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INFORMATION ABOUT THE COURSE

OFFICE BOURS - Yaour professor is Bob Maxch. Office hours are held in 4289 Chamberlin
Hall Tuesday and Wednesday frozn 1:30 to 3:30, or call 262-5947 for an appointment at
ancther time. Your TA is Craig MeConnell, who holds office hours on the Union Terrace
Tuesday from 12:00 to 1:00 (in the Rathskeller in inclement weather) and in 4155 Helen C.
White, Wednesday from 12:00 to 1:00, telephone 262-3958. '

EMAIL If you have an electronic mail account, it is a good ﬁa}r to commmnicate with us
without playing “telephone tag.” Gur EMAITL (internet) addresses are:

bobmarch@wishep.physics.wisc.edu - ' csm@mace.wisc.edu

EXAMS - There.will be an exam in the leeture hour on Thursday October 22, and a takehome
exam due in the fina! lecture, Tuesday December 15. For the in-class exam, you may bring
two sheets {four pages) of notes. A study guide will be distributed a week before, describing
the exam in detail. You will have a full week for the takehome. ' :

PROBLEMS— There are three problem sets on p. 4 of this syllabus. The “Practice Problems"
will he discuased in class, but are not to be handed in. Problem sets 1 and 2 ere dne in
digcussion on the dates indicated on the schedule. You moy e called upon to work problems
st the board on the due dafe. _

-PAPER — Write a paper of length 7 to 14 pages, connecting a concept or discovery discussed in
this course to something ouiside of natural science. The connection may be conceptual (show-
how they are related, analogons, or antagonistic), histerical (discuss the science in its historical -
and cultural context), or personal (connect them through their impact on your own thinking).
It wilt be judged for erestivity more than for scholarship. Due in discussion, December 2/3.
Abstracts of some excellent papers are given on the following page. A review of a book or
article is acceptable, but it must be a critical review, one that takes and defends a stand on
the validity of the author’s position. : '

GRADING - Grades in this course are a performonce weighted average of four scores: the two
exams, the termn paper, and a discussion grade based in part on the problem sets. The best
score counts 40%, second best 30%, third 20%, worst 10% of your grade. ' '

SOME UNITS, CONSTANTS, AND SYMBOLS

Quantity  Symbol Value - .
speed of light: ¢ [3x10% m/s = 300,000 Km/s = 1 {t/nsec
| eleciron-volt: | eV 1.6 x 1071 joules '
Planck constant| h 4.15 x 10~1% eV-seconds
PREFIXES FOR UNITS
prefic symbol multiplier prefin symhﬂ multiplier .
kilo | K |10? {thousand) milli | m [10~* (thousandth)
mega| M |10° {million) micro} p | 107% (millionth)
giga | G 10° (hillion) nano | = |10~* (billionth)
tera | T |10%2 {trillion) pico | p |10712 (trillionth)
peta | P | 108 {quadrillion) {femto | f ° 1018 [quad:i]liunth]-




SOME ABSTRACTS OF ILS 251 TERM PAPERS
(dor’t be intimidaied - these were At papers!)

vSundey Morning” and the Uncertainty Relutions — Compares the view of what it means
to “know” the world that is implicit in a Wallace Stevens poemm with that underlying the
uncertainty relations. Finds them akin in their rejection of a knowable, fully-objective reality.

Einstetn and Picasso — Examines parallels in the work of two conternporaneons “revolution-
ary” creative figures. Concludes sach was responding to a perceived crisis in his field, and
both resolved it by asserting the primacy of the human intellect and imagination in the cre-
ative process, and by the rejection of procedures and concepts justified by convention.

Einstein and the Vienna Circle — Shows how Einstein’s early embrace and subsequent rejection
of strict positivism parallels to some degree the evolution of the ideas of an ‘infiuential group
of philoscphers.. _

Schrodinger's Cat Lives! — A peculiar, somewhat tounge-in-cheek interpretation of the quan-
tum theory besed on the philosopby of Dr. Pangloss.in Veltaire's Czndide (whatever happens
is bound to be for the best) and the “many-worlds” interpretation of Everett, Wheeler, and
Graham. : . ;

Quanium Logic — Outlines an attempt by several contemporary philosophers to interpret the

quantum theory by developing & formal logic that allows intermediates between “true” and
“false.” Argues that while the problem is formally resolved, its disquieting features remain.

God and Seience — A devont Orthodox Jew gives his reaction to modern science. Argues that.
it is an admirable exercise of the human intellect, but should be subordinate to the deeper
truths revealed by faith and theological scholarship.

Time Travel and Parallel Urniverses — Resolves the pa;radﬁxes of time travel (of the kill-your-
grandfather sort) by means of parellel universes. Mustrated by an amusing photomontage.

Pedal to the Meial in Spuce — Speculates ahout why science fiction writers seemn determined
to overcome the relativistic speed limit. Concludes it arises from a failure of the imagination,
Gives a short sketch of a plot that explois the limit.

Relativistic Cartoons — A rendenng of several relativistic effects (the speed limit, Lorestz
contraction, time dilation, curved spacetime), in amusing camic strips that are scientifically
reasonable {and well drawn). '

The Franck Pