 147/neodymium 144, such as this one, all the dots would originally lie on the broken hori
zontal line. As the rocks evolve and develop higher neodymium 143/neodymium 144 ratios 
with time, the faster growth of the neodymium 143/neodymium 144 ratio in rocks with higher 
samarium 147/neodymium 144 ratios will cause the line to pivot upward at the right. The slope 
of the resulting line, called an isochron, indicates how long the rocks have followed their sepa
rate evolutionary paths since forming from a homogeneous reservoir. The age of the Isua sam
ples determined by this method is 3.77 billion years, more than four-fifths of the age of the 
earth. Any disturbance that added or removed samarium or neodymium during that time would 
tend to destroy the linearity of the isochron. Only a hypothetical rock with a samarium 147/ 
neodymium 144 ratio of zero would display no change in its neodymium 143/neodymium 144 
ratio and so would preserve the original value of this ratio at the time the rocks formed. Since 
rocks with samarium 147/neodymium 144 ratios much lower than those shown here are not 
likely to form, the initial neodymium 143/neodymium 144 ratio of the Isua rocks is obtained 
by extrapolating the isochron to zero on the samarium 147/neodymium 144 axis. The initial 
ratio found in this way is an indicator of the isotopic composition of the mantle at that time 
(3.77 billion years ago). Similar measurements can be made with other parent-daughter associ
ations, but the proportions of most such elements change in the course of metamorphism and 
therefore do not yield as accurate dates or initial isotopic ratios by the isochron technique. 
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AGE OF ROCK SAMPLES (BILLIONS OF YEARS) 

EVOLUTION OF THE RATIO of neodymium 143 to neodymium 144 in the mantle can be 
followed by plotting the ages of rock samples from six ancient regions of the continental crust 
against their initial neodymium 143/neodymium 144 ratios, derived by the isochron tech
nique. The symbols in this case are parallelograms within which there is a 95 percent proba
bility that the true value lies. All the age determinations summarized here were obtained by the 
authors, except for the dating of the rocks from Monroe Township in Ontario, which was car
ried out by Alan Zindler and Stanley R. Hart of the Massachusetts Institute of Technology. 
The fact that the points lie close to a line representing the growth of the neodymium 143/neo
dymium 144 ratio in meteorites with a characteristically chondritic samarium 147/neodymi
urn 144 ratio is evidence that the mantle formed with a chondritic samarium/neodymium ratio. 
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sity of Paris, Donald J. DePaolo and 
Wasserburg at Cal Tech, and our group, 
which was then at the Lamont-Doherty 
Geological Observatory of Columbia 
University, published the results of neo
dymium-isotope studies for a range of 
terrestrial samples and demonstrated 
the utility of the neodymium-isotope ap
proach for investigating a variety of ge
ological problems. 

The samarium-neodymium system 
has been extremely valuable in studying 
the oldest components of the continen
tal crust because of its survival through 
various alteration processes. The ratio 
of rubidium to strontium is often dis
turbed by weathering and other proces
ses that affect volcanic rocks after their 
eruption, making the observed stronti
um 87/strontium 86 ratios difficult to 
interpret. In contrast, the work done so 
far has shown that the samarium/neo
dymium ratios are much less likely to be 
disturbed. This fortunate attribute of sa
marium and neodymium has enabled us 
to obtain precise samarium/neodymi
um ages and initial neodymium 143/ 
neodymium 1 44 ratios for some old 
parts of the continents [see top illustra
tion at left]. In particular we obtained 
samarium/neodymium ages for some 
supracrustal rocks (that is, rocks depos
ited on preexisting crust) discovered at 
Isua in Greenland that are among the 
oldest-known rocks on the earth. Al
though the samples we studied were al
tered considerably since their original 
extrusion as lava, they have yielded a 
precise age of 3.77 billion years, which is 
in excellent agreement with the date ob
tained by Allegre's group in Paris, based 
on the analysis of the uranium/lead ra
tio in samples of zircon (zirconium sili
cate) from the Isua site. In addition to 
determining the time the Isua samples 
formed we also established the neodym
ium-isotope ratio of their source region 
with high precision. Precise samarium/ 
neodymium ages and initial neodymi
um-isotope ratios have also been ob
tained by the authors from the Onver
wacht group in South Africa (3.54 bil
lion years), the Warrawoona group in 
Western Australia (3.5 6 billion years), 
the Lewisian complex in Scotland (2.92 
billion years) and the Bulawayan forma
tion in Zimbabwe (2.64 billion years). 

The ages and the initial neodymium
isotope ratios of these rocks may be 

plotted against one another and com
pared with the evolution of the neo
dymium-isotope ratio from 4.55 billion 
years ago in material that has a chon
dritic samarium/neodymium ratio, as 
deduced from the analysis of meteor
ites. One obtains a line corresponding to 
a samarium/neodymium ratio of .3 1,  
which is the current best estimate of the 
cosmic-abundance ratio. The fact that 
the data for terrestrial samples more 
than 2.5 billion years old plot close to 
this line indicates that the source region 
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of early crust and by inference the earth 
as a whole had a samarium/neodymium 
ratio indistinguishable from the cosmic
abundance ratio. The separation of con
tinental crust leaves the residual man
tle with a higher ratio of samarium to 
neodymium than the earth as a whole; 
hence the average neodymium-isotope 
ratio of the present mantle cannot lie on 
the extrapolated portion of the line but 
must lie above it. Furthermore, the re
sults obtained are consistent with the ap
parent absence of continental rocks old
er than the Isua samples. The separation 
of large amounts of continent before 
about 3.8 billion years ago, if it had 
occurred, would be identifiable from 
the initial neodymium-isotope ratios of 
basic volcanic rocks erupted in more 
recent times and preserved in the con
tinents. 

Armed with the knowledge that un
differentiated mantle should always 
have had a ratio of samarium to neo
dymium equal to the cosmic-abundance 
ratio, we have been able to make a 
precise estimate of the present isotop
ic composition of neodymium in un
differentiated mantle. For the purpose 
of identifying those parts of the man
tle that have donated material to the 
growth of the continents a survey of 
the neodymium-isotope composition of 
the upper mantle would clearly be of 
considerable value. With the exception 
of xenolithic (literally "foreign rock") 
fragments of mantle that are occasional
ly brought to the surface by kimberlite 
pipes and some basalt formations, direct 
sampling of the upper mantle is impos
sible. As a result it has been necessary 
to glean information from differentia
tion products of the mantle, namely the 
basaltic lavas erupted in the ocean ba
sins and continents. Most recent basalts 
have been erupted along the mid-ocean 
ridges, which are the sites of plate gen
eration and sea-floor spreading, but ba
salts are also erupted in smaller q uan
tities in intraplate locations and along 
island arcs. 

Until the start of the Deep Sea Drill
ing Project only a comparatively 

small number of basalt samples had 
been recovered from the ocean floor, 
but over the past decade the situation 
has changed dramatically. The Deep 
Sea Drilling Project has now entered 
an international phase of ocean drill
ing with the participation of France, 
West Germany, Japan, Britain and the 
U.S. S.R., and samples have been recov
ered from a large number of sites in the 
Atlantic, Indian and Pacific ocean ba
sins. Many additional dredge samples 
have been obtained from mid-ocean 
ridges. Probably the most noteworthy of 
these dredging operations is the system
atic and closely spaced dredging along 
the northern Mid-Atlantic Ridge orga
nized by Jean-Guy Schilling of the Uni
versity of Rhode Island. In addition to 
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NEGATIVE CORRELATION is observed when measurements of the neodymium-isotope 
ratio are plotted against measurements of the strontium-isotope ratio for young basaltic rock 
samples obtained from mid-ocean ridges (light color) and oceanic islands (dark color). During 
the formation of the continental crust the mantle was more depleted in rubidium than in stron
tium and in neodymium than in samarium. Subsequently the neodymium 143/neodymium 
144 ratio increased more rapidly and the strontium 87/strontium 86 ratio increased less rapid
ly in depleted mantle than in undepleted mantle. The mantle underlying the ridges was appar
ently more depleted than that from which the oceanic islands formed. Assuming that undeplet
ed mantle has a samarium/neodymium ratio characteristic of chondrites, one can calculate the 
present neodymium 143/neodymium 144 ratio of the entire earth. If undepleted mantle lies 
on the anticorrelation line, its present strontium 87/strontium 86 ratio and therefore its pres
ent rubidium/strontium r.atio can also be determined. As depleted mantle evolved chemically 
away from the point for the entire earth the continents evolved in a complementary manner. 
The point for typical continental crust would lie off the bottom right-hand corner of the graph. 
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TWO MODELS OF CRUSTAL EVOLUTION are compared in terms of the evolution of their 
strontium 87/strontium 86 ratios in the crust and the mantle. In the continuous model crust 
has been produced continuously from the time of the earth's formation, and the crust and the 
mantle evolve with strontium-isotope ratios that are increasingly different from the ratio of 
the earth as a whole. In the episodic model it is assumed that the present crust formed 2.S bil
lion years ago. In actuality older regions of crust are known. Even for this extreme case the evo
lution of the mantle is quite similar in the two models, since the mantle is a much larger reser
voir of strontium than the crust. Curves representing the two models in terms of the evolution 
of their neodymium-isotope ratios would be even more similar, since samarium and neodymium 
are less strongly fractionated between the crust and the mantle than rubidium and strontium. 
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the advances made in ocean-bottom 
sampling, oceanic islands, particularly 
Iceland and the Hawaiian Islands, have 
been further sampled. 

The most important advances in un
derstanding the prehistory of the source 
regions of oceanic basalts have again 
come from isotopic analyses of stronti
um and neodymium made over the past 
few years. The analyses obtained for 
oceanic basalts exhibit a small range 
of strontium 87/strontium 86 and neo
dymium 1 43/neodymium 1 44ratios and 
are compared with the current best esti
mates of the same isotopic ratios in the 
earth as a whole (or in undifferentiated 
mantle). The ocean-ridge basalts from 
the Atlantic, Indian and Pacific oceans 
have isotopic ratios of strontium and 
neodymium that are respectively lower 
and higher than the values for the earth 
as a whole. The lower strontium-isotope 
ratio requires that the source region 
of the ocean-ridge basalts have evolved 
with a lower ratio of rubidium to stron
tium than the earth as a whole or undif
ferentiated mantle, whereas the higher 
neodymium-isotope ratio requires that 
the samarium/neodymium ratio in the 
source region be higher than it is in the 
earth as a whole. 

The movement of certain elements 

from the mantle to the crust has influ
enced the subsequent isotopic evolution 
of the mantle. The strontium 87/stron
tium 86 and neodymium 143/neodym
ium 144 ratios of recent mid-ocean
ridge basalts seem to be entirely consist
ent with the hypothesis that components 
with a higher rubidium/strontium ratio 
and a lower samarium/neodymium ra
tio than the earth as a whole have been 
removed and now reside in the conti
nents. It is not possible to specify un
equivocally from these data alone, how
ever, whether the depletion of the man
tle has been a continuous phenomenon 
or an episodic one. Nevertheless, it is 
clear that the ocean floor created at mid
ocean ridges is derived from a mantle 
that bears in its isotopic composition the 
evidence of previous depletion in large
ion lithophile elements. 

The comparative uniformity of the 
isotopic composition of strontium and 
neodymium in mid-ocean-ridge basalts 
contrasts with the greater variability of 
these ratios in oceanic-island basalts. 
In some instances, such as the volcan
ic island Tristan da Cunha, the basalts 
have strontium 87/strontium 86 and 
neodymium 143/neodymium 144 ratios 
that are very close to our estimates of 
the values for the earth as a whole, im-

plying that their source has not evolved 
in the same way that the sources of the 
mid-ocean-ridge basalts have and may 
have suffered far less depletion in crus
tal constituents in the past. It should be 
emphasized, however, that the volume 
of volcanic rock erupted on Tristan da 
Cunha is quite small compared with that 
erupted at the mid-ocean ridges. Else
where in the ocean basins basalts from 
islands such as Iceland and the Hawai
ian Islands have strontium- and neo
dymium-isotope compositions that are 
intermediate and overlap those of the 
mid-ocean ridges. 

In short, there is a strong negative 
correlation between the strontium- and 
neodymium-isotope composItions of 
oceanic basalts, indicating a general co
herence of parent/daughter ratios dur
ing the extraction of the components 
now residing in the continental crust. 
Because the samarium/neodymium ra
tio and therefore the neodymium 1 43/ 
neodymium 1 44 ratio of the earth as a 
whole at present are reliably established 
the correlation of the strontium- and 
neodymium-isotope ratios enables us 
to estimate the strontium 87/strontium 
86 ratio in the earth as a whole. Com
parison of measured isotopic ratios of 
neodymium and strontium in volcanic 
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EVOLUTION OF LEAD in tbe mantle is plotted in tbe grapb at tbe 
left and tbe enlargement at tbe rigbt in terms' of tbe relative abun
dances of two isotopes, lead 206 and lead 207, tbat bave been pro
duced at different rates during tbe eartb's bistory (because of tbe 
different proportions and half-lives of tbe two uranium isotopes tbat 
generate tbem). Tbe two axes of tbis grapb relate tbe ratios of tbe two 
radiogenic lead isotopes to tbe ratio of lead 204, an isotope wbose 
abundance does not vary witb time. On tbe assumption tbat a reser
voir of bomogeneous lead, plotting as a single point on tbe diagram, 
was split into several portions witb differing ratios of uranium to 
lead, tbe lead composition of eacb portion would evolve witb time 
toward tbe upper rigbt of tbe diagram, since botb ratios would be in
creasing. Tbe evolution would be along a growtb curve tbat would de
pend on tbe uranium/lead ratio of eacb portion. At any given time 
tbe positions of all tbe portions along tbeir respective growtb curves 
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would lie on a straight line passing tbrough the original lead composi
tion. The slope of tbe line would be related to tbe age of tbe system. 
In this case the original composition is taken to be tbat of primordial 
lead, as measured in iron meteorites witb very low uranium/lead ra
tios. If tbis ratio was uniform tbrougbout tbe primordial solar nebula, 
it would be tbe point of origin for tbe growth curves for the eartb, tbe 
moon and tbe chondrites, wbose uranium/lead ratios differ widely. 
At present tbe compositions of tbese bodies would plot along a line 
passing tbrougb tbe primordial-lead point witb a slope corresponding 
to tbe age of tbe solar system. Tbe compositions of oceanic basalts 
plot to tbe rigbt of tbis line, called tbe geocbron. Samples tbat appear 
from an analysis of tbeir strontium- and neodymium-isotope ratios to 
bave come from tbe most nearly undepleted mantle plot fartbest from 
tbe geochron in tbe lead / lead diagram, indicating tbe evolution of 
lead in mantle is more com plex tban tbat of strontium and neodymium. 
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rocks with their predicted values for the 
earth as a whole provides a fine tool 
for the recognition of depleted-mantle 
source regions. The variability of iso
topic compositions in oceanic basalts 
bears witness to the fact that the conti
nental crust has not been extracted uni
formly, and that the mantle, or at least 
the part of it under the oceans and effi
ciently sampled by mid-ocean-ridge vol
canism, is depleted in large-ion litho
phile elements that now reside in the 
continental crust. 

Evidence for this depletion process 
was deduced by the late Paul W. Gast in 
1 968 from considerations of the abun
dances of trace elements in oceanic ba
salts. The heterogeneous nature of the 
upper mantle is also evident from lead
isotope measurements. When these mea
surements are compared with the pre
dicted average lead-isotope composi
tions of carbonaceous chondrites, the 
earth and the moon (assuming that the 
earth, the moon and meteorites all had 
the same lead-isotope composition 4.55 
billion years ago), one finds that at pres
ent the carbonaceous chondrites and 
other meteorites plot close to a line with 
a slope corresponding to an age of 4.55 
billion years, and one would expect that 
the bulk earth and moon should also 
plot close to this line. The relative posi
tions of carbonaceous chondrites, the 
earth and the moon along this line indi
cate that the uranium/lead ratio for the 
moon is greater than the uranium/lead 
ratio for the earth is greater than the 
uranium/lead ratio for carbonaceous 
chondrites, which is consistent with the 
observation of lower abundances of 
relatively volatile lead compared with 
refractory uranium in the earth and 
the moon. 

The lead-isotope compositions of oce
anic basalts plot to the right of the 

4.55-billion-year line, demonstrating 
that the suboceanic mantle is inhomoge
neous with respect to the isotopic ratios 
of lead as well as those of strontium and 
neodymium. Oceanic-island basalts ex
hibit a greater range of lead-isotope 
compositions than mid-ocean-ridge ba
salts, as is also true of their strontium
and neodymium-isotope compositions. 
At present the existing data for lead, 
strontium and neodymium isotopes in 
oceanic basalts are inadequate for a full 
evaluation of the relations among them. 
It does seem, however, that a somewhat 
more complex model must be invoked 
in order to accommodate the known 
variations in the lead-isotope ratios. 
Whereas we have discussed the isotopic 
data for strontium and neodymium in 
terms of two reservoirs (the mantle and 
the continental crust), three reservoirs 
appear to be required to explain the var
iations in the lead-isotope ratio. 

One of our primary goals in exploit
ing naturally occurring isotopes as trac
ers in continental- and mantle-derived 
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SELECTIVE CONCENTRATION of several large-ion lithophile elements originally present 
in the mantle but now residing in the continental crust is shown as a function of time. The 
curves are derived from calculations in which only half of the mantle is assumed to generate 
continental crust. The vertical axis gives the percent of the original inventory of each element 
that is present in the crust at any given stage of the earth's history. Heat-producing clements 
potassium, thorium and uranium have evidently been efficiently extracted from the mantle. 
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DECLINE IN HEAT PRODUCTION over geologic time is traced for the earth as a whole, 
the residual mantle (the mantle remaining after the formation of the continents) and the chon
drites. All the curves are declining, since the abundances of the heat-producing elements de
crease through the same processes of radioactive decay that produce the heat. The heat produc
tion in the residual mantle lags increasingly behind that in the earth as a whole as the continents 
are progressively extracted from the mantle. Heat production in the chondrites is initially high, 
but it falls off more rapidly than in the earth. This phenomenon is attributable to the fact that 
chondrites have a higher ratio of volatile potassium to refractory uranium than the earth has; 
heat from potassium is produced by the radioactive decay of potassium 40, which has a short
er half-life than uranium 238, the isotope that gives rise to most of the heat from uranium. 
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IMPORTANT CONSTRAINT is imposed on the convection that 
could have occurred in the mantle during most of the earth's history 
by the finding that no more than half of the mantle and possibly as 
little as a third can be as depleted in large-ion lithophile elements as 

the basalts erupted at mid-ocean ridges are. Assuming that the entire 
mantle is in some kind of convective motion, convective cells cannot 
operate throughout the full depth of the mantle (top); convection in 
the upper mantle must be decoupled from that in the lower (bottom). 
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material is to evaluate the timing and 
the rate of supply of materials from the 
mantle to the continental crust, and 
further to determine the proportion of 
mantle involved in the processes that 
have generated the continental crust. 
This task essentially involves an attempt 
to determine the comparative abun
dances of elements in the crust and some 
portion of the mantle as a function of 
time. The problem cannot be tackled 
solely by investigations of either man
tle-derived rocks or the continental 
crust. Instead observations and deduc
tions made from the sampling of materi
als from both mantle and continental 
crust must be made mutually compati
ble with some hypothesis. 

The problem was first taken up seri
ously by Richard L. Armstrong of the 
University of British Columbia in 1 969.  
In this early attempt to simulate the 
dynamic nature of continental evolu
tion the continents were considered to 
have formed in a single episode some 
four billion years ago and to have been 
subsequently recycled and exchanged 
chemically with the mantle in the course 
of a large number of discrete events. 
Armstrong's model was able to repro
duce some of the features of the isotopic 
chemistry of the mantle known at that 
time, but the model is not consistent 
with what is now known about the pat
tern of crustal growth. 

Recently we modeled the isotopic ev
olution of the mantle on the basis of the 
following three assumptions about con
tinental evolution: ( 1) There is apparent
ly very little continental crust more than 
3.8 billion years old. (2) The continents 
have grown more or less continuously 
for the past 3.8 billion years. (3) The 
growth rate of the continents achieved 
a maximum between 2.5 and three bil
lion years ago (a deduction that follows 
from the age-distribution pattern in the 
continents). 

A precise knowledge of the abundan
ces of the large-ion lithophile elements 
in the continental crust is clearly criti
cal to such models. The abundances of 
these trace elements (particularly the 
heat-producing radioactive ones) in the 
continents, however, are much harder 
to estimate than might be expected, be
cause of their inhomogeneous distribu
tion in the continents. For example, it 
has become clear from heat-flow stud
ies and geochemical sampling that po
tassium, thorium and uranium are much 
more concentrated in the upper part of 
the crust than in the lower parts. 

Acceptable models must also repro
duce the isotopic characteristics of the 
residual mantle and the continents. Our 
main concern at first was to reproduce 
the strontium- and neodymium-isotope 
characteristics of mid-ocean-ridge ba
salts, because these must by virtue of 
their large volume provide the best esti
mate of the isotopic composition of the 

suboceanic upper mantle. In addition 
they are generated from the most de
pleted part of the mantle currently sam
pled by volcanism. The models we have 
investigated have assumed continuous 
differentiation, with the vigor of materi
al transport in the mantle having de
clined as a function of time parallel to 
the decline of heat production in the 
earth. The delay in the stabilization of 
continental material until approximate
ly 3.8 billion years ago is presumably a 
result of highly efficient recycling early 
in the earth's history. 

The most important conclusion to 
emerge from such a model is that no 

more than half and possibly as little as 
a third of the mantle can be as depleted 
in large-ion lithophile elements as the 
part that supplies basalts at mid-ocean 
ridges. This conclusion, which is consis
tent with the findings of DePaolo and 
Wasserburg at Cal Tech, imposes a ma
jor constraint on the nature of the con
vection that could have occurred in the 
mantle during a large portion of the 
earth's history. It is difficult to see how 
cellular convection operating through
out the mantle could have operated to 
produce depletion in only a limited por
tion of it. If the entire mantle is indeed 
involved in some kind of convective 
motion, as most geophysicists believe, 
the convection in one portion of it (pre
sumably the upper mantle) must be ef
ficiently decoupled from the convection 
in the other (presumably the lower man
tle). The portion of mantle that has 
been involved in the formation of the 
continents has become generally deplet
ed in large-ion lithophile elements, but 
it is much more depleted in the heat
prod ucing elements potassium, thori
um and uranium than it is in strontium, 
neodymium and samarium. 

This last point can be demonstrated 
by plotting the percent of large-ion 
lithophile elements originally in the 
mantle but now residing in the conti
nents as a function of time [see top 
illustration on page 131]. About 70 percent 
of the potassium, thorium and uranium 
originally present in what is now the re
sidual mantle has been transported to 
the continents. Thus the intrinsic heat 
production in this residual mantle has 
declined faster than if chemical differen
tiation of the continents had not oc
curred. In spite of the fact that the resid
ual mantle now has a small intrinsic heat 
production, it continues to operate as 
the major heat sink of the earth during 
the creation and cooling of plates gener
ated along the mid-ocean ridges. The 
heat dissipated during this process arises 
in part from the radioactive decay of 
trace elements in less depleted parts of 
the earth (perhaps in the lower mantle), 
augmented by some poorly defined yet 
significant amount of heat released by 
the cooling of the entire earth. 
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The Kinematics of Plant Growth 
Llke a flame or the wake of a boat, the form of a plant changes 

slowly but the components are in continual flux. The motions of 

the components can therefore be analyzed in terms of fluid flow 

by Ralph O. Erickson and Wendy Kuhn Silk 

T
he beauty of plant form has de· 
lighted and inspired poets, artists 
and scientists throughout record

ed history. The conical shape of the 
spruce tree, the gracefully irregular 
form of the oak, the nearly perfect radi
al symmetry of many flowers, the math
ematical regularity of a pine cone or a 
sunflower head and the characteristic 
shape of a maple leaf or an ivy leaf are 
part of the collective human conscious
ness. It is perhaps less immediately obvi
ous that the forms, or at least the dimen
sions, of many parts of a plant are con
tinually changing throughout the plant's 
life. A photograph made of a bean plant 
today will show slight differences from 
one made yesterday or tomorrow. An 
analysis of these changes reveals devel
opmental regularities that are as striking 
as the symmetries of the mature form. 

If one carefully observes a growing 
plant, one soon discovers that a leaf or a 
branch on the lower part of the stem (or 
a tag attached there) may not change its 
position even though the height of the 
plant may be increasing at a considera
ble rate. The reason is that the growth is 
limited to the region of the apex, that is, 
growth in length occurs only near the tip 
of the stem. A leaf or a mark placed 
below that tip but still in the growing 
region will change its position with re
spect to both the tip and the ground. 

From this simple observation it is 
clear that growing plant tissues are 
simultaneously increasing in size and 
changing their position in relation to 
other parts of the plant. It is also clear 
that if one were interested in the behav
ior of cells in the growing region, it 
would not be possible to determine the 
rate of change over time of a cellular 
variable at a fixed position in space, 
since the cell would move during the 
time needed to make the determination. 
A method of analysis is required that is 
subtle enough to take into account both 
the displacement and the expansion of 
tissue elements. 

It is also important to consider both 
aspects of growth (the displacement and 
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the expansion of tissue elements) in 
studying a plant under the microscope 
and in studies of the chemical composi
tion and the metabolism of growing tis
sue. In such studies the tissue is usually 
killed for the purpose of the study, so 
that direct observations of its growth 
are not possible. Nevertheless, indirect 
methods can often be found to inter
pret the analytical results in terms of 
the processes taking place in the grow
ing tissue. 

The problem of studying a system in 
which the elements are both moving 

and expanding (or contracting) arises 
also in the study of the behavior of 
a compressible fluid. We propose that 
an analogy can be made between. the 
growth of a plant and the flow of a fluid. 
In each case one can assume the exis
tence of a continuous medium (the fluid 
or the growing tissue) containing a field 
of local velocities that can differ from 
one another within the medium and with 
time. On the atomic scale a fluid is not 
a continuum, but at the microscopic 
scale and at larger ones the assumption 
of continuity is justified on statistical 
grounds. The assumption has made pos
sible many important generalizations in 
fluid dynamics. 

Plant tissues are far more complex 
than the fluids of classical mechanics. A 
plant tissue consists of several kinds of 
cells that are themselves highly com
plex. Many plant organs, however, are 
made up of rather large numbers of cells 
that to some extent show continuous 
gradations of size and other properties. 
Furthermore, the walls of the cells are 
cemented together in a polyhedral net
work that appears to expand in a coordi
nated way. The course of growth over 
time also appears to be continuous, as 
can be seen in time-lapse motion pic
tures, multiple-exposure photographs 
and streak photographs. (A streak pho
tograph is made with a camera in which 
the lens is left open and the film moves 
at a constant speed.) 

. 

If we may draw an analogy between 

fluid flow and the growth of plant tis
sue, the mathematical methods of clas
sical analysis are at our disposal, as 
they are in fluid dynamics. We expect 
that important generalizations about the 
morphogenesis of plants will emerge. 
Powerful methods for analyzing experi
mental data will also be available. It is 
interesting to note that a variety of strik
ing and well-characterized flow patterns 
are recognized in fluid dynamics, among 
them streamlines, wakes, vortexes and 
standing waves, all of which are related 
in highly specific ways to the conditions 
of flow and to constraints on the flow. 
We expect by analogy that some well
known structures or patterns of plant 
morphology can be related to and prob
ably explained by the characteristics 
of the growth processes that give rise 
to them. 

In fluid dynamics an important dis
tinction is made between spatial changes 
and material ones. Spatial, or local, 
changes occur at a fixed position in 
space; material changes pertain to the 
physical elements (the molecules) of the 
fluid. One can appreciate this distinction 
by considering a waterfall or the wake 
of a boat. Its appearance and dimen
sions can be described in spatial terms, 
and the description may be valid over a 
period of time. The material elements
the molecules of water-are, however, 
continuously carried through the struc
ture. Experimental data are for practical 
reasons usually obtained in local terms, 
that is, with reference to defined coordi
nates: geographical landmarks for a wa
terfall and, in our second example, the 
dimensions of the moving boat. If a vari
able that is a function of position and 
time is measured, its spatial' rate of 
change can be determined. If the local 
velocities of the fluid are known, the 
material rate of change can also be de
termined. 

Pursuing our analogy, we would ar
gue that it is also important to make a 
careful distinction between local and 
material changes in studying the mor
phogenesis, growth and physiology of 
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plant tissues. It is experimentally most 
feasible to make a measurement at, say, 
four millimeters from the tip of a shoot 
and to analyze the data in those terms. 
The available data suggest that this is a 
valid and illuminating way to character
ize the growth process. 

Biologists also ascribe great signifi
cance to the cell ular organization of tis
sues. Cells can be said to be the material 
elements of an organism. Both the struc
ture and the function of the organism 

are explained to a large extent in terms 
of the structure and function of its cells. 
The material specification of change in 
growing tissue should then correspond 
closely to cellular changes. In the analy
sis of plant development both local and 
material aspects should be considered. 
Unfortunately most cellular studies are 
based on fixed tissues and so are inter
preted in the absence of information 
about growth velocities or with intuitive 
assumptions being made about growth. 

We shall illustrate the importance of 
considering the expansion and the dis
placement of tissue elements and both 
the material aspects and the spatial as
pects of growth in a few examples and 
shall point out some general relations 
suggested by these studies. 

The point is well illustrated in root 
growth, which has been analyzed in de
tail by photographing the surface cells 
of living roots at half-hour intervals (as 
was done by Richard H. Goodwin and 

APEX OF A CELERY PLANT, the point where the new leaves of 
the plant originate, is visible as the central domelike structure in this 
scanning electron micrograph made by Roger D. Meicenheimer of 
Washington State University. The apex is ringed by ridgelike struc
tures, each of which is a young leaf. The nearer a leaf is to the apex, 

the younger the leaf is. New leaves appear at equal time intervals (an 
interval termed a plastochron) if the temperature is constant. The mi
crograph, in which the enlargement is 130 diameters, was made by 
cutting the leaves away from a stalk of celery until the apex was re
vealed. The preparation was then dehydrated and shadowed with gold. 
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Charlotte J. Avers at Connecticut Col
lege) and by refined marking experi
ments that we have done. In the marking 
experiments the root of a corn seedling 
was marked by brushing it with a sus
pension of lampblack and then it was 
put in a moist chamber at a temperature 
of 25 degrees Celsius. Its image was fo
cused on the slit of the streak-photo
graph camera. With the lens open con
tinuously, the film moving and the light 
continuous but dim a streak photograph 
was made, recording the downward 
displacement of marks throughout the 
growing region of the root over a period 
of time. When the camera is calibrated 

for time and scale, such a photograph is 
a detailed, automatic plot of the growth 
of the root. Time is plotted horizontally 
and the distance along the root is plotted 
vertically. The slopes of the streaks rep
resent the velocities of displacement and 
can be measured with a protractor. 

I t is convenient to consider a trans
formation of this plot in which the 

origin of the length axis is taken to be 
the tip of the root; one then measures ve
locities of displacement from the tip 
rather than downward velocities. Defin
ing the origin as the tip is in conformity 
with the histology (tissue organization) 

of the root, since the cells of the root 
originate from initial cells at the tip of 
the meristem: the growing area. When 
velocities of displacement are plotted 
against distance from the tip of the root, 
they are seen to increase from zero at 
the tip to a maximum of almost two 
millimeters per hour about nine milli
meters from the tip. (Nine millimeters 
marks the upper limit of the growing re
gion.) This maximum velocity of dis
placement is identical with the growth 
rate usually cited for a whole root. 

A streak photograph also contains 
information about the expansion of 
elements of root length. In a graph of 

3 

GROWING COCKLEBUR PLANT (Xanthium pensylvanicum) is 
portrayed on the basis of time-lapse photographs made in a growth 
chamber. The plant is shown as it looked at 10:00 A.M. on days 13, 
15, 17 and 19 after the seed was planted. The leaves are numbered so 

that a given leaf can be identified in each drawing. The cotyledons, 
or seed leaves, near the bottom of the plant are arbitrarily placed at 
the same level in each drawing. Each plant was potted in a mixture 
of vermiculite and washed granite chips and watered daily with a 
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displacement velocities v. distance from 
the tip the slope of the ,curve at each 
point gives the rate of change of velocity 
with position. This is the velocity gradi
ent; we call it the relative elemental rate 
of elongation. It is also called the local 
strain rate and can be regarded as the 
divergence of velocity in one dimension. 
In a typical plot the relative elemental 
growth rate rises from zero at the tip of 
the root to the remarkably high value of 
40 percent per hour at about four milli
meters from the tip, falling again to zero 
at about nine millimeters. 

It is instructive to compare this analy
sis with classical root-marking experi-

ments. In 1758 the French engineer and 
agriculturist Henri Louis Duhamel du 
Monceau, writing on the structure of 
trees, told of inserting fine silver wires 
into the roots of walnut seedlings and 
observing after several hours that the 
wires closest to the tip were widely sep
arated, whereas the ones originally 
placed a few millimeters from the tip 
maintained their relative positions. In 
about 1860 the German botanist J u
lius von Sachs marked off successive 
one-millimeter segments of broad-bean 
roots with India ink and measured them 
after they had grown for 24 hours at a 
temperature of 20 degrees C. His find-

3 

ings, which have often been cited, were 
that the first 10 segments grew a total of 
22.8 millimeters, distributed as follows 
(beginning at the tip): 1.5,5.8,8.2,3.7, 
1.4, 1.1, .4,.3,.2 and .2. In other words, 
the second and third segments had elon
gated the most and segments farther 
from the tip showed a progressively 
smaller increase in length. The root as a 
whole was growing at almost one milli
meter per hour. 

Many generations of botany students 
have repeated von Sachs's experiment 
and have been asked to conclude that 
the root tip, where mitotic (dividing) 
cells can be seen under the microscope, 

mineral-nutrient solution. The growing lights (banks of fluorescent 
lamps) were on daily from 8:00 A.M. to midnight, except at intervals 
of 17.36 minutes when they were turned off briefly and photographic 
lights were turned on so that an exposure could be made. The photo-

graphic lights came on at the same interval during the daily eight
hour period of darkness. Since the cocklebur is a short-day plant and 
will flower only if it receives at least 8.5 hours of continuous total 
darkness each day, the growth of the plants was entirely vegetative. 
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is gr�wing the most rapidly. One finds 
a great discrepancy, however, between 
this conclusion and the conclusion from 
a streak photograph. If von Sachs's ex
periment were done on a corn root, the 
positions of the marks after 24 hours 
would suggest that the growth rate is 
greatest in the second millimeter behind 
the tip, which is about 40 cell lengths 
from the place where the elongation is at 
the maximum rate. The region of maxi
mum local strain rate is well beyond the 
region of cell division. 

The discrepancy is explained by the 
fact that in the classical experiments the 
increase in length of a marked segment 
(a material increment) was ascribed to 
the initial (spatial) position of the seg
ment, thus attributing to the initial posi
tion growth that in fact took place far
ther from the tip. Moreover, both the 
long duration of the experiment and the 
relatively great length of the segments 
would have made it difficult to achieve 
good estimates of either instantaneous 
velocities or the behavior of elements of 
length if a rigorous analysis had been 
attempted. 

Acorn root grows linearly, that is, at 
a nearly constant overall rate, for 

many hours. Streak photographs made 
at different times during the linear
growth period show essentially identical 
relations of displacement velocities and 
relative elemental rates to distance from 
the tip. Borrowing a term from fluid 
dynamics, one can say that growth is 
steady, meaning that local growth rates 
are invariant with time. Steady growth 
was probably implicitly assumed by the 
people who did the classical root-mark
ing experiments. It is probably also true 
that plant anatomists have intuitively 
assumed steady growth in presenting an 
illustration of a longitudinal section of 
a root as representing root structure in 
general, without citing the length or age 
of the root. 

Classical morphologists also realized 
that the course of cellular development 
is evident from such a longitudinal 
section. Distance from the apex corre
sponds to developmental age. Hence it is 
possible to infer the history of a given 
cell by examining younger cells closer to 
the tip and to predict the fate of the cell 
from the characteristics of older cells 
farther from the tip. 

An implication of steady growth is 
that one should distinguish between the 
spatial and material specifications of 
variables. For example, local growth 
rates are invariant with time, whereas 
each material element expands more 
rapidly and then less rapidly with time 
as it is displaced from the root tip. Simi
larly, there are spatial and material as
pects of morphology. Particularly when 
growth is steady, the growing region 
of the root can be said to be a spa-

CORN SEEDLING is shown in photographs made just after its root had been marked at 10 in
tervals of one millimeter (left) and 14 hours later (right). It can be seen from the second photo
graph that the ink marks have expanded and been displaced. The marks separate during the 
growth of the root, and it is evident that the greatest separation is between marks that were orig
inally near the tip. The classical interpretation of root growth was based on such experiments. 

tial or geometrical structure; it can be 
described or diagrammed in terms of 
zones of cell division, cell differentiation 
and so on at fixed distances from the tip. 
On the other hand, the material ele
ments (the cells) of which the region 
consists are continually being displaced; 
they can be said to flow through the 
growing region. 

If the distribution of the relative ele
mental growth rate is known, one can 
evaluate the rates of many developmen
tal processes. For example, the relative 
rate of cell division can be subtracted 
from the local relative elemental growth 
rate to obtain the relative rate of change 
in average cell length in the moving 
material element. In this way one can 
see that the steady distribution of cell 
lengths in the root is the result of the 

simultaneous processes of cell division 
and local expansion. 

Another spatial or geometrical struc
I\. ture appears during the germina
tion of the seeds of many broad-leaved 
plants. In a young seedling the tip of the 
stem often grows with a pronounced 
bend or hook, which is thought to pro
tect the apical meristem from damage as 
the seedling pushes up through the soil. 
Once out of the soil the stem usually 
straightens. If the seedling is grown in 
dim light, however, the hook can be 
maintained for a long time after the 
stem emerges from the soil and contin
ues to grow. 

A simple marking experiment reveals 
that the hook is another example of a 
plant organ composed of changing ele-
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GROWTH OF CORN ROOT is recorded in a streak photograph. 
The root was brushed with a suspension of lampblack and put in a 
moist chamber mounted in front of a camera in which the lens was 
open continuously and the film was moved at a steady rate past a ver
tical slit. The black spots on the growing root appear as streaks in the 

resulting photograph, At a given moment, as is shown by each of the 
vertical scales, zero indicates the tip of the root. Distances along the 
root are indicated by the scale of millimeters, The velocities of the dis
placement of marks at the given moment are shown by the slopes of 
streaks that intersect the vertical line. Growth is nearly constant. 

ments. A mark placed on the apical side 
of a hook flows through the bent region 
and can be seen on the straight basal 
portion within eight hours. The mark is, 
of course, firmly attached to cells on the 
surface of the stem. This observation 
implies that each element of a stem first 
curves and then straightens as it is dis
placed from the apex of the stem. At any 
one time the hook is composed of some 
elements that are curving (on the api
cal side of the hook) and others that 
are decreasing in curvature (on the bas
al side). 

Observations of the distribution of 
growth rates are consistent with this 
model. A stem element curves if one 
side of the stem grows faster than the 
other; a curved segment straightens if 
the inner surface grows faster than the 
outer. If A represents a point on the api
cal side of the hook and B a point on the 
basal side, one finds that the relative ele
mental growth rate decreases from out
side to inside the hook at A, where ele
ments are increasing in curvature, and 
decreases from inside to outside the 
hook at B, where eiements are straight
ening. Thus a stable structure is created 
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by a rather complex distribution of the 
growth rate. The structure has a steady 
local curvature but the material curva
tures are changing with time. 

We have discussed growth largely 
with respect to displacement along an 
axis such as the longitudinal axis of a 
root. The measurements are one-dimen
sional. A start has been made toward 
analyzing growth in two dimensions, but 
an analysis of three-dimensional growth 
in the terms we have described has 
scarcely been tried. 

In broad-leaved plants the growth of 
the leaf blade can be described well 
in two dimensions, since its growth in 
thickness is slight compared with its in
crease in area. The pattern is quite dif
ferent from that of a cylindrical organ 
such as a root. A leaf is determinate, that 
is, it attains a predictable size and then 
stops growing. Furthermore, its symme
try is likely to be bilateral rather than 
radial. With a leaf a given change in 
outline can be produced by gradients 
in direction as well as by gradients in 
the magnitude of the relative elemental 
growth rate. Therefore both the dir-ec
tion of growth and the magnitude of the 

local growth rates must be evaluated in 
an analysis of a leaf's development, as 
was first done in 1945 by Oscar W. Rich
ards and A. J. Kavanagh of the Ameri
can Optical Company. 

The detailed pattern of veins in a leaf 
provides an abundance of identifiable 
points that can be recognized in succes
sive photographs of the same leaf. In a 
study of the growth of cocklebur (Xan
thium) leaves we made up sets of three 
photographs. The x and y coordinates of 
about 250 points in each of the photo
graphs were recorded with computer
assisted digitizing equipment and com
putations were made of the components 
of velocity at each point and also of 
the divergence of velocity, which can 
be termed the relative elemental rate of 
increase in area. 

One finds great differences in diver
gence from one part of a leaf to another. 
After three days the tip of a typical par
tially grown leaf has essentially stopped 
growing but the lobes at the base are 
expanding in area at the rate of nearly 
80 percent per day. These results have 
been subjectively correlated with the 
histological observation that the tip of 
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A o ne-of-a-kind test facility will prepare NASA 's Project Galileo probe for the 
rigors of descent into Jupiter's atmosphere in the late 1980s. The six-foot 
diameter chamber, constructed by Southwest Research Institute for Hughes, simu
lates a helium atmosphere with the temperature and pressure extremes that the 
Hughes-built probe will encounter during its plunge through the Jovian sky. 
T est objects initially are exposed to a vacuum and temperatures of -200oF. 
The n, within 55 minutes, the pressure is increased to 235 pounds per square inch 
and the temperature is raised to 240oF. The Galileo project is managed by 
NAS A's Ames Research Center. 

A new video link for remotely piloted vehicles revives an old but surprisingly 
simple technique to resist jamming. The approach calls for video signals to be 
transmitted using phase modulation (PM) rather than frequency modulation (FM). 
Hughes engineers have found that with this method the TV picture gradually de
grades as the jamming signal strength increases. By contrast, the performance 
of an FM system deteriorates rapidly after falling below a certain threshold. 
PM signals, when properly processed, require less bandwidth and can be coded 
using pseudo-noise and spread-spectrum techniques to avoid enemy detection. 

Textiles are inspected extremely fast -- four meters per second -- with a laser 
scanner system, a South Carolina mill reports. The system uses laser output 
split into three beams, each of which scans the fabric independently in a pat
tern covering the entire surface. It detects flaws through changes in reflected 
light and flags these areas for elimination or repair. Spokesmen at Springs 
Mills, Inc. say one laser system working one shift performs the job of human 
inspectors at two plants working two shifts. The scanner was built by Ford 
Aerospace & Communications Corp. around a Hughes helium-neon laser. 

Hughes Industrial Electronics Group -- with locations in Carlsbad, Irvine, New
port Beach, Torrance, and Sylmar, Calif. -- is seeking electrical, mechanical, 
and industrial engineers and physicists. Programs include digital/analog cir
cuits, microprocessor communications, fiber optics, telecom switching, connec
tors, flexible circuits, semiconductor material and processes, MOS/bipolar/CCO, 
MOS test, hybrid microcircuits, lasers, mm-wave subsystems/devices, GaAs F ET 
devices, GaAs IC devices, microwave commu nications, microwave amplifiers/tubes, 
cryogenics, and solar cells. Send resume to John G. Wilhite, Hughes Aircraft 
Company, IEG-SE, P.O . Box 2 999, Torrance, CA 90509. Equal opportunity M/F/HC. 

Indonesia's new Palapa B communications satellites will use flight-proven tech
nology to ensure their eight years of planned service. The spacecraft are 
modeled after Canada's Anik C and A nik 0 series, as well as the Satellite Busi
ness Systems spacecraft that will serve U.S. businesses. Like the others, the 
Palapa B craft will have outer cylindrical sleeves of solar cells that will de
p loy in space. The arrangement nearly doubles the area of cells usable with the 
same size satellite, thereby increasing total power. Hughes, under contract to 
Perumte l, Indonesia's government-owned telecommunications company, is bui lding 
two spacecraft and associated equipment to augment certain ground stations. 

Creating a new world with electronics r------------------, 
I I 

: HUGHES: 
I I 
L __________________ � 
HUGHES AIRCRAFT COMPANY 
CULVER CITY, CALIFORNIA 90230 
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DISTANCE FROM TIP (MILLIMETERS) 

DISTRIBUTION OF GROWTH of a corn root is charted on the ba
sis of streak photographs. On the growing part of a root the black 
marks are displaced as the root grows; the curve at the left reflects 
the velocity of the displacement of marks at various distances from the 
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tip of the root at an instant of time. The curve at the right reflects 
the expansion of the cells in the growing region, that is, the rate of 
change of the velocity of growth with distance from the tip. This gra
dient of velocity is known as the relative elemental rate of elongation. 

such a leaf has differentiated into its ma
ture structure at a time when the tissues 
at the base are still undifferentiated. 

Since the shape of the leaf changes 
during growth, it is evident that the 
growth cannot be regarded as steady. 
For a complete description of the proc-

ess in spatial and material terms it 
would be necessary to evaluate growth 
velocities many times during the expan
sion of the leaf. We have not done this. 
We have, however, examined the direc
tionality of growth at the half-expand
ed stage by separating the divergence at 

each point into its components in order 
to show their magnitude in the direc
tions of maximum and minimum linear 
expansion. They are at right angles and 
for the most part do not differ much. In 
other words, although the growth of the 
leaf is heterogeneous, it is rather iso-
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DISCREPANCY between the classical marking experiments and the 
streak-photograph analysis is indicated by sets of bars that show for 
24 hours, six hours and one hour the mean hourly increase in length 
(stated in millimeters) of each one-millimeter segment of a corn root. 
The black line associated with each set of three bars represents the 
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relative growth rate of the segment as calculated from a streak pho
tograph. The discrepancy diminishes as the time interval of the mark
ing experiment is made shorter. To be accurate an analysis of growth 
must be both elemel1tal (pertaining to infinitesimally small segments) 
and instantaneous (pertaining to infinitesimally small units of time). 
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Caring. 
Part of JAI..:s· First-Class Service. 

Sky Sleeper. A relaxing way for 
you to travel. And a very pleasant 
way for Japan Air Lines to show 

you how very much we care. 
Our exclusive Sky Sleeper 

is a big, private bed in the sky. 
It's available to First-Class 

passengers, for an extra charge, on 

our specially fitted transpacific 
747 Garden Jets. (Your travel agent 
or Japan Air Lines will be happy to 
give you specific rate information.) 

We care for you in many other 
first-class-and very delightful

ways. With exquisite Japanese 
delicacies that are a joy to behold 

and, better yet, to eat. A choice 
of superb continental entrees. 
Excellent French, German and 

California wines . And the 
first-class service of flight 

attendants whose most important 
duty is caring for you. 

Osewa. Caring. Because we never 
forget how important you are. 

The way we are is 
the way we fly. 

~ 
JAP AN AIR LINES 
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ARC LENGTH (MILLIMETERS FROM APEX) 

LETTUCE SEEDLING grown in dim light is depicted at two-hour 
intervals. The spatial pattern of the curvature does not change under 
these conditions, as is evident in the curves (bottom) plotting the cur
vature against distance from the apex, with the point of maximum 

GROWTH PATTERN of a lettuce seedling grown in bright light is 
revealed in photographs made over a period of 28 hours. The growing 
stern comes out of the ground in a bent form that can be preserved in 
dim light as the seedling grows. The photographs show the seedling at 
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curvature remaining about a millimeter behind the apex. A mark at
tached to a group of celIs is seen to move through the hend in the 
stem. (The colored line represents the mark.) The unchanging geom
etry is made up of changing elements, that is, the cells of the plant. 

(left to right) 0, 2, 10, 12, 14, 16, 20 and 28 hours. At 14 hours the 
stern is seen to straighten. In contrast to the growth of roots and seed
lings in dim light, this pattern of growth is nonsteady (varying in time), 
and the local rates of change must be evaluated in growth analysis. 
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tropic; the change of shape is produced 
by the small degree of anisotropy and by 
large gradients in the magnitude of the 
strain rate. It should be emphasized that 
only a start has been made toward an
alyzing surface growth and therefore 
toward understanding the growth proc
esses that lead to the beautifully regular 
shapes of leaves and many other deter
minate plant structures. 

The growth of a shoot is far more 
complex than that of a root, a seed

ling or a leaf. One must recognize not 
only that the apical portion of the stem 
is increasing in length but also that new 
leaves are being formed periodically 
at the apical meristem of the shoot. 
The new leaves grow in a coordinated 
way with the stem. (Additional com
plexities arise with flowering and fruit
ing and with dormancy and seasonal 
growth, but we shall ignore them.) 

Striking regularities in the vegetative 
growth of a shoot can be found that are 
as interesting and important as the pat
terns we have already discussed. It is dif
ficult to observe the growth of the apex 
of a shoot because the young leaves 
are crowded together, overarching the 
apical dome. Usually they must be re
moved before the apex can be seen or 
photographed, and it is questionable 
whether the growth of the apex is nor
mal after such an operation. Neverthe
less, a good way to understand the mor
phology of the shoot apex is to dissect a 
bunch of celery. 

The c�lery stalks are the petioles, or 
leaf stems, of the compound leaves. The 
oldest leaves on the outside of the bunch 
can be cut off at the base with a paring 
knife. Inside are progressively younger, 
smaller and paler leaves, which can be 
removed also. Now the partially dissect
ed apex should be placed under a stereo
microscope or viewed with a hand lens. 

As young leaves (from 10 to 20 milli
meters long) are removed with a small 
scalpel one can begin to see the broad, 
slightly domed apical meristem, which 
is where leaves originate. It is surround
ed by primordial leaves that are progres
sively younger the nearer they are to the 
center of the apex. Some of them resem
ble hands with translucent green fingers. 
The youngest two or three primordia 
are simply bulges on the apical dome. 

If the dissected apex is maintained on 
wet filter paper for a day or two and 
fungal infections are avoided, it is possi
ble to observe the displacement of the 
young primordia away from the center 
as the shoot grows. One may even see 
the initiation of a new leaf primordium. 
Such a primordium appears first as a 
bright reflection at a predictable spot 
(about 137.5 degrees from the last visi
ble primordium) and soon becomes a 
bulge on the surface. The area of the 
bare portion of the apex is now at its 
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mmlmum. The dome continues to en
large, displacing the new primordium 
away from the center, and another leaf 
is initiated. In typical vegetative growth 
this process is repeated at equal time 
intervals if the temperature is constant. 
This time interval between the forma
tion of successive leaves is termed a 
plastochron, a term proposed in 1880 by 
the German botanist Eugen Askenasy, 
who had studied with von Sachs. 

A consequence of this growth pattern 
is that the growing part of a vegetative 
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shoot bears a succession of leaves of dif
ferent ages, each differing in age from 
the next-oldest and the next-youngest 
leaf by one plastochron. The successive 
leaves differ from one another in a high" 
ly regular way, not only in age but also 
in distance from the apex, in length, in 
weight and in degree of tissue differenti
ation. When the lengths of successive 
leaves are measured, for example, it is 
found that the ratio of the length of a 
leaf to the length of the next-youngest 
one is reasonably constant for leaves 
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that are growing rapidly. This relation 
can be called the plastochron ratio and 
can be interpreted as the ratio by which 
a typical leaf increases in length per 
plastochron. Its constancy implies that 
the primordial leaves and the young 
leaves grow in length exponentially, that 
is, in a compound-interest manner. 

In several plant species that have been 
investigated in this way the plastochron 
ratio has been found to be constant also 
for leaves that are large enough (from 
five to 50 millimeters long) to be seen 

. . 

LEAF GROWTH is portrayed in drawings (top) based on photo
graphs of a cocklebur leaf made on three successive days. In the bot
tom drawings a set of points identified by inspecting 'the photographs 

are plotted. The change in relationship of the points over the three 
days shows that growth is fastest near the bottom of the leaf. A leaf 
is a determinate structure: it reaches a certain.size and stops growing. 
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SOME 
SERIOUS N OTES 

ON MOVING. 
By Victor Borge 

When you move, make sure 
your mail arrives at your new ad
dress right after you do. 

The key is this: Notify every
one who regularly sends you mail 
one full month before you move. 

Your Post Office or Postman 
can supply you with free Change
of-Address Kits to make notifying 
even easier. 

(-a-J One last serious note. 
Use your new ZIP Code. ® 

Don't make 
your mail come looking for you. 
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Notify everyone 
a month before you move. 

<C>USPS 1980 

with the unaided eye and are accessible 
to measurement without damage to the 
plant. The plastochron ratio forms the 
basis for an index of the developmental 
age of a shoot: the plastochron index. 
Since new leaves are added to the shoot 
periodically, a rough index of the age of 
the shoot in plastochrons can be had by 
counting the leaves that are longer than 
a reference length, say 10 millimeters. 

To be more exact one might specify 
that a plant in which, say, the fifth leaf is 
just 10 millimeters long has an age of 
exactly five plastochrons. If the fifth leaf 
were somewhat longer than 10 millime
ters, the shoot would be somewhat older 
than five plastochrons but perhaps not 
yet six. From the measured length of the 

fifth leaf and the next-youngest one (the 
sixth) a fraction of a plastochron can be 
calculated that, added to five, is the plas
tochron age of the shoot. 

The plastochron index, based on three 
simple nondestructive measurements, is 
a continuous developmental scale that 
can be employed to draw conclusions 
indirectly about the growth of the apical 
meristem of the shoot, the primordia of 
the leaves and the stem segments when 
direct observations are not feasible. The 
use of the index has begun in a variety of 
descriptive and experimental studies of 
shoot development. 

If one now considers this pattern of 
vegetative shoot growth in terms of 
the spatial and material changes taking 

PATTERN OF LEAF GROWTH is revealed in a drawing based on a computer calculation 
of the magnitude of growth in area of a cocklebur leaf, as is depicted by contour lines of equal 
rate (expressed as percent per day). The directions of maximum and minimum linear expan. 
sion are portrayed by crossed lines at each of the identified points on the leaf. The calculation 
shows the growth to be almost isotropic, that is, nearly equal in all directions. It also shows that 
the large spatial variation in the magnitud& of the growth rate and the small amount of anisot. 
ropy are sufficient to account for the change in shape of the leaf as it grows to its mature form. 
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Cable Address 
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Peo p l e ' s  B u re a u  of 
T h e  Soci a l i s t  Peo p l e ' s  
L i by a n  A r a b  J a m a h i r i y a  
Cultur�1 Section 
Post Off ice Box 1 91 25 
Was h i n g t o n , D . C .  20036 

AI-Fatah U niversity 
Facu l ty of N uc l ea r  a n d  
E l ect ro n i c  E n g i  neer i n g  
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t h e  i n d icated a reas o f  spec i a l i za t i o n : 

1 .  Department of Electronics & Computer Science 

A )  I n tegrated C i rc u i t s Des i g n  a n d  F a b r i ca t i o n  
B )  D i g i t a l  E l ect ron i cs a n d  I n st r u m e n t a t i o n  
C )  I nd u st r i a l  Process C o n t ro l  
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E )  M i n i - m i c r o  C o m p u t e r  Syste ms 
F )  D a t a - base e n g i n ee r i n g  

G)  Syste m s  Mod e l l i n g a n d  S i m u l a t i o n  
H )  C o m p u t e r - a i ded Des i g n  

I )  C o m p u ter-a i ded I ns t r u ct i o n s  
J )  Progra m m i n g  L a n g u a g es 

K )  Syste ms Progra m m i n g 
L) N u m e r i ca l  A n a l y s i s  

M )  A r t i f i c i a l I n te l l i g e nce 
N )  C o m p u t e r  Netwo r k s  & D i st r i b u ted Process i n g  

2 .  Department o f  Materials Science & Engineering: 

A )  C rysta l S t r u ct u re and D i ff ract i o n  
B )  E lect r i c ,  M a g n e t i c  a n d  O p t i ca l Propert i es 
C )  P h y s i c a l  Meta l l u rgy 
D)  P rocess i n g  Meta l l u rgy 
E )  Cera m i c  
F )  Corros i o n  

G)  N o n  Dest ruct ive  Test i n g  
H )  Mater i a l s  S h a p i n g  a n d  Treat m e n t  

I )  Mater i a l s  Se l ect i o n  a n d  F a i l u re A n a l y s I s  

3 .  Department o f  N uclear Engineering and Technology : 

A )  N u c lea r Sa fety 
B )  T h e r m a l  H y d ra u l i cs 
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E )  F u e l  C y c l es A n a l y s i s  
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place, it is immediately apparent that 
the growth pattern is not steady, as it is 
in root growth and the maintenance of 
the seedling hook. It may be that in the 
bare section of the apical meristem or 
in the stem region of the young shoot 
points are displaced with a pattern of 
velocities that is invariant with time, but 
the available data are not sufficient to 
decide the question. Certainly the emer
gence of a leaf primordium and its sub
seq uent growth involve both material 
and spatial changes. It is a challenge for 
future research to develop adequate 
models for this complex process and ef
ficient methods for analyzing data on 
the morphogenesis of the shoot. 

One regularity of shoot growth does 
stand out. The events that happen dur
ing one plastochron (the initiation of a 
primordium, its displacement through 
the growth of the apex and its subse
quent growth as a leaf) closely repeat 
the events of the preceding plastochron. 
This plastochronic rhythm of growth 
processes that are repeated in time and 
displaced in space is characteristic of the 
growth of a shoot. Other growth proc
esses of the shoot, such as the transition 
of the apex to the production of a flow
er, seasonal growth and the phenome
non of unequal leaf growth, can proba
bly best be studied as modifications of 
th is pattern. 

We have shown that a knowledge of 
the spatial and temporal variation 

in growth rates within tissues is essential 
for an understanding of the morphologi
cal aspects of plant development. The 
application of this growth analysis can 
also be a powerful tool in physiological 
studies. For example, if one were inter
ested in the biosynthesis of protein, the 
spatial distribution of both the displace
ment rate and the protein content must 
be known in order to compute local 
rates of protein biosynthesis in growing 
tissue. One would then find that even if 
the local tissue content of a biosynthate 
is steady, the plant is producing the sub
stance at a rate necessary to maintain 
the content during the local expansion 
plus or minus an amount necessary to 
maintain the existing spatial gradient 
during the displacement of cells. 

Little of the existing literature on the 
physiology of growing tissue contains 
this kind of information. Indeed, studies 
of the spatial variation of growth rates 
within growing plant organs are rarely 
found in the botanical literature. The 
recent advent of inexpensive interac
tive computer graphics implies that the 
analysis of growth rates is at least no 
longer difficult. The next decade should 
see much progress in the analysis of 
morphogenesis and in determinations 
of rates of cellular change, local rates 
of biosynthesis and local rates of trans
port in growing plants. 
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The Origins of Copper Mining 

in Europe 

The age of metals began with the use of "native" copper in the Old 

World. As rising demand required the mining of copper ores one of 

the first mines in Europe was opened at Rudna Clava in Yugoslavia 

M
an's earliest mastery of metal

lurgy, the evidence for which 
is a variety of copper artifacts 

found in Europe and in western Asia, 
marked the end of one great cycle of 
prehistory and the beginning of another. 
In terms of technology the cycle that 
ended might be called the cycle of ,pri
mary discoveries and basic innovations. 
That cycle began with man's control of 
fire and concluded with the Neolithic 
revolution: man's mastery of plant and 
animal husbandry. 

Until recently studies of the origin 
and development of copper metallurgy 
in southeastern Europe, the area where 
I work, have focused on early copper 
tools, weapons and ornaments and have 
neglected how the metal was obtained. 
These studies are nonetheless of prime 
importance. After all, copper was man's 
first abundant metal, and tools made 
of it gave rise to almost as many ba
sic transformations in human existence 
as the adoption of agriculture or even 
man's more ancient mastery of fire. One 
important difference between the most 
recent of these crucial events and the 
earlier two should be kept in mind: the 
exploitation of fire and the domestica
tion of plants and animals were based on 
clearly apparent natural resources. Es
sentially all that was needed to inspire 
the mastery of these practices was the 
recognition of how advantageous to hu
man activities their adoption could be, 
The processing of metal calls for a more 
radical change in the natural state of af
fairs: the profound and permanent alter
ation of materials, Once the new tech
nology had been developed it enabled 
human communities to make desirable 
artifacts out of a substance that had en
tirely novel properties, 

Here I shall tell what has been learned 
about early copper mining, the earliest 
known anywhere in Europe, at one acci
dentally discovered site in Yugoslavia: 
Rudna Glava, near the border with Ro
mania 140 kilometers east of Belgrade. 
At the same time I shall attempt to relate 
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the mine at Rudna Glava to early cop
per mining elsewhere in the Balkans, in 
other parts of Europe and in western 
Asia. 

The copper first exploited by prehis
toric man was doubtless "native" 

copper, that is, the metal in a pure form 
rather than in the form of various ores. 
In many areas where rich copper-ore 
deposits exist it is quite easy to collect 
nuggets of native copper lying on the 
surface. Such supplies of the metal, 
however, are limited, and so the first 
metallurgists must soon have exhausted 
them. Thereafter they had to dig for ore 
and to smelt it. 

One might think in view of the fact 
that copper mining played such a cru
cial role in human history early copper 
mines would have been an important 
component of the studies of interested 
prehistorians. They have not been, and 
for good reason: most of the early mines 
were obliterated by later mining opera
tions. Such was nearly the fate of Rudna 
Glava. 

The veins of copper ore at Rudna Gla
va run through a massif of limestone. 
They were formed by the slow decom
position of chalcopyrite, a copper-iron 
sulfide associated with the iron ore mag
netite that is present in th� limestone. 
Magnetite was mined in open-pit oper
ations at Rudna Glava until as recently 
as 1968. These operations destroyed a 
number of the ancient copper-ore mine 
shafts before anyone recognized them 
as the works of prehistoric man. Since 
then the site has been intensively investi
gated under the combined auspices of 
the Museum of Mining and Metallurgy 
in Bor and of the Archaeological Insti
tute in Belgrade. 

Mining was practiced long before the 
age of metals. Moreover, contrary to the 
opinion of those who regard most tech
nological advances in the area north of 
the shores of the Mediterranean as bor
rowings from the more progressive cul
tures to the south, mining in Europe was 

a well-developed art in Neolithi.c times. 
It had even been done regularly, al
though on a comparatively small scale, 
in late Paleolithic times, at least as far 
back as 10,000 years ago. 

The Paleolithic miners and those who 
followed them were mainly in search of 
flint for stone tools, but they also dug 
out other desirable minerals, For exam
ple, close to the site of Vinca outside 
Belgrade the reu mercury ore cinna
bar was extracted to serve as a pig
ment. Elsewhere the iron oxide ocher 
was mined for the same purpose. On the 
Greek islands and in the mountains of 
Hungary deposits of the volcanic glass 
obsidian were exploited. A wide variety 
of igneous rocks were collected as the 
raw material for heavy-duty axes and 
chisels. White marble and other semi
precious minerals were made into amu
lets. Fossilized seashells, mined along 
the Mediterranean, were transported to 
southeastern and central Europe, Early 
miners everywhere exploited local de
posits of clay for the manufacture of 
pots and similar fire-hardened artifacts. 
Hence long before the rise of copper 
metallurgy prehistoric Europe had an 
advanced mining technology all its own, 

Mining, then, like hunting and gather
ing, is a human activity much older than 
agriculture. One might even propose an 
adage: The husbandry of minerals long 
preceded that of animals and plants. 

In Paleolithic times flint was mined 
by the digging of shallow pits or 

trenches, In Neolithic times vertical 
shafts and horizontal galleries were dug 
into flint deposits. The technology of 
mining copper at Rudna Glava was 
much the same. Flint-bearing strata are 
generally horizontal and the copper-ore 
veins at Rudna Glava are vertical, but 
the miners got the ore out by digging a 
horizontal access platform into a slope 
where a vein reached the surface and 
then excavating narrow vertical shafts 
into the vein. The basic tool of excava
tion was a stone maul. In the flint mines, 
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COPPER ARTIFACTS typical of the Vinca culture that flourished 
in the central Balkans during the fifth and fourth millenniums B.C. 
come from Plocnik, a site in Serbia 165 kilometers south-southeast 
of Belgrade. At the top (a) is a socketed axe shown in front and side 
view; it is 17 centimeters long. Below it (b) is a second axe that is dec
orated with an elaborate herringbone pattern; it is 16.5 centimeters 

long. At the bottom are two chisels; the longer one (c) is 17 centime
ters and the shorter (d) is 12.6 centimeters. To their right is a bracelet 
(e), one of the variety of copper ornaments made by Vinca craftsmen. 
The demand for copper tools, weapons and ornam ents at the end of 
the Neolithic period and the start of the Chalcolithic promoted the 
local mining of copper ores such as that discovered at Rudna Glava. 
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MITTERBERG A 

EARLY COPPER MINES that have survived obliteration by later 
mining operations are known from Ireland and Spain eastward to 
Turkey and Iran. Of the five mines (triangles) on this map, however, 
only two in the Balkans (Rudna Glava in Yugoslavia and Ai Bunar 

MODERN OPEN·PIT IRON MINE at Rudna Glava exposed this 
sheer rock face seen from above. The limestone of the mine is rich in 
the iron ore magnetite, with which is associated the copper.iron suI. 
fide chalcopyrite; the decomposition of the chalcopyrite gave rise to 
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RUDNA GLAVA 
A 

in Bulgaria) and one in Spain were active during the Chalcolithic pe. 
riod, the interval separating the Neolithic period from the start of the 
Bronze Age. Of these three Rudna Glava is the earliest, as is demon. 
strated by the discovery there of pottery typical of the Vinca culture. 

the veins of copper ore in the rock. The miners of Vinca times exca· 
vated the ore by digging down along the veins; the modern iron min· 
ers, by cutting horizontally into the rock, exposed the copper miners' 
vertical shafts. The bottom of one such shaft is seen at the center. 
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as a matter of simple economy, the 
mauls were usually made out of flint, the 
material nearest to hand. At Rudna Gla
va the mauls were usually made out of 
large pebbles of gabbro (a granular ig
neous rock) with a groove pecked or 
ground into them so that the stone could 
be swung by a strap or a loop of rope 
tied around it. This kind of fastening 
was preferred evidently because a maul 
with a wood handle would have been 
difficult to wield in the cramped confines 
of the mine shaft. 

The stone mauls, on the average some 
25 centimeters long and 10 centimeters 
wide, weighed between two and four 
kilograms. All that have been found, ei
ther on the access platforms or in the 
vertical shafts, show signs of heavy wear 
on their work surfaces. Many of them 
were broken. Antlers were also found; 
presumably they served as picks, as did 
the antler tools found in abundance in 
the Neolithic flint mines of Europe. 

After preparing an access platform 
the Rudna Glava miners followed the 
vein of ore downward, in some places to 
a depth of between 15 and 20 meters. 
Where the lateral extent of the vein 
made it worthwhile they also excavated 
short horizontal galleries, but they de
voted their main effort to the ore-rich 
vertical shaft. Most of the ores they 
quarried in this way were malachite and 
azurite, respectively green and blue car
bonates of copper that can be of gem
stone quality. 

The archaeological campaign at Rud
na Glava has found more than 20 

such ore-following shafts. There is no 
regularity to the dimensions of the 
shafts; they vary with the size of the 
ore veins. Some veins ran together, and 
some split apart where there were rifts in 
the limestone matrix. At places where 
'an excavated shaft appeared to be in 
danger of collapse the miners built dry
stone supporting walls, utilizing the rub
ble left by their own digging. The maxi
mum depth of excavation seems to have 
been set by the availability of fresh air. 

The air supply was important not only 
for the miners' own well-being but also 
because they used a technique of alter
nate heating and cooling to break up the 
ore and facilitate quarrying. They car
ried down jugs of water and built small 
fires against the face of the ore, and a 
good air supply was necessary if the fires 
were to burn well. When the rock was 
well heated, the miners splashed it with 
water; the sudden contraction of the 
cooled rock cracked it. It was now that 
the antler tools (and doubtless wood 
wedges that have long since crumbled to 
dust) came into play as the miners wid
ened the cracks and pried out loose 
lumps of ore. The ore was probably lift
ed in sacks to the surface, where it may 
have been sorted according to color. 

The copper ore was apparently not 
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Physician� did you miss any of these 
significant developments in medical science? 

• Adjuvant chemotherapy for breast 

cancer utilizing CMF enhances survival 

among premenopausal women with axil· 

lary lymph node involvement. 

• Posttransfusion hepatitis is usually 

caused by "non·A, non·E" viruses. 

• Lidocaine fails to control ventricular 

arrhythmias in as many as 20 percent of 

acute M.l. patients. Procainamide, given 

by a bolus and continuous infusion 

method, is effective in most of these cases. 

• Cerebral embolism, producing both 

transient ischemic attacks and perma· 

nent strokes, is a complication of mitral 

valve prolapse. 

• Cefoxitin is effective for disseminated 

gonococcal disease caused by penicillin. 

ase.producing organisms. 

• Adenine arabinoside has been Ii· 

censed for treatment of herpes simplex 

encephalitis. 

I

F THESE ITEMS are familiar you must 

be a prodigiously energetic or pro· 

dlglOusly lucky reader. With 2,000 

or more journals published each year, in· 

formation that significantly affects pa· 

Branches of the right and left coronary ar· 
teries supply blood to the A V node and in· 
traventricular conduction system. 

SCIENTIFIC AMERICAN Medicine is lucidly il· 
lustrated with drawings and photographs. 
Some examples are seen here and on the 
facing page . 

tient management all too easily slips by. 
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MINER'S MAUL is one of many found in the mine shafts at Rudna Glava. It is a pebble some 
20 centimeters long. The groove beld a strap or rope with 'whicb the maul could be swung. 

smelted anywhere near Rudna Glava. In 
spite of a careful search of the site and 
its surroundings no evidence of such ac
tivity has been found. It seems that the 
ore was carried from the mine at Rudna 
Glava to the nearest population center, 
about 80 kilometers to the west in the 
valley of the Morava River. At the cop
per-mining site of Ai Bunar in south
ern Bulgaria the practice appears to 
have been the same. Ores from that 
mine, ready for processing, are found in 
a number of contemporaneous settle
ment sites in the same vicinity. 

It is always risky to build a hypothesis 
on negative evidence, but the absence of 
any evidence of copper smelting at Rud
na Glava suggests that mining was not a 
year-round activity but a seasonal one. 
Moreover, some positive evidence does 
point to the same conclusion. Discarded 
mauls have been found at different lev
els in the same shafts, many of them 
tucked away in lateral cracks. This sug
gests that the mauls abandoned nearer 
the surface mark the end of one mining 
campaign and those found farther down 
the shaft mark the end of subsequent 
campaigns. The same kind of pattern is 
apparent in the many pottery vessels the 
miners abandoned underground after 
using them to carry water for the heat
ing-and-cooling technique of breaking 
up the ore. Some of the richest archaeo
logical finds at Rudna Glava have come 
from mined-out shafts that were filled 
with debris from later mining; this too 
suggests, although it does not absolutely 
demonstrate, a periodic pattern of min
ing. If the demand for copper ore was 
continuous, which seems probable, the 

most likely periodic pattern would have 
been a seasonal one. 

So far I have not identified the min
ers of Rudna Glava either in terms of 
their culture or of the prehistoric period 
when they were active. In this regard it 
was fortunate for us that the miners had 
left behind some of their pottery. The 
Balkan culture characterized by these 
vessels is well known through the ex
cavation of numerous early habitation 
sites throughout southeastern Europe, 
and its age has been determined in both 
relative and absolute terms. 

The culture is named Vinca; it is a late 
Neolithic culture named after the site 
near Belgrade mentioned above. Car
bon-14 analyses place the early phase of 
the Vinca culture in the second half of 
the fifth millennium B.C. In this phase 
the Vinca people came to occupy the 
central Balkans and the southern part of 
the Pannonian plain, south and west of 
the Danube. The pottery found in the 
mine shafts at Rudna Glava belongs to 
a transitional stage of the Vinca cul
ture that divides the earlier Vinca period 
from the later. 

Three different accumulations of pot
tery recovered from the mine shafts pro
vide the basis for this finding. The older 
of the three accumulations was found 
on the edge of one access platform, spe
cifically the platform associated with 
shafts No. 2-r and No. 2-g. There, to
gether with a damaged antler tool and 
a large maul, the excavators found a 
sq uarish vessel made in the general 
shape of a deer and three vessels of the 
kind called amphoras by classical ar
chaeologists. The deer effigy is an arti-
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Golden Thread provides meaningful 
ideas for tomorrow. Over 250 illustra
tions and photographs. $15.95. 

"OUTSTAIIDING ••• THE ONE 
BOOK TO HAVE" 

-Progressive Architecture 
" CONCISE  AND READABlE" 

-AlA Journal 

EARTH SHELTERED 
HOUSING DESIGN 

Guidelines, Examples, and References 
The Underground Space Center, 

University ot Minnesota 
Here are proven ways to have a comfort
able home utilizing low-cost natural 
resources. This profusely illustrated 
manual covers all basic design consid
erations, provides detailed layouts, of
fers precise data on financing, building 
codes and more. $17.95 cloth, $9.95 
paper.

' 
Over 90,000 copies in print 
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What if you chose HP products to 

For exam ple: PASCAL/1000, a m odern com puter language that makes 
program s sim ple to write, easy to debug, and inexpensive to m aintain. 

Pascal/lOOO is Hewlett-Packard's 
new, high-level, structured pro
gramming language for HP 1000 
computers. By "structured," we 
mean that a Pascal program is 
written in modules in much 
the same way that a building 
is put together with standard 
building blocks. 

Who uses Pascal? Those con
cerned about a program's total 
cost: the time spent designing, 
coding, debugging, and main
taining it. In all these areas, 
Pascal/lOOO offers real benefits. 

• In the design phase, Pascal's 
inherently independent modular 
structure promotes efficient, logi-
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cal program design, and maxi
mizes team programming efforts. 

• In coding a Pascal program, 
data typing and statement con
trol constructs are tools that help 
the programmer express the 
program logic clearly, thus 
avoiding logic errors and de
creasing the testing time. 

• During debugging, Pascal aids 
the programmer with extensive 
error checking. 

• Pascal's control and data struc
turing facilities provide a level of 
readability invaluable for pro
gram maintenance-often an 
area of major software costs. 

The result? Increased program
mer productivity. 

Pascal/1000's compiler is a full 
implementation of standard 
Pascal plus extensions of the 
language such as separate compi
lation, double-word integer and 
double-precision real data types, 
predefined procedures for ran
dom va, and the ability to link 
Pascal programs to external Pas
cal, FORTRAN, or assembly sub
routines. (And to interface with 
HP graphics, data base manage
ment, and communications 
software.) 

The Pascal/lOOO software package 
price is $4000 * . 
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enhance your productivity? 

For example: HP's new digital wand. It reads bar codes and 
transforms them into data a microprocessor can understand. 

Anyone using a keyboard or 
pushbuttons for data entry could 
benefit from using bar codes. Bar 
code scanning is two to four times 
faster than key entry, and because 
it eliminates keying errors and 
contains built-in checksums to 
prevent misreadings, it is more 
accurate as well. 

HP's new HEDS-3000 digital bar 
code wand compounds the advan
tages of bar code data entry with 
its speed, reliability, low cost, and 
ease of use. Contained in its 
5.2-inch (13.3-cm) length is all the 
circuitry needed to scan bar code 
and convert it to microprocessor
compatible digital output. The 
heart ,of the wand is a precision 
optical sensor. Signal-condition
ing circuitry-an analog ampli
fier, a digitizing circuit, and 
an output transistor-provide 

TTL- and CMOS-compatible 
logic-level output. 

As part of a portable data entry 
system, the wand can be used to 
read shelf tags for inventory con
trol and order entry. Another in
teresting and very practical use for 
the wand is an input device for 
computers and programmable 
calculators. It can read programs 
and data printed in bar code form, 
and load them into the computer 
in a matter of seconds. (HP is mak
ing its own use of this faculty: the 

wand will soon be available as an 
input device for the HP-41C 
fully programmable hand-held 
calcula tor, ) 

Not magic but close to it, the 
HEDS-3000 wand has a unit price 
of $99,50 * in quantities up to 99. 

For more information, mail the 
coupon to Hewlett-Packard, 1504 
Page Mill Road, Palo Alto, CA 
94304. Or call the HP regional of
fice nearest you: East (201) 265-
5000, West (213) 970-7500, Mid
west (312) 255-9800, South (404) 
955-1500, Canada (416) 678-9430. 

These are only two of many thousand product reasons for choosing HP. 

HEWLETT 
PACKARD 

Mail to: Hewlett-Packard, 1504 Page Mill Road, Palo Alto, CA 94304 
Please send me further information on 

) PascaU1000 programming language 
) HEDS-3000 digital bar code wand 

Name ______________ _ 

Company _____________ _ 

Address _____________ _ 

City _______ State __ Zip ___ _ 

.. Domestic U.s. prices only. 00042 
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CACHE OF POTS was one of three caches found at Rudna Glava. 
The miners broke up the ore by heating the veins with a small fire 

BOTTOM OF MINE SHAFT contained a miner's maul (left fore
ground), perhaps abandoned when the ore was worked out. Mauls 
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and then cooling them by throwing water on them. The water was 
brought to the ore in the pots. The vessel is typical of Late Vinca wine. 

abandoned at different depths in the mine shafts suggest that mining 
at Rudna Glava was not a year-round activity but a seasonal one. 
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fact, of the kind called an "altar" be
cause offerings could be burned in its 
basin-shaped back, It seems more prob
able that in the mine such effigies served 
as lamps, Of the amphoras, one was 
black, had a burnished surface and was 
ornamented with a motif of spirals. Pot
tery of this kind is characteristic of the 
final phase of the earlier Vinca culture, a 
phase that is contemporaneous with the 
end of the Neolithic period in southeast
ern Europe some 6,000 years ago. 

The other two pottery accumulations 
were found on the access platform for 
shaft No. 7. The first accumulation con
sisted of one pot of coarse ware and one 
amphora. The amphora was black, 
burnished and ornamented with a shal
low spiral motif. The second accumula
tion consisted of two amphoras with a 
conical neck, both of them gray and 
burnished. Both accumulations are 
characteristic of the initial phase of the 
later Vinca culture, a phase that is gen
erally contemporaneous with what Eu
ropean archaeologists call the Eneolith
ic or Chalcolithic, a transition period be
tween the Neolithic and the subsequent 
Bronze Age. The Chalcolithic (literally 
"copper and stone") varied in duration 
in different parts of the Old World and 
was sooner or later supplanted every
where by the Bronze Age and the dawn 
of history. 

Thus the Rudna Glava copper-ore 
mine shafts, at least those that es

caped ac,cidental destruction and are 
available for our scrutiny, can be dated 
to the interval in prehistory when cul
tures previously without metal, the cul
tures of the Neolithic, were being ex
posed to the first products of metal
lurgy: copper artifacts. What was the 
situation elsewhere in the Old World? 
Not far from Rudna Glava, at Ai Bunar 
in Bulgaria, deposits of copper ore were 
exploited at an early date by open-pit 
mining. The miners evidently did their 
work with much the same kind of stone 
maul found at Rudna Glava, although 
only one of the mauls has been found. 
Archaeological evidence at Ai Bunar 
associates its mining operations with a 
culture known as Karanovo VI, which 
is placed in the late Chalcolithic. This 
culture is therefore considerably young
er than the earliest-known Rudna Glava 
one, which dates to the end of the Neo
lithic. 

Early copper mines are known in oth
er parts of Europe. One such mine has 
been discovered quite recently at Chin
flon in Spain. It was exploited chiefly 
during the Bronze Age, but it also con
tains evidence of mining in Chalcolithic 
times. All the other mines are younger. 
At Mount Gabriel, in the west of Coun
ty Cork in Ireland, the miners worked 
with stone mauls like those at Rudna 
Glava, but they did so in the Bronze 
Age. At Mitterberg in Austria mining 
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virtually any photographic challenge. 

Bronica -the camera system without compromise, now 
costs less . . .  so you need compromise no more! See it at your 
Bronica dealer. Or, write for LitPak P52. Marketed by Nikon Photo 
Division, Ehrenreich Photo-Optical Industries, Inc., Garden City, 
NY 11530. 00ltl 

163 
© 1980 SCIENTIFIC AMERICAN, INC



Cultivating 
the Vineyard m·"" ', ' An imponant chore each 

, , ' spring is grooming the 
· ' , ' U· vineyard floor. We begin as 
. : " soon as the upper soils dry 

out from the long winter 
rains, first by mowing the wild growth of 
grasses, mustard plant, morning glory and 
other weeds. If allowed to continue, this 
growth would rob the soil of nutrients and 
moisture needed by the vines. This natu
ral, organic mulch is then turned under 
by discing between the rows. Discing con
tinues until the surface soil is of a powdery 
consistency. This creates an "ait barrier" 
that slows evaporation of moisture from 
the sub-soil - deep moisture the vines can 
use during the dry 
summer months. 

between 
vines is accomplished 

with our "French plow", an 
ingenious device which will work the soil 
to within four inches of a 
vine's base without damag-
ing it. A "striker bar" on 
the plow strikes each vine 
and automatically swings 
the blade to one side until 
the vine is passed. This 
plow is used only with ma
ture vines, however. OUf 
young vines are tended 
carefully, by hand, with a 
hoe. 

Please write for our free 
monthly newsletter. 
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was done in the Late Bronze Age. Out
side Europe a copper-mining site in the 
Veshnoveh area of Iran, featuring un
derground galleries 40 meters long, was 
worked by miners with the same kind of 
stone mauls that were found at Rudna 
Glava. The Veshnoveh miners also did 
not begin their work until the Early 
Bronze Age. The site of Kozlu in central 

Turkey is another early copper mine in 
western Asia; its shafts are said to be 
more than 50 meters deep. Again the 
mining was done in the Early Bronze 
Age, specifically in about 2800 B.C. 

Is Rudna Glava perhaps the world's 
oldest copper mine? It is most unlike
ly. The copper artifacts of western Asia 
are much older than those of the Bal-

POTTERY FIGURE IN THE SHAPE OF A DEER was found in the earliest cache of pottery 
discovered at Rudna Glava. Seen reconstructed in this photograph, it is 21 centimeters high. 
Its rectangular body forms a shallow basin. It may therefore have served as a miner's lamp. 
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"HONEl; GUESS WHAT I JUST BOUGHT?" 
Little by little, across America, people are bringing 
home a delightful accompaniment to the automobile. 
The Vespa scooter. 
What is this two-wheel appeal? It's a totally unique 
kind of transportation that combines comfort, con
venience and a stylish sense of sophistication. 
The result is a vehicle with a low center of gravity that 
you ride with your feet on the floor. 
You're protected by a welded, unitized body molded in 
graceful, almost voluptuous lines by Italian designers. 
Inside the top models lies an engine powerful 
enough for freeway driving and an automatic oil 
injection. There's electronic ignition and hydraulic 
front and rear suspension-even a hidden spare tire. 
Vespa scooters' ingenuous blend of style and over 30 
years of engineering excellence and experience give 
you an excitingly different feeling of control and 
maneuverability. 
You'll feel confident to know that more than 6 million Vespa 
scooters and 2 million Vespa mopeds have been sold so far and that 

Vespa offers a 12-month, unlimited mileage warranty. 
When scooting along barely above a whisper, its 70-140 
mpg consumption rating provides a true sense of value 

and efficiency. We urge you to see your Vespa dealer 
now to take a test drive. Look in the Yellow Pages or 

write us for nearest location. And see if your new 
Vespa scooter doesn't surprise you as much as it 

will surprise your friends. 

Mileage is based on CUNA Standards. Yours may vary. Check 
Vespa Limited Warranty @l with your Vespa dealer. 

Wear helmet and eye pro- � tection. Check local laws. 
Vespa of America, 

� 
Consumer Relations, 

355 Valley Drive, ., ••• ,. Brisbane, CA 94005. 
® 
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1Juidts 4.1 Uter «mectra. Anteriats 

ftlstando� Iradidol\8l1 �  
car poWered bY a s tandard  V-6 engine. 

The 4.1 liter Electra . It is a different 
kind of luxury car. Lighter, more 
efficient, more timely, more aerody
namic than last year's. Even its tires are 
designed to roll more freely. 

Yet inside, it is what an Electra has 
always been. Quiet. Rich. Spacious. 
With even more standard amenities 
than before. And, Buick has such con
fidence in the performance capabilities 
of this smooth, large-displacement 
4.1 liter V-6, we have made air condi
tioning standard. 

EPA EST. EST. 
MPG. HWY. 

0] 23 
EST. DRIVING EST. HWY. 

RANGE RANGE 

14251 575 

The 1980 Electra. Talk to your 
dealer about buying or leasing one 
soon. We think you' ll find it to be a 
giant step in the right direction. 

Remember: Compare the boxed 
estimates to the estimated MPG of 
other cars. You may get different 
mileage and range depending on your 

speed, trip length and weather. 
Estimated mileage and range will be 
less in heavy city traffic. Your actual 
highway mileage and range will 
probably be less than the highway 
estimates. Estimated driving range 
based on EPA-estimated MPG rating 
and highway estimates. These range 
estimates are obtained by multiplying 
Electra's fuel tank capacity of 25 
gallons by the EPA and highway 
estimates. Buick Electras are 
equipped with G M-built engines 
supplied by various divisions. See 
your dealer for details. The 4.1 liter 
V-6 is not available in California. 

1)l'i\leone now, d uring ourV-6SmpliseDl'i\le! 
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kans, and they cannot all have been 
fashioned out of native copper. What 
can be asserted, however, is that the Vin
ca people, and perhaps even earlier in
habitants of the Balkans, developed the 
technology of copper production entire
ly on their own. This ability to extract a 
new kind of raw material with methods 
developed millenniums earlier to win 
flint was not, as some have supposed, a 
technology merely borrowed by Balkan 
barbarians from the more technically 
advanced inhabitants of the Mediterra
nean shore. 

How might the Vinca people have 
developed a talent for finding cop

per ore? At Rudna Glava even an un
trained eye would have sufficed. On 
that bare limestone massif the places 
where veins of ore reach the surface 
show up as bright patches of color. It 
was exactly at such sites that the miners 
began their excavations. They were not, 
however, undiscriminating about the 
sites they chose. They left some ore 
veins untouched, and modern analysis 

YEARS 
CULTURE 

BEFORE PHASE 
PRESENT 

has shown that the neglected ores are 
poor in the particular minerals (azurite, 
malachite and cuprite) the Vinca min
ers prized. 

One may also ask what need provid
ed the strong motivation for undertak
ing this kind of heavy and hazardous 
work. A few decades ago the question 
would have been difficult to answer. To
day, however, archaeological findings 
throughout the central Balkans bearing 
on the Vinca culture indicate that these 
people were notably active in the manu
facture of copper tools, weapons and or
naments. One example is four hoards of 
Vinca copper axes and chisels recently 
unearthed at Plocnik in southern Serbia. 
There can be little doubt that the Rudna 
Glava mines came into existence in re
sponse to a heavy demand for copper 
among the Vinca people. How many 
other Balkan copper mines were being 
worked in the same period may never be 
known. As is the case elsewhere in Eu
rope and in western Asia, later mining 
has probably obliterated them. 

Any analysis of the introduction of 
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copper to the peoples of prehistoric Eu
rope must deal with two separate phe
nomena: on the one hand the earliest 
knowledge of copper and on the other 
the earliest ability to obtain and use it. 
The existence of copper metallurgy in 
western Asia at an early date suggests 
that knowledge of the metal would have 
diffused to Europe, perhaps at the same 
time the early farmers of the Mediter
ranean basin first moved northward. It 
follows that copper would have been 
known in Europe long before the metal 
was actually mined, smelted and made 
into tools, weapons and ornaments. 

In this sequence of events the earliest 
mining of copper ore in Europe would 
be conclusive evidence for the smelting 
and utilizing of copper-for copper met
allurgy-in Europe at the same time. 
The Rudna Glava mine provides just 
such evidence dating back some 6,000 
years, to the end of the fifth millennium 
S . c .  One must therefore conclude that 
advanced copper metallurgy, supported 
by its own mining industry, had evolved 
in the Balkans by that date. 

CACHE NO. 2 

DATING OF POTTERY found in the Rudna Glava mines is possi
ble because many residential sites of the Vinca culture, containing 
pottery of the sam e types, have been dated precisely by m eans of car
bon-1 4 analysis. Thus the wares of caches No. 1 and No. 2 at Rudna 

Glava are typical of the first phases of the Late Vinca culture, which 
flourished in the first half of the fourth millennium B.C., during the 
Chalcolithic period in the Balkans. The wares of cache No. 3 are typ
ical of the transition from the Early Vinca to the Late Vinca culture. 
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The N-Ray Affair 

Early in this century an eminent physicist discovered a new kind 

of radiation, and others confirmed his work. The radiation turned 

out to be totally imaginary, proving that believing can be seeing 

S
cience, like any other area of human 

endeavor, has had its grand illu
sions: compelling concepts that 

have excited a substantial segment of 
the scientific community and yet have 
turned out to be totally wrong. Since his
tory tends to record the successes in sci
ence rather than the failures, even the 
most striking of these concepts are like
ly to disappear. An exception to the 
rule is a completely imaginary form 
of electromagnetic radiation known as 
N rays. For a brief time the extraordi
nary reported properties of this radia
tion captured the imagination of scien
tists all over the world. Today N rays 
are remembered only for the insights 
they provide into the psychosociology 
of science. 

To understand the significance of N 
rays one must consider the climate in 
which they were "discovered. " The be
ginning of the 20th century was one of 
the most exciting periods in modern sci
ence. In 1895 W. K. Rontgen had gener
ated X rays. Then radioactive emissions 
had been identified: alpha rays, beta rays 
and gamma rays. By 1900 it seemed in
evitable that other types of rays would 
be found. Then in 1903 Rene Blondlot, 
a distinguished French physicist at the 
University of Nancy, announced that he 
had discovered the new type of radiation 
he called N rays. 

Blondlot, a member of the French 
Academy of Sciences, was not a crack
pot. His discovery of N rays was a mis
take, not a hoax. Indeed, if the rays had 
been discovered in the 1880's, a decade 
before X rays and radioactivity, they 
would have been without precedent, and 
Blondlot would almost certainly have 
subjected his findings to a much more 
rigorous analysis. In the 1900's, how
ever, a good physicist was psychologi
cally prepared to encounter a new type 
of ray, just as other scientists were psy
chologically prepared to receive word 
of one. As a result Blondlot's findings 
touched off a hysterical reaction in parts 
of the scientific community, a wave of 
self-deception that took years to sub
side. The story, then, is a complex one 
that begins with Blondlot. 
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by Irving M. Klotz 

Blondlot was an accomplished exper
imenter in the physics of electromag
netic radiation. He had studied electric 
discharges through gases, the same type 
of phenomenon that had led Rontgen 
to the discovery of X rays. Therefore 
it was not surprising that after 1895 
Blondlot became deeply involved in 
research on X rays. In particular he 
addressed himself to a question that 
was troubling many physicists around 
the turn of the century: Were X rays 
particles or were they electromagnet
ic waves? 

I t is now known that any form of mat
ter or energy can exhibit the charac

teristics of both a particle and a wave, 
but in Blondlot's time physics had stan
dard criteria for determining the nature 
of rays from a particular source. On 
the one hand it was known that parti
cles coming from an electrified source 
normally carried an electric charge, so 
that if they were made to pass in a 
straight line between two metal plates, 
one charged negatively and the other 
positively, they would be bent out of 
their original trajectory. On the other 
hand it was known that although elec
tromagnetic waves could not be de
flected by charged plates, they could be 
polarized: they could be made to oscil
late in a single two-dimensional plane. 
Blondlot planned to apply this last prop
erty of electromagnetic waves to deter
mine the true nature of X rays. 

I[ X rays were waves, Blondlot rea
soned, they might be polarized as they 
emerged from the electric-discharge 
tube in which they were generated. To 
detect such polarization he proposed 
placing in various orientations in the 
path of the X rays a detector consisting 
of a pair of sharply pointed wires with a 
short electric spark jumping in a straight 
line between them. I[ the line along 
which the spark was jumping could be 
oriented so that it lay in the plane of the 
polarized X rays, the electric compo
nent of the electromagnetic wave should 
reinforce the energy of the spark and 
increase its brightness. When Blondlot 
carried out the experiment, he found to 

his delight that if the spark-gap detector 
was placed at a certain angle with re
spect to the electric-discharge tube, the 
brightness of the spark did indeed visi
bly increase. 

Blondlot's excitement was quickly 
dampened, however, by his next discov
ery. Further testing with the detector 
revealed that the radiation acting on 
the spark was bent when it was passed 
through a quartz prism. Previous exper
iments had shown unequivocally that X 
rays are not bent when they traverse 
such a prism. It was at this point that 
Blondlot made what turned out to be a 
disastrous conceptual leap. He reasoned 
that the visible increase in the brightness 
of the spark showed that some wave was 
impinging on the spark-gap detector, 
and so if the waves were not X rays, they 
had to be some new form of electromag
netic radiation. He named the new radi
ation n rays, and later N rays, for the 
University of Nancy. 

As an experienced physicist Blondlot 
.f\. knew that he also had to rule out 
the possibility that traces of ordinary 
light waves from the electric-discharge 
tube were responsible for the increase in 
spark brightness that signaled the pres
ence of the N rays. Therefore he devel
oped a photographic apparatus for re
cording spark intensities in which the 
spark-gap detector was covered by a 
cardboard box. Visible light rays could 
not penetrate the cardboard box but the 
N rays could. Comparing photographs 
made when an N-ray source was aimed 
directly at the box with those made 
when a special screen that blocked N 
rays was placed between the source and 
the box clearly demonstrated that the 
effect of N rays on the spark was not 
diminished by the exclusion of light. En
couraged by this success, Blondlot went 
on to develop more sensitive devices for 
detecting N rays, the most successful of 
which relied on phosphors: substances 
that emit light when more energetic ra-

. diation impinges on them. 
With these improved detection meth

ods Blondlot was able to carry out a 
wide-ranging study of the properties and 
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sources of N rays, and early in 1903 he 
began publishing his findings in Comptes 
relldus. the annals of the Academy of 
Sciences. Soon Blondlot was joined in 
his efforts by scientists of every descrip
tion. Physicists, physiologists and psy
chologists all leaped to meet the chal
lenge of investigating and exploiting the 
new form of radiation. 

This massive research effort soon un
covered properties of N rays that were 
quite remarkable. Almost all the materi
als that proved to be transparent to the 
rays were opaque to visible light. Wood, 
paper and thin sheets of iron, tin, silver 
and gold were found to efficiently trans
mit N rays. In fact, Blondlot made alu
minum lenses and prisms for focusing 
and bending the rays. Mica, quartz and 
paraffin were also shown to be transpar
ent to the rays; water and rock salt 
blocked them and therefore could be 
employed to screen them out. 

It was quickly discovered that there 

CARDBOARD 
BOX 

were many sources of N rays in addition 
to the electric-discharge tube. The We Is
bach mantle, a type of gas burner widely 
used for home lighting around the turn 
of the century, proved to be a rich 
source of N rays. So did the Nernst 
glower, a lamp in which a thin rod of 
rare-earth oxides was heated to incan
descence by an electric current. Heated 
pieces of silver and sheet iron emitted 
the rays, but surprisingly the Bunsen 
burner did not. More interesting, how
ever, was the discovery of N-ray sources 
in nature. 

Blondlot himself found that the sun 
emitted N rays. Late in 1903 another 
member of the Nancy faculty, a respect
ed professor of medical physics named 
Augustin Charpentier, submitted to the 
Academy of Sciences a report on N-ray 
emissions from the human body. In the 
report, which was sponsored by the dis
tinguished French physicist and acade
my member Arsene d'Arsonval, Char-

pentier described the discovery of par
ticularly strong N-ray emissions from 
nerves and muscles. He later announced 
that he was able to detect N-ray emis
sions from bodies after death, and a 
Monsieur Lambert reported that even 
enzymes isolated from body tissues gave 
off the rays. (Charpentier put these dis
coveries to practical use. Early in 1904 
he announced that the increase in N-ray 
emissions accompanying motor activity 
could serve as the basis for improved 
methods of exploring the body for clini
cal purposes, for example to detect the 
outline of the heart.) 

As often happens with major advances 
.I\. in science, the pioneers of N -ray re
search--,Blondlot, Charpentier and their 
colleagues-were challenged by other 
workers who maintained they had been 
the first to discover and investigate the 
new form of radiation. In the spring of 
1903 Gustave Ie Bon, a dabbler in many 
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TANGIBLE PHOTOGRAPHIC EVIDENCE for the existence of N 
rays was obtained in the experiment schematically re-created in this 
cutaway diagram. The presumed detector of the rays was the spark 
gap; the spark was said to get brighter when N rays feU on it. The de
tector was enclosed in a cardboard box. At the bottom of the box was 
the photographic plate. Between the spark-gap detector and the pho
tographic plate was a ground-glass screen, which diffused the light 
from the spark so that it made a fuzzy spot on the plate. It was be
lieved cardboard was transparent to N rays, so that when the rays (ar-

raws) feU on it (top), they would pass through it, make the spark bright
er and make the spot on the photographic plate darker. Water, how
ever, was believed to be opaque to N rays, so that when a screen of wet 
cardboard was pushed into place over the box (bottom), the water in 
the screen would block the rays, making the spark dimmer and the 
spot on the photographic plate lighter. Many other factors affect
ed the degree of darkness and lightness of the spot, however, and in 
the end it appeared that the experimenters' willingness to believe in 
the validity of the experiment led them to overinterpret their results. 
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different areas of physics, sent Blondlot 
a letter (which Blondlot subseq uently 
published) asserting that seven years 
earlier he had discovered a form of radi
ation that could penetrate metals. In De
cember of the same year one P. Audollet 
submitted a petition to the Academy of 
Sciences, stating that he and not Char
pentier had been the first to discover the 
emission of N rays from living organ
isms. A month later a spiritualist named 
Carl Huter entered a similar claim, but 
in the spring of 1904 the academy de
clared in a solemn report by d' Arsonval 
that Charpentier's findings had preced
ed all the others. 

In 1904 the academy also bestowed 
on Blondlot the prestigious Prix Le
conte, which included a cash award of 
50,000 francs. According to the citation 
accompanying the prize, it was given 
to Blondlot for (to translate from the 
French) "the whole of his works"; his 
"new ray" is mentioned only at the end 
of a three-page listing of his achieve
ments. The citation does conclude, how
ever, by expressing support for Blondlot 
and offering him encouragement in his 
investigations of N rays. Rumors circu
lated through the French scientific com
munity at the time to the effect that the 
first draft of the citation had dealt ex
clusively with the discovery of N rays 
but that caution had finally prevailed. 
(When Albert Einstein was awarded the 
Nobel prize in physics in 1922, it was 
for his "discovery of the law of the pho
toelectric effect. " Relativity was men
tioned only obliquely, by a reference to 
"services to theoretical physics. ") 

With this kind of encouragement re
search in N rays flourished. In the year 
and a half following Blondlot's an
nouncement of his discovery the num
ber of publications on the subject grew 
almost explosively. In the first half of 
1903 four papers on the subject ap
peared in Comptes rendus; in the first half 
of 1904 the number had risen to 54. (It is 
interesting to note that in the latter peri
od Comptes rendus carried only three pa
pers on X rays.) Thereafter the explo-

sion came to an abrupt halt; in 1905 
Comptes rendus published no papers on 
the subject at all. A catastrophe had be
fallen N rays. It was a visit to the Uni
versity of Nancy by the American physi
cist R. W. Wood. 

Wood, professor of physics at Johns 
Hopkins University, was an internation
ally known expert in optics and in spec
troscopy, the branch of physics that spe
cializes in the analysis of electromagnet
ic radiation. He was naturally excited by 
the report that Blondlot had identified 
a new type of radiation and, as is cus
tomary when a new phenomenon is dis
covered, had promptly set about trying 
to reproduce Blondlot's striking results. 
As he told his biographer William Sea
brook, he failed completely "after wast
ing an entire morning." 

Wood's experience was not unique. 
Other physicists, including Lord Kelvin 
and Sir William Crookes in Britain and 
Otto Lummer and Heinrich Rubens in 
Germany, had been equally unsuccess
ful. In fact, other workers began urg
ing Wood to go to Nancy and observe 
Blondlot's experimental procedures for 
himself. Wood decided to visit Blond
lot's laboratory, where as he put it 
"the apparently peculiar conditions nec
essary for the manifestation of this 
most elusive form of radiation [ap
peared] to exist. " 

Wood's qualifications for the as
signment were not only scientif

ic. Ebullient and perceptive, he was a 
man of many interests outside physics. 
Among his numerous publications is 
How to Tell the Birds /rom the Flowers, 
a small parody of a nature manual in 
which Wood's humorous verses are ac
companied by his own drawings of birds 
and plants. Wood was in all things a 
showman, and long after adolescence he 
was an inveterate perpetrator of pranks 
and hoaxes. As an example, he once 
used his redoubtable talents in optics to 
fabricate what must have been one of 
the first photographs of an unidentified 
flying object. He was also a relentless 
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ONE SOURCE OF N RAYS was a gas-discharge tube (II-II'). In this diagram based on one 
published in France in 1903 tbe spark-gap detector (c--c') is wired into the discharge-tube cir
cuit. Most observations of the effects of the rays on the spark in tbe gap were made visually. 
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pursuer of frauds such as spiritualistic 
mediums. One medium maintained he 
was in touch with the deceased Brit
ish theoretical physicist Lord Rayleigh. 
Wood framed some abstruse questions 
about electromagnetism for the medi
um to ask the ghost, and there was no 
response. 

The extent to which these predilec
tions came into play in Wood's confron
tation with Blondlot can be judged from 
Wood's report of his visit to Blondlot's 
laboratory, published in the September 
29, 1904, issue of Nature. (Wood does 
not identify Blondlot in the article, but 
in his biography of Wood, Seabrook re
ports that all the events Wood describes 
in the article took place in Nancy.) Ac
cording to Wood, Blondlot and his col
leagues received him cordially and for 
his benefit did a series of experiments 
intended to demonstrate the diverse 
properties of N rays. 

The first experiment Wood witnessed 
was an improved version of the one that 
originally revealed the existence of the 
N rays to Blondlot. N rays emitted by a 
Nernst lamp were directed through an 
aluminum lens, which served to concen
trate them on the spark of a spark-gap 
detector. Blondlot and his colleagues 
said that if an observer held his hand in 
the path of the rays at any point between 
the source and the spark, the blockage of 
the rays would be visible as a decrease 
in the brightness of the spark. A small 
plate of ground glass on the side of the 
detector opposite the source served to 
diffuse the light of the spark so that 
changes in its brightness could be more 
easily observed. 

Wood described the outcome of the 
experiment as follows, "It was claimed 
that [the fluctuation in the brightness 
of the spark] was most distinctly no
ticeable, yet I was unable to detect the 
slightest change. This was explained as 
due to a lack of sensitiveness of my eyes, 
and to test the matter I suggested that 
the attempt be made to announce the 
exact moments at which I introduced 
my hand into the path of the rays, by 
observing the screen, In no case was a 
correct answer given, the screen being 
announced as bright and dark in alter
nation when my hand was held motion
less in the path of the rays, while the 
fluctuations observed when I moved 
my hand bore no relation whatever to 
its movements. " 

Visual judgments of light intensity are 
notoriously unreliable, but the next 

demonstration Wood observed was one 
of those Blondlot had devised to give 
photographic evidence for the existence 
of N rays. The apparatus for this experi
ment included a horizontal photograph
ic plate with a screen of ground glass 
above it. Above the ground glass was a 
spark-gap detector, and above that was 
a screen of cardboard (actually the top 
of a lighttight box covering the appara-
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his newest Contax is proofpos
itive that a highly sophisti
cated professional 35mm SLR 

can be simple to operate and beauti
ful to behold. 

It's the world's first and only With Frame Counter. Not only 
professional camera to successfully brightly fills the eye with the subject, 
integrate superior Quartz precision, but also informs the photographer 
a micro motor drive system, and a of all important data at a glance, 
host of the most advanced control including the frame number. 
and information features all within Exclusive TLA-20 Auto Flash. 
an elegant and compact body. Finally, a true dedicated flash cou-

A single Quartz-micro motor pled with a through-the-Iens film-
operates all major cam- .-------------, plane exposure system, 
era functions, including offering total accuracy at 
aperture, mirror, shutter all apertures, even with 
and film advance in either bellows. 
single or continuous Zeiss ORtical Per-
modes. When coupled fection. Obviously; a Carl 
with 100% precise quartz Zeiss Planar T* 50mm 
oscillation, this signifi- f/1.4 or f/1.7 lens is stan-
cantly increases photo- dard. Compliment-
graphic precision while ed by a complete line 
reducing noise and vibra- of world renowned 
tion to a bare minimum. Carl Zeiss optics. 
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Recently, we shocked 
them once more with the world's 
first quartz controlled SLR, the com
pact Contu 139 Quartz. 
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member to the Contax Series . • .  

The Contu 137-MD Quartz. 
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New Jersey 07652. In Canada: 
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Chez Renault Profiles from the Paris Factory/Olle of a series 

liN 
ature's logic-that's how I see aerodynamics. 

The dolphin, the swallow, the cheetah, each moves 
with speed, attuned to its environment, 

yet each minimizes the expenditure of energy. 
What better lesson for a designer?" 

Robert Opron's name has been 
associated with the successful use of 
aerodynamic principles in automotive 
styling for 20 years. (His credits in
clude a U S "Car of the Year" award, 
an Italian styling award and the pres
tigious Prix Europeen.) Today, his 
aerodynamic enthusiasm is a designer's 
contribution to solving the energy 
enigma. "The CX (a scientific meas
urement of aerodynamics) is a scien
tifically credible and demonstrable 
principle. The energy crisis has restored 
a goal that never should have been 
forgotten. Styling that significantly 
reduces the amount of drag, promotes 
more efficient use of energy" 

o 
"Practicality for the user" is another 
guiding principle for Opron.-Trained to 
be an architect, his first job was design
ing kitchen appliances. This early train
ing and work apprenticeship helped 
instill user-practicality in his design 
philosophy "After all, when you design 
a building. or are involved with la 
cuisine, you deal with real life, real 
people, real problems " 

o 
For five years now, Opron has been 
responsible for the design and styling 
of all Renault cars; and all products 
bearing the Renault name, a range that 
includes trucks, industrial and agricul
tural machines, marine equipment and 
such everyday tools as lawn mowers. 
W hatever the project, however, he 
stresses the human imperatives: "How 
can this product be better designed to 
answer human needs. to make life a 
little pleasanter or easied 

o 
A typical week's work schedule has 
Opron in Milan for two days (Renault 

Robert Opron 
Director of Stylil1g / Regie Ret/ault 

maintains a design atelier there as well 
as in Paris); and then he might be off to 
the U S or, possibly, South America 
for another two days Back in Paris to 
review current design projects, he 
seems to thrive on the accelerated pace. 

o 
Trucks, one of Opron's current design 
enthusiasms, are also subject to his 
aerodynamic basics. "Trucks must be
come more economical, ergo, you must 
have more sophisticated aerodynamics 
in the styling " Opron sees the growth 
of electronics in the auto industry as 
adding to his nouvel humanisme. Vital data 
for the driver-upcoming road condi
tions or weather-could be standard 
dashboard information thanks to 
electronics 

o 
Opron's home, which he and an 
architect friend designed and built, is 
brimful with his practical humanism. 
The house, an unassuming petite villa de 
la campagne is sited in an abandoned 

orchard a short ride from Paris. As 
Opron's wife Genevieve and the two 
Opron children (Philippe, a 26-year
old medical student and Valerie, a Iycee 
teenager) all testify, it seems a perfect 
machine for living in. Its quintessential 
modernity can be seen in the details 
The ingenious open floor plan is stud
ded with pockets of privacy; there's 
easy garden access from all rooms; a 
socially-magnetic central hearth; and 
throughout, an underlying practicality 
of materials. "The deSign," says Opron, 
"is'internal; not a facade." 

o 
In addition to the "energy 
imperative" - there's also the "inter
nationalization imperative" Renault 
products must meet human needs in 
"the mos�ic of different cultures" in 
which they will be used. Then, too, 
the aesthetics of a given design are 
another imperative -"after all, these are 
Renault products " In facing these not 
necessarily confluent requirements, 
Opron reiterates the importance of the 
human factor. "Even as I respond to the 
urgent needs of the present, I dream of 
automobiles whose very being- in the 
pertinent words of the Roman architect 
Vitruvius- 'would make living easier 
for all mankind.' That perhaps, is my 
true designing logic." 

o 
We welcome your comments, questions 
or thoughts about any of the above. 
Write to Renault, USA, Inc., 
Corporate Group, Englewood Cliffs, 
NJ 07632. 

RENAULT 
the car company of France 

© 1980 SCIENTIFIC AMERICAN, INC



tus and the photographic plate). Above 
the entire array was the N-ray source. 

The photographic plate extended to 
one side of the cardboard box and could 
be slid from side to side under it. Mount
ed with the plate was a wet-cardboard 
screen that could be slid over the box. 
Thus when the photographic plate was 
in one position, it could record the 
brightness of the spark without the wet 
cardboard between the spark and the N
ray source, and when it was in the other 
position, it could record the brightness 
of the spark with the wet cardboard be
tween the spark and the source. Since N 
rays were blocked by water, the spark 
would presumably be dimmer when the 
wet cardboard was between it and the 
source. 

Wood was shown a number of plates 
that had been made in this way, and one 
plate was exposed in his presence. All of 
them had a distinctly more exposed im
age on the side that was not screened by 
the wet cardboard. In other words, the 
plates appeared to show the existence of 
the new radiation. Wood pointed out, 
however, that the photographs had all 
been made "under conditions which ad
mit of many sources of error." The fact 
that the brightness of the spark fluctuat
ed naturally (by an amount Wood esti
mated to be as much as 25 percent) was 
alone enough to make "accurate work 
impossible." 

Furthermore, in this experiment ev
ery pair of photographic images was 
made by exposing both sides of the 
photographic plate not once but sev
eral times, so that whatever disparity 
there was between the two experimental 
states-with and without N rays-would 
be intensified. Each exposure was sup
posed to last for five seconds, and so the 
experimenter had to slide the plate from 
one side to the other at five-second inter
vals. Wood pointed out that this proce
dure introduced the possibility of exper
imental bias: "It appears to me that it is 
quite possible that the difference in the 
brilliancy of the images is due to a cu
mulative favouring of the exposure of 
one of the images, which may be quite 
unconscious, but may be governed by 
the previous knowledge of the disposi
tion of the apparatus." 

So far neither the Nancy experiment
ers nor the skeptical Wood had proved 
their point. The photographic plates did 
support Blondlot's interpretation, but 
Wood was "unwilling ... to believe that 
a change of intensity which the average 
eye cannot detect when the n-rays are 
flashed 'on' and 'off' will be brought out 
as distinctly in photographs as is the 
case on the plates exhibited." Wood 
pointed out that "experiments could be 
easily' devised which would settle the 
matter beyond all doubt." His own 
suggestion was to employ two screens 
in conjunction with Blondlot's photo
graphic apparatus, one "composed of 
two sheets of thin aluminium with a few 

sheets of wet paper between, the whole 
hermetically sealed with wax along the 
edges, " and the other "exactly similar 
[but containing) dry paper." On Blond
lot's hypothesis the scr�en incorporating 
wet paper would block the N rays and 
the screen containing dry paper would 
transmit them. Wood thought that if 
"the person exposing the plates [was) ig
norant of which screen was used in each 
case ... the resulting photographs would 
tell the story." Indeed, he felt "very sure 
that a day spent on some such experi
ment as this would show that the varia
tions in the density on the photographic 
plate had no connection with the screen 
used." 

The next experiment Wood observed, 
however, was quite different from 

the one he had in mind: he was shown 
how N rays were bent when they tra
versed an aluminum prism. In the appa
ratus used to demonstrate this behavior 
N rays from a Nernst lamp were first 
passed through screens of aluminum 
foil, black paper and wood (so that all 

types of electromagnetic radiation oth
er than N rays would be blocked out) 
and then through a screen of wet card
board in which had been cut a vertical 
slit about three millimeters wide. The 
stream of N rays that came through the 
slit fell on the prism, which, according to 
Blondlot, served not only to bend the 
rays but also to spread them out in a 
spectrum. In other words, there ap
peared to be N rays of different wave
lengths! 

To locate the position of the deviated 
rays Blondlot employed a small piece 
of dry cardboard mounted on a curved 
steel support. A narrow strip of phos
phorescent paint was applied down the 
middle of this detector, which could be 
moved along the support with the screw 
of a ruling engine: a machine originally 
designed for making precisely spaced 
grooves. The calibrations of the ruling 
engine made it possible to measure ex
actly where the strip painted on the de
tector underwent changes in brightness, 
that is, where the deviated rays fell on 
the support. Blondlot and his colleagues 

RENE BLONDLOT (1849-1930) was the physicist who thought he had discovered N rays. 
A respected professor at the University of Nancy, Blondlot was much honored for his work 
on this subject and others. He appears wearing the robes of the French Academy of Sciences. 
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maintained that at least four such lo
cations, or at least four different N -ray 
wavelengths, could be identified by this 
procedure, and that at each location a 
movement of the detector of no more 
than . 1  millimeter was sufficient to cause 
the phosphorescent strip to go from dim 
to bright and back again. Wood ex
pressed surprise that a beam coming 
from such a broad opening (three milli
meters wide) could be resolved into such 
thin components (. 1 millimeter wide); 
his hosts assured him that this was one 
of the inexplicable and astounding prop
erties of N rays. 

When Wood moved the detecting de
vice up and down the N-ray spectrum, 
he was unable to perceive any change in 
the brightness of the phosphorescent 
strip. At this point he was moved to play 
a prank of a serious kind. In order for 
changes in phosphorescence to be visi-

ble the experiment had to be done in a 
darkened room, and so Wood was able 
to surreptitiously remove the most im
portant element of the experimental ap
paratus: the aluminum prism. In his Na
ture article he wrote: "The removal of 
the prism . . .  did not seem to interfere in 
any way.with the location of the maxi
ma and minima in the deviated (!) ray 
bundle. " 

Wood went on to discuss some of the 
even more fantastic properties attribut
ed to N rays. For example, in investigat
ing the effects of N rays on various phys
iological activities Charpentier had de
termined that the rays acted to sharpen 
the senses. By the end of 1904 Blondlot 
and his colleagues had, possibly inde
pendently, reached the same conclusion. 
They presented to Wood a series of ex
periments designed to show that expo
sure to N rays increased visual acuity. 

R. W. WOOD (1868-1955) was tbe pbysicist wbo discredited N rays. An expert in optics and 
spectroscopy, Wood spent bis career at Jobns Hopkins University. Here be is seen reflected in 
a mirror made by rotating mercury in a bowl, an apparatus tbat bad notbing to do witb N rays. 
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In a dimly lighted room a large steel 
file-an N-ray source-was held near an 
observer's eyes. On the wall of the room 
was a clock. The subject of the experi
ment assured Wood that the hands of 
the clock, which were normally not 
clearly visible to him, became brighter 
and much more distinct when the file 
was nearby, a phenomenon credited to 
the peculiar effect of N rays on the reti
na. Again Wood was "unable to see the 
slightest change. " Since the room was 
not completely dark, Wood could not 
perform quite the same kind of control 
experiment he had performed by re
moving the aluminum prism. He was 
nonetheless equal to the challenge. As 
he wrote, "the substitution of a piece of 
wood of the same size and shape as the 
file in no way interfered with the experi
ment." The substitution was of course 
made without the knowledge of the 
observer. 

Wood spent some three hours ob
serving various N -ray experiments 

at Blondlot's laboratory. At the end he 
found himself "unable to report a single 
observation which appeared to indicate 
the existence of the rays." Indeed, he 
"left with a very firm conviction that the 
few experimenters who have obtained 
positive results have been in some way 
deluded." Many leading scientists had 
already failed to reproduce Blondlot's 
results, and the publication of Wood's 
account of his experience at a center of 
N-ray research effectively put an end to 
support for N rays outside France. 

The French proponents of N rays con
tinued, however, to defend them vigor
ously. After all, the existence of the rays 
had been confirmed by 20 French scien
tists, including such well-known figures 
as Charpentier and Jean Becquerel, son 
of the discoverer of radioactivity, Henri 
Becquerel. Furthermore, many others 
had personally witnessed the various 
manifestations of N rays at demonstra
tions given by Blondlot and his follow
ers at the University of Nancy or in Par
is. After Wood's visit Blondlot wrote 
defiantly: "Several eminent physicists, 
who have been good enough to visit my 
laboratory, have witnessed [the photo
graphic detection experiments). Of .. . 
forty experiments, one was unsuccess
ful. . . .  I believe this failure, unique, be 
it noted, to be due to insufficient regu
lation of the spark, which undoubtedly 
was not sensitive." 

Blondlot nonetheless went to great 
lengths to respond to Wood's criticism 
of his experimental procedures. Wood 
had suggested that the photographic evi
dence supporting the existence of N rays 
could be discounted as natural fl uctu
ations in the brightness of the detec
tor spark and irregularities in the expo
'sure times. In 1905 Blondlot described 
new procedures for regulating exposure 
times automatically and for monitoring 
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the stability of the spark by means of a 
telephone receiver inserted in the power 
source. Moreover, for the images made 
in the absence of N rays he began allot
ting time bonuses: increases in the expo
sure times of between .5 second and 1.5 
seconds. Soon after introducing numer
ous checks and precautions such as these 
Blondlot presented a large number of 
new photographs demonstrating once 
again that N rays brought about a strik
ing increase in the intensity of the spark. 

In 1905 Blondlot also published an 
elaborate set of instructions on how to 
best observe the manifestations of N 
rays: It was essential in these experi
ments to avoid all straining of vision, 
whether deliberate or the result of ac
commodation to low levels of illumina
tion, and to avoid any conscious fixing 
on the luminous source whose varia
tions in brightness it was sought to ascer
tain. One had to, so to speak, see the 
source without looking at it, and even to 
glance in a slightly different direction. 
The observer was required to play an 
absolutely passive part, on pain of per
ceiving nothing useful. Silence had to be 
kept as much as possible. Any smoke, 
particularly tobacco smoke, had to be 
avoided, as it was likely to perturb or 
even entirely mask the effect of the N 
rays. The observer had to accustom 
himself to looking at a luminous detec
tor in the way a painter, particularly an 
impressionist painter, would look at a 
landscape. To gain such abilities would 
require practice and would surely not be 
easy. Some people, in fact, might never 
be able to gain them. 

According to Blondlot and his disci
ples, then, it was the sensitivity of the 
observer rather than the validity of the 
phenomena that was called into ques
tion by criticisms such as Wood's, a 
point of view that will not be unfamiliar 
to those who have followed more recent 
controversies concerning extrasensory 
perception. By 1905, when only French 
scientists remained in the N-ray camp, 
the argument began to acquire a some
what chauvinistic aspect. Some propo
nents of N rays maintained that only the 
Latin races possessed the sensitivities 
(intellectual as well as sensory) neces
sary to detect manifestations of the rays. 
It was alleged that Anglo-Saxon powers 
of perception were dulled by continu
al exposure to fog and Teutonic ones 
blunted by constant ingestion of beer. 

Actually French scientists deserve a 
I1. great deal of the credit for the de
bunking of the N rays. No country, 
of course, greeted Blondlot's discovery 
with more enthusiasm than France, but 
as soon as experiments done with pre
cautions similar to those suggested by 
Wood failed to produce any sign of the 
rays, French scientists began to take a 
more critical look at the published ac
counts of successful experiments. One 
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REFRACTION OF N RAYS was demonstrated by Blondlot with this apparatus. Radiation 
from a Nernst lamp (an incandescent lamp believed to emit N rays) was first filtered through 
screens of aluminum foil, black paper and wood so that all forms of radiation other than N 
rays would be blocked. A screen of wet cardboard with a vertical slit about three millimeters 
wide was employed to direct a beam of the rays onto an aluminum prism with an angle of 
27.15 degrees. According to Blondlot, the prism served not only to bend the N rays but also 
to spread them out into a spectrum, demonstrating that there were N rays of different wave
lengths. To detect the deviated rays Blondlot used a square of cardboard with a phosphorescent 
strip painted down the middle. The square could be moved along the curved steel support on 
which it was mounted by means of the calibrated screw of a ruling engine. Changes in the lumi
nosity of the painted strip signaled the location of a refracted ray. Blondlot and his colleagues 
detected such changes at several points on the steel support, and their results were confirmed 
with remarkable precision by other workers. When Wood observed the experiment, he was un
able to perceive any change in the luminosity of the painted strip. Since the experiment had to 
be done in a darkened room, he was able to surreptitiously remove the prism from the appara
tus, an adjustment he found did not change the experimenters' perception of refracted rays. 

funny thing soon became evident: there 
was a curious localization of positive re
sults in the vicinity of Nancy. (The find
ings coming from Jean Becquerel's lab
oratory in Paris were an exception to 
this effect, but they too became suspect 
when Becquerel reported that he could 
stop pieces of metal from emitting N 
rays by "anesthetizing " them with chlo
roform.) 

Eventually the French journal Revue 
scientijique. whose staff was particularly 
sensitive to the possible embarrassment 
to French science represented by N rays, 
launched an effort to resolve the ques
tion once and for all. In addition to pro
viding a forum for a discussion of N-ray 
research the journal made a valiant ef
fort to push Blondlot into making a 
definitive test of the existence of the 
rays. Following the suggestion of sev
eral physicists the journal proposed that 
two small wood boxes be submitted to 
Blondlot, one containing a piece of tem
pered steel (an alleged source of N rays) 
and the other a piece of lead. The 
weights of the boxes would be identical, 
so that once the boxes were sealed they 
would be indistinguishable except for an 
identification number. In other words, it 
would be impossible for anyone except 
the person who made and numbered 
the boxes to tell which held the N-ray 
source. Blondlot, using either a spark-

gap detector or a phosphorescent detect
ing device, would be required to deter
mine which box was emitting N rays, 
that is, which one contained the tem
pered steel. 

Blondlot did not respond to the pro
posal for a long time, but finally in 1906 
he wrote: "Permit me to decline totally 
your proposition to cooperate in this 
simplistic experiment; the phenomena 
are much too delicate for that. Let each 
one form his personal opinion about N
rays, either from his own experiments or 
from those of others in whom he has 
confidence." 

In effect that is exactly what hap
pened. Science has no vicar on the earth 
to reveal doctrine and no central com
mittee to proclaim dogma. In general, 
however, the evolution of scientific the
ories does appear to follow a pattern 
that is perhaps best described in an aph
orism attributed to James Clerk Max
well, the founder of the mathematical 
theory of electromagnetism. Maxwell is 
said to have observed in an introductory 
lecture on light: "There are two theories 
of the nature of light, the corpuscle the
ory and the wave theory; we used to be
lieve in the corpuscle theory; now we 
believe in the wave theory because all 
those who believed in the corpuscle the
ory have died." 

Blondlot died in Nancy in 193 0. 

175 
© 1980 SCIENTIFIC AMERICAN, INC



THE AMATEUR 
SCIENTIST 

Illusions in the snow: more fun with 

random dots on the television screen 

by ] earl Walker 

1:st month I described visual illusions 
that can be seen in an array of ran
dom dots or in the "snow" on a 

television screen when the set is tuned to 
a channel on which no broadcast is be
ing made. The visual system somehow 
organizes these random displays into co
herent flows and patterns. How it does 
so is poorly understood. 

Another kind of organization of the 
random noise on a television screen that 
has been investigated in recent years is 
better understood. If you watch the visu
al noise while one eye is covered with a 
very dark but not opaque filter, the snow 
may break up into two layers that move 
in opposite directions and appear to lie 
at different depths. One layer seems to 
be recessed in the screen. The snow of 
this layer flows from the covered eye 
toward the uncovered one. The other 
layer protrudes from the screen and has 
snow that drifts in the opposite direc
tion. The drift speed across your field of 
view is from five to 10 degrees per sec
ond. Some observers have difficulty per
ceiving the illusion; many others detect 
more than two layers. 

Some workers have classified the ef
fect in the general category of the Pul
frich illusion, which I discussed in this 
department for March, 1978. In the 
most familiar presentation of the illu-

Protruding :;hcd 

Recessed :;hee.t 

sion a pendulum is made to swing across 
the observer's field of view. One of the 
observer's eyes is covered with a dark 
filter and the other eye is left uncovered. 
Under these conditions the pendulum 
appears to swing not in a straight line 
but in an ellipse. According to most hy
potheses about the Pulfrich illusion, the 
dark filter delays the perception of the 
visual signal at the retina of the covered 
eye. As a result the uncovered eye sees 
the moving object in its true position 
and the other eye sees the object in the 
position it occupied a moment earlier. In 
order to make sense of the scene the ob
server considers the object to be either 
closer to or farther from him than it is. 
If it is moving from the covered eye 
toward the uncovered one, the mental 
convergence of the apparent rays places 
it farther from the observer than it is; if 
the motion is in the opposite direction, 
the object seems to be closer than it is. 

The snow on the television screen is 
not a real moving object, but apparently 
the same type of illusion can result if the 
screen is viewed with one eye covered by 
a dark filter. The effect was originally 
discussed by Christopher W. Tyler of 
the Smith-Kittlewell Institute of Visual 
Sciences and John Ross of the Universi
ty of Western Australia. Recent work by 
Joseph 1. Mezrich and Albert Rose of 
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the Exxon Corporate Research Labora
tories in Linden, N.J., has further clari
fied the effect. Still, like most other visu
al illusions, the effect is not understood 
in all its details. 

Suppose a noise element appears on 
the screen. According to a current hy
pothesis, if it is the left eye that is cov
ered with the filter, the right eye per
ceives the spot immediately and the left 
eye perceives it a short time later. Now 
suppose that just then a second spot ap
pears slightly to the right of the place 
originally occupied by the first one, 
which has now faded from the screen. 
The right eye immediately sees the sec
ond spot, whereas the left eye is just then 
seeing the first one. To make sense of the 
situation the observer's visual system 
in effect causes the apparent light rays 
from the two spots to converge, so that 
the screen seems to have a single re
cessed spot. The same thing would hap
pen if a third spot appeared as the sec
ond spot faded from the screen. If the 
sequence of spots is appropriate, they 
will appear to move to the right as a 
single recessed spot. The illusion turns 
up repeatedly and frequently across the 
screen. Even though the pattern of spots 
is in fact random, an appropriate se
quence gives the illusion of a sheet of 
moving spots recessed in the screen. 

Similarly one sees spots as protruding 
from the screen and moving to the left if 
the sequence of spots is such that each 
one appears slightly to the left of the 
preceding one. The delay of one eye's 
response creates confusion unless the 
observer believes the light rays from the 
two spots come from a single spot a little 
off the screen. Hence the random noise 
of white spots on the screen is organized 
into sheets that seem to be at different 
depths and to move in opposite direc
tions. If the observer moves the filter to 
the other eye, the directions of flow of 
the two sheets are reversed. 

Mezrich and Rose discovered several 
curious features of the apparent motion 
of random noise. When they varied the 
density of the noise spots on the screen, 
the apparent speed of the spots across 
the screen was affected weakly, but be
low a certain threshold of spot density 
the effect disappeared. With densities 
somewhat above the threshold only a re
cessed sheet of moving spots was seen. 
Both sheets could be seen when the spots 
were at the density found on a television 
set tuned to an unused channel. (Some
times the set will need a normal adjust
ment of its controls.) The fact that the 
apparent speed of the spots was inde
pendent of their density, provided the 
density was above the threshold, gave 
Mezrich and Rose one of the clues by 
which they explained the illusion. 

The illusion also depended on the an
gle the screen subtended in the observ
er's field of view. As that angle was de
creased from a large starting value the 
threshold for the spot density increased. 
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Appareptly as the display of noise was 
increasingly limited to the center of 
the fovea (the depression on the retina 
where the 'photoreceptors are packed 
most densely) greater densities of the 
noise elements were needed to provide 
the illusion of depth, When the angle 
was reduced from 30 minutes to 15, the 
spot-density threshold required for the 
illusion jumped to a much higher value. 
When the angle was reduced further, the 
illusion disappeared. These unexpected 
results provided another major clue to 
the nature of the illusion. 

How do the two clues fit together? The 
apparent speed of the spots is fixed by 
a characteristic angle (somehow deter
mined by the observer) divided by a 
characteristic time that is important in 

/''''r -
---\-\\ 

...- --- -
-

\\ /' \\ 

the observation. The characteristic time 
is probably the time, 1/60 second, in 
which a fluctuation in intensity on the 
screen can occur. The characteristic an
gle is not as easy to guess. Two factors 
must be considered. 

One factor stems from work that has 
been done with stereopsis in random-dot 
displays. In these experiments an ob
server usually views two displays simul
taneously, one with each eye. Either dis
play seen alone appears to have a purely 
random distribution of dots, but when 
the two displays are viewed simulta
neously and fused, the observer can 
perceive depth and structure. Experi
menters have found that if depth is to 
be perceived, the centers of the protrud
ed area and the recessed area must be 

Appa rent poth 

separated by at least eight minutes of 
angle. Therefore the mentally· fused dis
plays must occupy at least 15 minutes 
of angle in the observer's field of view 
to give enough separation. 

Here, then, is a number related to the 
lower limit of the angle a television 
screen should occupy in an observer's 
field of view if the random-noise ele
ments are to be organized into sheets at 
different depths. The screen must occu
py at least 15 minutes of angle. If it oc
cupies more than 30 minutes, the ob
server can organize the noise elements 
fairly easily. If it occupies between 15 
and 30 minutes, the organization is-
more difficult. Then the threshold of 
spot density has to be higher to ensure 
that enough spots are present to give ar-
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eas of recession and protrusion separat
ed by at least eight minutes of angle. 

Another matter to consider is that the 
spots appear to move smoothly across 
the screen when actually they do not 
move at all. Why does the observer per
ceive movement when the only thing 
happening on the screen is that the light 
is fluctuating in intensity? Previous re
search has been done on the illusion 
of motion perceived when stimuli are 
sequential and slightly separated. You 
have seen the illusion when lights in a 
row are blinked one after another to 
give the impression that the entire row is 
moving. It is commonly seen in displays 
outside theaters and motels. 

If two sequential spots on a television 
screen are to be perceived as a smooth 
flow of one bright spot, the spots must 
be separated by no more than about 
15 minutes of angle. The smooth flow, 
which is termed both a cascade and "phi 
motion," will be seen only if the flow in 
one direction is distinguishable from the 
flow in the other. Lacking the distinc
tion, the observer will not be able to sort 
out the random fluctuations to perceive 
the cascade effect. The dark filter over 
one eye gives rise to the distinction be
tween directions of cascade flow be
cause it forces the two apparent flows 
onto sheets at different depths. 

The speed of the flows is therefore de-
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The cascade effect 

termined by the angle limitations set by 
the cascade illusion and the depth il
lusion; the speed is also governed by 
the minimum time in which fluctuations 
arise. The angle limitations require that 
the sequential spots be separated by 
no more than 15 minutes of angle. The 
depth illusion requires that the adjacent 
areas of protrusion and recession be sep
arated by at least eight minutes. Thus 
when a recessed spot and a protruding 
one cross each other, their initial separa
tion must be at least eight minutes of 
angle, and their separation 1/60 second 
later must be at least eight minutes but 
no more than 15. Dividing an angle of 
between eight and 15 minutes by a time 
of 1160 second gives an apparent speed 
for the spots of between eight and 15 
degrees per second, which is consistent 
with the measurements made by Mez
rich and Rose. 

Recent work by David S. Falk of the 
University of Maryland and Robert 
Williams of the University of Bristol 
suggests that the spots are further orga
nized after they have been assigned to a 
particular sheet. The observer first sees 
the spots appearing randomly on the tel
evision screen. Monocular vision as
signs speeds to the apparent cascading 
of the spots to the left or the right. Bin
ocular vision, with the response of one 
eye delayed by a filter, assigns depth to 
the spots according to the Pulfrich illu
sion. At this point the speed and depth 
should show a range. 

Falk and Williams suggested that the 
observer further organizes the spots 
by comparing the speeds of different 
groups. Patches that have smaller ap
parent speeds and are relatively far 
apart give the impression the noise on 
the screen is moving faster than the 
patches are. Patches that have larger ap
parent speeds and are relatively close to 
each other will instead give the impres
sion the noise is moving slower than the 
patches seem to be. Falk and Williams 
therefore argue that visual processing 
after the stereoscopic assignment of 
depth is responsible for the molding of 
the spectrum of speeds and depths into 
the ill usion of spots on a single sheet 
moving at an approximately constant 
and uniform speed. There is one such 
sheet in each direction, left and right. 

An alternative to the Pulfrich model 
is "random spatial disparity." Accord
ing to this hypothesis, pairs of random 
spots are chosen and every pair of spots 
are fused into a single spot that is as
signed depth. The greatest depth is as
signed to pairs of spots that· are separat
ed by about 15 minutes. Only then is 
motion assigned. If the pattern fluctu
ates in 1160 second, the apparent speed 
of the spots is 15 degrees per second. 
Further experimentation will determine 
whether this hypothesis accounts for the 
illusion better than the Pulfrich model 
or some other one. 

r repeated some of the experiments 
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The angular separation required for the depth illusion 

of several investigators by holding two 
crossed polarizing filters in front of one 
eye while watching the snow on my 
black-and-white television set. I had sev
eral variables to control. The brightness 
and contrast on the screen could be 
modified and the transmission through 
the filters could be adjusted. With par
tial transmission and with the controls 
for brightness and contrast set close to 
their normal position the illusion of two 
sheets of coherent spots was readily 
apparent. It was fainter or absent if I 
turned the brightness all the way down. 
The screen then appeared to have a fiat 
display of glowing water bugs skimming 
around on the glass, sometimes brief
ly forming geometric patterns. The illu-

sion also disappeared when the trans
mission through the filters was very low, 
that is, when the polarizing axes of the 
filters were almost perpendicular. With 
no filters in place, of course, the illusion 
was absent. 

I noted one important difference be
tween what I saw and the illusion de
scribed in the research papers. Usually 
the spots I saw swirled coherently. When 
the crossed filters were in front of my 
left eye, the swirling was clockwise, and 
when the filters were in front of my right 
eye, the swirling was in the opposite di
rection. I do not fully understand why I 
saw swirling at all. Its appearance was 
not critically dependent on the televi
sion controls. It still appeared when I 
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replaced the polarizing filters with col
ored cellophane; hence it did not depend 
on the polarization of the light. 

My guess is that the swirling resulted 
when I organized the coherent flow af
ter making a stereoscopic fusion of the 
screens seen by my eyes. This level of 
further organization is along the lines 
suggested by Falk and Williams. The 
cascade effect seen monocularly leads to 
the illusion of moving spots. The mech
anism of the Pulfrich illusion made me 
assign distance to the moving spots. I 
then further interpreted the spots by 
narrowing the range of their apparent 
speeds, but in addition I organized the 
moving patches into a swirl. For exam
ple, when the filters were in front of my 
left eye, the top of the screen was domi
nated by the patches moving to the right 
and the bottom by the patches moving 
to the left. The result was an apparent 
clockwise swirling. The illusion was so 
convincing that when I concentrated on 
only one sheet of spots, they also seemed 
to swirl. 

I noted two additional effects. With 
the filters in place I closed my eyes alter
nately so that I could view the screen 
monocularly and without stereoscopic 
fusion. The uncovered eye saw a ran
dom array of spots, as would be expect
ed and as is normally seen in television 
snow when the observer views it binocu
larly. The covered eye saw a dimmer 
screen and therefore saw not random 
spots but waves moving randomly as the 

random spots were organized into cas
cades. The same type of cascade can be 
seen if the screen is viewed without fil
ters when the intensity is lowered. 

The second effect I noted is similar to 
one I described last month. When one 
views a screen of snow monocularly, the 
center of the field of view appears to boil 
in a frenzy of activity while the sur
rounding area is relatively calm. Ob
serving with filters, I noted the same hy
peractive area on the screen when I 
looked at the screen monocularly with 
either the covered eye or the uncovered 
one. When I looked with both eyes and 
saw sheets of spots moving to the left 
or the right, the hyperactive area dis
appeared. When the spots broke into 
swirls, however, they seemed to circle in 
the hyperactive area. I checked this im
pression by rapidly switching from mo
nocular viewing (closing either eye and 
locating the hyperactive area) to binocu
lar viewing (with the swirling present). 

Mezrich and Rose did another experi
ment that I repeated in a slightly differ
ent version. They were able to break up 
the random spots into spotted vertical 
strips and blank vertical strips. These 
strips were always uniform in width, but 
the experimenters were able to adjust 
their number. When the strips were rela
tively wide, so that the screen contained 
few of them, the illusion of coherent
ly moving spots lying on sheets devel
oped independently within each strip. 
With narrow strips and therefore more 

of them the coherent motion was seen 
across all of them. 

The transition between the two effects 
was made when the frequency of strips 
was between one cycle and two cycles 
per degree in the field of view. (One cy
cle consists of a spotted strip and a blank 
one.) When the screen had one cycle per 
degree, the patches of recessed and pro
truding spots were separated enough so 
that the Pulfrich illusion of depth could 

. be seen. (Remember that the separation 
must be at least eight minutes of angle.) 
At a frequency of one cycle per degree 
a strip of spots is 30 minutes wide and 
so can have enough separation of the 
patches. The observer then sees the illu
sion of depth and coherent motion with
in the strip. 

When the frequency is two cycles per 
degree, a strip of spots is only 15 min
utes wide. The patches are less likely to 
have the required separation, so that the 
illusion of depth and coherent motion is 
also less likely. On the other hand, the 
strips of spots are then close enough for 
the required separation to develop be
tween adjacent strips. The illusion of 
depth and coherent motion then appears 
but is evident across all the strips rather 
than in individual ones. 

I was able to achieve the same results 
by taping strips of paper vertically to 
my television screen. Although I worked 
with various widths, all the strips were 
the same width in any one experiment. 
Each time I made the uncovered parts of 
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lenge of detective work . . .  the thrill of 
spotting sensational "buys" . the satis· 
faction of knowing when someone else's 
big flashy "diamond isn't . . .  and the op· 
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professional alike, is a remarkably simple, 

lavishly illustrated book by B. W. Anderson, director of London's 
world famed Precious Stone Laboratory. Anderson has examined 
more gems than any man in history. 

Now he shows you step·by·step the high speed methods by 
which he unerringly identifies precious stones. Emphasis 
throughout the book IS on rapid examination with the naked eye. 
This FIRST AMERICAN EDITION of GEM TESTING telis, shows 
and explains everything YO
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Math Without Tears 
Using non-technical language and a light 
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01 mathematics. He takes the reader from 
simple counting to trigonometry and cal
culus, emphasizing the practical aspects 01 
math. Humorously written. learn math In the comfort of your own home at minimum cost. 

$8.95 plus 95' handling 

No handling charge on 3 books or morel 
EMERSON BOOKS, INC. 

Dept. 873 ·E. Buchanan, NY 10511 
10·Day Money·Back Guarantee 

Garden Camera 
CALCULATORS 

Hewlett Packard 
HP67 . 
HP97 
HP 31E .. 
HP 32E .............. . 
HP 33E .............. . 
HP 37E 
HP 38E 
HP33C 
HP 34C . ............. .. 
HP 3BC ............. .. . 

.. ... $29B.50 
........ ........... 584.50 

.. ...... 39.50 
.. . ........... 51.95 
.. ...... .. ... 69.95 

.......... 57.95 

.......... 89.95 

.......... 97.50 
.. ..... 124.50 
.. ..... 124.50 

HP41C. . ....................... 249.50 
Accessories .................................... . ... Call 

Texas Instruments 
T157. .. ... 47.95 
TI 58C . .. ... B9.50 
TI 59.. .. ...... 208.50 
PC t OOC .. .. .. .. .. .. .. .. .. .. . .. 144.00 
TI MBA ............................... ........... 52.50 

Canon 
Pl0·D ......... 68.75 
Pl0 l·D .. ................................ . ...... 99.95 
Palmtronic LC4 . 
Palmtronic LC-5 
"Credit Ca rd" LC·6 . 
LC Quartz .. 

• VISA' 
Price. subject to 

chang. without notice 
Speed your order 

TOLL FREE! 

......... IB.50 

......... 24.50 
................. 24.50 

. ... 44.50 r------, 
I Coli tor low prleOl I 
I on Nlkon, Mlnoltl, I Olympul Ind III I MoJor Brond I 
I Comoro. I ... -----_ . 

Call 1 (800) 223-0595 
Or Send postlge and hlndllng to 

GARDE" CAMERA 
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345 So .. nth Avenue, N.Y., N.Y. 10001 
New York, Alukl' Hlwall Call: 

Tel: (212) 868-1420 Open WeekdaYI 8:30-6:00 
OPEN SUNDAYS 10-4 p.m. Closed SlturdlYs 

the screen the same width as the strips. 
In all the experiments I tried to position 
my head exactly as before so that the 
screen always occupied the same angle 
of view. The transition from coherent 
motion in individual strips to coher
ent motion across all the strips was at 
approximately the same frequency of 
strips found by Mezrich and Rose. 

Recently a completely different set of 
observations with a television set was 
sent to me by Dwight M. Brown, Jr., of 
Shreveport, La. Brown noted that when 
he held a comb or a grid in front of his 
set, moving the object sometimes made 
things appearing on the screen seem 
to move. The illusion probably results 
from a moire effect between a periodic 
spacing in the picture and the periodic 
spacing of the comb or grid. 

Brown's grid was a Ronchi filter that 
he made from two pieces of thin alumi
num plate and some bifilar (two-thread) 
No. 32 wire. He punched a 1 'Is-inch hole 
in each plate and wrapped the wire 
around the plate. Both sides of the hole 
then had wire wrapped across them. 
Brown fastened the wire on the side of 
the metal with epoxy and cut the wire 
with a file to separate the two metal 
pieces. Next he removed every second 
wire and put tape over the cut ends of 
the remaining wire. 

Brown also experimented with stro
boscopic effects associated with the tel
evision screen. You may have already 
noted that a spinning object in front 
of an active screen can create such an 
effect. Years ago I noted that a flat 
top spun in front of a television screen 

would appear to be stationary or even 
to move counter to its true direction of 
spin. The television picture is created 
by the electron beam inside the picture 
tube's sweeping from left to right, line 
by line until the bottom of the screen is 
reached. As a result the intensity of the 
screen fluctuates periodically. 

Suppose a top with a pattern of lines 
on its upper surface is set spinning in 
front of the screen. If it is spinning at 
the same rate as the intensity fluctua
tions on the screen are changing, the up
per surface of the top will be illuminat
ed each time the pattern is in the same 
orientation. Unless the illumination is 
swamped by the room light, an observer 
will constantly see the pattern in the 
same orientation and the top will appear 
to be stationary. If the top's rate of rota
tion is slightly higher than the rate at 
which it is illuminated by the screen, the 
pattern will appear to turn slowly in the 
same direction as the top. If the top's 
rate of rotation is slightly lower than the 
illumination rate, the pattern will be il
luminated each time in an orientation it 
achieves slightly before its orientation in 
the previous illumination. Consequently 
the pattern will seem to be turning in the 
direction opposite to the spin of the top. 

Brown was able to achieve a strobo
scopic effect with the line sweep of the 
screen in a rather simple way. He swung 
a string in a circle in front of the screen. 
When he looked through the rotating 
string and at the screen, dark lines 
flicked across the screen and the string 
seemed to jump from one position to 
another. 
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Creating illusions with rotating string 
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Full 5·Year Warranty on MCS® Series\Spleall<ers.. 
Year Warranty on MCS Series receivers, 
decks, tuners and amplifiers. If any MCS 
is defective in materials and workmanshiol- ldm'i nt:rit !!>II\lrai'>;,---'---
ranty period, we will, at our option, repair or\reollac:e 
return it to JCPenney. 

c..---�,--------------....... - *PricesJ:!jgher in Alaska, Hawaii a�o Rico. 

Sold exclusively at 

© 1980 SCIENTIFIC AMERICAN, INC



BIBLIOGRAPHY 

Readers interested in further explana
tion 0/ the subjects covered by the articles 
in this issue may find the following lists 0/ 
publications helpful. 

MATHEMATICAL GAMES 

COMPLETE CLASSIFICATION OF SOLU
TIONS TO THE PROBLEM OF 9 PRISON
ERS. Alexander Rosa and Charlotte 
Huang in Proceedings o/the 25th Sum
mer Meeting 0/ the Canadian Math
ematical Congress, pages 553-562; 
June, 1971. 

HANDCUFFED DESIGNS. Stephen H. Y. 
Hung and N. S. Mendelsohn in Ae
quationes Mathematicae, Vol. 11, No. 
2/3, pages 256-266; 1974. 

PROJECTIVE SPACE WALK FOR KIRK
MAN'S SCHOOLGIRLS. Sister Rita (Cor
dia) Ehrmann in Mathematics Teach
er, Vol. 68, No. 1, pages 64-69; Janu
ary, 1975. 

THE NINE PRISONERS PROBLEM. Dame 
Kathleen Ollerenshaw and Sir Her
mann Bondi in Bulletin o/the Institute 
0/ Mathematics and Its Applications, 
Vol. 14, No. 5-6, pages 121-143; 
May!June, 1978. 

YOUTH UNEMPLOYMENT 

THE NATURE OF THE YOUTH EMPLOY
MENT PROBLEM: A REVIEW PAPER. 
Research for the Vice-President's 
Task Force on Youth Employment, 
unpublished; November 26, 1977. 

CONSUMER INCOME. Current Population 
Report: Series P-60, No. 118. u.S. 
Department of Commerce, Govern
ment Printing Office; March, 1979. 

NATIONAL COMMISSION FOR EMPLOY
MENT POLICY: FIFTH ANNUAL RE
PORT. Government Printing Office, 
1980. 

THE SCHOOL-WORK NEXUS. Eli Ginz
berg. Phi Delta Kappa, 1980. 

TELL ME ABOUT YOUR SCHOOL. Eli 
Ginzberg. Harper & Row, Publishers, 
Inc., 1980. 

THE SUPERCONDUCTING 
COMPUTER 

SUPERCONDUCTIVE TUNNELING AND Ap
PLICATIONS. L. Solymar. John Wiley & 

Sons, Inc., 1972. 
IBM JOURNAL OF RESEARCH AND DEVEL

OPMENT. Vol. 24, No. 2; March, 1980. 

THE ROLE OF GRAVITY 
IN QUANTUM THEORY 

THE ROLE OF EQUIVALENCE IN QUAN
TUM MECHANICS. Daniel Greenberger 
in Annals 0/ Physics, Vol. 47, No. 1, 
pages 116-126; March, 1968. 

MAGNETIC FIELD EFFECTS ON DYNAMI
CAL DIFFRACTION OF NEUTRONS BY 

186 

PERFECT CRYSTALS. A. Zeilinger and 
C. G. Shull in Physical Review B, Vol. 
B19, No. 8, pages 3957-3962; April 
15, 1979. 

MYELIN 

GLIAL CELLS AND THE CENTRAL MYELIN 
SHEATH. Richard P. Bunge in Physio
logical Reviews, Vol. 48, No. 1, pages 
197-251; January, 1968. 

MYELIN. Edited by Pierre Morell. Ple
num Press, 1977. 

PROTEINS OF MYELIN AND THEIR ME
TABOLISM. Joyce A. Benjamins and 
Pierre Morell in Neurochemical Re
search, Vol. 3, No. 2, pages 137-174; 
April, 1978. 

BASIC NEUROCHEMISTRY. Edited by R. 
W. Albers, G. W. Siegel, R. Katzman 
and B. W. Agranoif. Little, Brown 
and Co., in press. 

THE CHEMICAL EVOLUTION 
OF THE EARTH'S MANTLE 

PRINCIPLES OF ISOTOPE GEOLOGY. Gun
ter Faure. John Wiley & Sons, Inc., 
1977. 

THE OLDEST ROCKS AND THE GROWTH 
OF CONTINENTS. Stephen Moorbath in 
Scientific American, Vol. 236, No. 3, 
pages 92-104; March, 1977. 

THE ORIGIN OF THE EARTH AND THE 
MOON. Alfred E. Ringwood. Spring
er-Verlag, 1979. 

GEOCHEMICAL AND COSMOCHEMICAL 
ApPLICATIONS OF ND-IsOTOPE ANALY
SIS. R. K. O'Nions, S. R. Carter, N. M. 
Evensen and P. J. Hamilton in Annual 
Review 0/ Earth and Planetary Sciences, 
Vol. 7, pages 11-38; 1979. 

GEOCHEMICAL MODELING OF MANTLE 
DIFFERENTIATION AND CRUSTAL 
GROWTH. R. K. O'Nions, N. M. Ev
ensen and P. J. Hamilton in Journal 
0/ Geophysical Research, Vol. 84, No. 
Bll, pages 6091-6101; October 10, 
1979. 

THE KINEMATICS 
OF PLANT GROWTH 

PLANT ANATOMY. Katherine Esau. John 
Wiley & Sons, Inc., 1965. 

MODELING OF PLANT GROWTH. R. O. Er
ickson in Annual Review 0/ Plant Phys
iology, Vol. 27, pages 407-434; 1976. 

KINEMATICS OF PLANT GROWTH. Wendy 
Kuhn Silk and Ralph O. Erickson in 
Journal o/Tl1eoretical Biology, Vol. 76, 
pages 481-501; 1979. 

THE ORIGINS 
OF COPPER MINING IN EUROPE 

TIMNA: V ALLEY OF THE BIBLICAL COPPER 
MINES. Beno Rothenberg. Thames & 

Hudson, 1972. 

THE BEGINNINGS OF METALLURGY: A 
NEW LOOK. Theodore A. Wertime in 
Science, Vol. 182, No. 4115, pages 
875-887; November 30, 1973. 

A HISTORY OF METALLURGY. R. F. Tyle
cote. Metals Society, London, 1976. 

L'AGE DU BRONZE EN EUROPE BAR
BARE: DES MEGALITHES AUX CELTES. 
Jacques Briard. Editions des Hespe
rides, 1976. 

THE N-RAY AFFAIR 

SUR UNE NOUVELLE ESPECE DE LUMIERE. 
R. Blondlot in Comptes rendus hebdo
maires des seances de I'Academie des 
Sciences, Vol. 136, No. 12, pages 735-
738; March 23, 1903. 

SUR DE NOUVELLES SOURCES DE RADIA
TIONS SUSCEPTIBLES DE TRAVERSER 
LES METAUX, LE BOIS, ETC., ET SUR 
DE NOUVELLES ACTIONS PRODUITES 
PAR CES RADIATIONS. R. Blondlot in 
Comptes rendus hebdomaires des se
ances de l'Academie des Sciences, Vol. 
136, No. 21, pages 1227-1229; May 

, 25, 1903. 
EMISSION DE RAYONS N (RAYONS DE 

BLONDLOT) PAR L'ORGANISME HU
MAIN, SPECIALEMENT PAR LES MUS
CLES ET PAR LES NERFS. Aug. Charpen
tier in Comptes rendus hebdomaires des 
seances de I'Academie des Sciences, 
Vol. 137, No. 23, pages 1049-1051; 
December 14, 1903. 

CAS D'EMISSION DE RAYONS N APRES 
LA MORT. Augustin Charpentier in 
Comptes rendus hebdomaires des se
ances de l'Academie des Sciences, Vol. 
138, No. 22, pages 1351-1352; May 
30, 1904. 

THE N-RAYS. R. W. Wood in Nature, Vol. 
70, No. 1822, pages 530-531; Sep
tember 29, 1904. 

PHOTOGRAPHIC RECORDS OF THE ACTION 
OF N-RAYS. In Scientific American, 
Vol. 93, No. 16, page 299; October 
14, 1905. 

How TO TELL THE BIRDS FROM THE 
FLOWERS, AND OTHER WOODCUTS. 
Robert Williams Wood. Dover Publi
cations, Inc., 1959. 

THE AMATEUR SCIENTIST 

STEREOPSIS BY BINOCULAR DELAY. John 
Ross in Nature, Vol. 248, No. 5446, 
pages 363-364; March 22, 1974. 

STEREOPSIS IN DYNAMIC VISUAL NOISE. 
C. William Tyler in Nature, Vol. 250, 
No. 5469, pages 781-782; August 30, 
1974. 

COHERENT MOTION AND STEREOPSIS IN 
DYNAMIC VISUAL NOISE. Joseph J. 
Mezrich and Albert Rose in Vision 
Research, Vol. 17, No. 8, pages 903-
910; 1977. 

STEREO MOVEMENT FOR INNER OCULAR 
DELAY IN DYNAMIC VISUAL NOISE: A 

RANDOM SPATIAL DISPARITY HYPOTH
ESIS. C. W. Tyler in American Journal 
0/ Optometry and Physiological Optics, 
Vol. 54, No. 6, pages 374-386; 1977. 

© 1980 SCIENTIFIC AMERICAN, INC



Consumer Orientation 
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P he 924 Body Longevity. 

orsc T he Cathodic Rust 
Protection of Zinc. 

Porsche+Audi 
Nothing 
Even Comes 

.Close 

Paint alone is no protection against rust. Moisture-and other corrosive elements-can attack 
metal through pinholes on a painted surface. Unchecked, rust can expand, mar the finish, 

and weaken an ordinary steel body. And so, in addition to a 4-step paint process, the Porsche 924, 
like all Porsches, is protected by a hot dip galvanizing process. 

ized in a zinc bath. This produces a zinc oxide 

* Porsche+ Audi warrants that Porsche 

vehicles are free f rom  rust perforation for 
the duration of 6 years. If rust perforation 
deve lops u nder  normal use and service 

vehicl e has been maintained in 
........... , • . _ .. _ manufacturer's require

Audi authorized 

© 1980 SCIENTIFIC AMERICAN, INC



BROUGHT HOME 
incredible pictures, but for 
receiving all commands sent 
to the spacecraft, relay ing all 
scientific and engineering data, 

and serving as the spacecraft 
tenninal for all tracking and 
navigation functions. And ifs all 
designed to operate for over a 

decade on a comparative 
trickle of power from radioac
tive isotopes. 

Bl(11O.C I ISTOIY. 
Motorola has over twenty years' 
experience in this esoteric 
technology, extending back to 
the earliest unmanned space 
probes. For example: 

A.rY"",ri,,.,,,,,,, first venture into 
t"spaoa.£Xpk>rer 1, in 1958, sent 

its information to ground-based 

Motorola equipment. 
Pioneer 5, in 1 960, was 

tracked out to 22.5 million 
miles with specially-designed 
Motorola radio receivers. 

Motorola's command 
receivers were on board Alan 
Shepar d's Freedom 7 Mercury 
spacecraft for the first U.S. 
suborbital mission in 1961. 

In 1965, Mariner 4 made 
a close flyby of Mars, snapping 
pictures all the way, and sent 
them to Earth by a Motorola 
transmitter. 

For the Gemini series, in 
1965-66, Motorola developed 
and produced the spacecraft's 
digital command sy stem. 

Neil Armstrong's historic 
"one small step for man" was 
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RES OF THE GIANT. 
relayed from Moon to Earth in 
1969 by a Motorola S-band 
transceiver. 

In 1971 the Lunar Rover, 
first car on the Moon, had a 
Motorola FM receiver. 

The first color photo
graphs from the surface of 
Mars, in 1976, came to Earth 
from the Viking orbiter via 
Motorola equipment. 

IMAGINATIVE 
EL ECTRONKS. 

And now, the Voyager space
craft, pursuing their boomerang 
trajectories around Jupiter and 
on toward Saturn. A long way 
indeed from the time when 
Motorola put radios into cars 
fifty years ago, and TV sets in 

America's living rooms. We no 
longer make home TV here at 
all, but we do make hundreds 
of models of two-way radios. 

We have become one of 
the world's 

=�;:I�·. I.��;" slvely to elec- � CY' 

tronics. We are A mic�ocomputer, 
one of the fore- drawn larger 

most designers 
than life. 

help keep ships from colliding; 
systems that allow telephones 
without wires; systems that help 
keep computers from giving 
up their secrets to the wrong 
people-and, of course, systems 
that bring home to Earth the 
true face of other worlds. 

For further information, write Public Affairs 
Office, Corporate Offices, Motorola, Inc., 
1303 E. Algonquin Road, Scha umburg, 
Illinois 60196. 

Motorola and ® are regis tered trademarks 
of Motorola, Inc. 

of custom and standard 
semiconductors. Indeed M 
we are one ofthe world's \0 greatest innovators in 

• • 

electronic problem-solving. Making eledronlCS 
We have developed 

systems that cut automobile 

I fuel consumption; systems that 
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DEWAR'S@ 
PROFlIjE 
A thirst for living ... a taste for fine Scotch. 

DR. JACK VVHEELER 

PAST: Born in Los Angeles in 1943, Jack 
Wheeler climbed the Matterhorn, swam the 
Hellespont, slew the fabled Man Killing Tiger 
of Dalat and lived among Ecuadorian 
headhunters. By the age of 17. 
PRESENT: Author of The Adventurer'S 
Guide, Expedition Leader for the American 
Geographical Society, and founder of 
Wheeler Adventures in Las Vegas. 
PLANS: "To help people realize that great 
adventures require neither wealth nor special 
physical abilities." Having led the world's 
first commercial tours of the North Poles 
(magnetic and geographic), he plans next to 
retrace the routes of famous explorers, from 
Ulysses to Hannibal to Marco Polo. 
PHILOSOPHY: (Ph.D, USC) "Life lasts but 
the snap of a finger. What a waste, what a 
shame, to be lowered away for all eternity 
without once having your mortal soul purged 
with the emetic of High Advent6re." 
SCOTCH: Dewar'S "White Label."® "Sometimes 
on the rocks, sometimes with soda, but always 
with friends." 
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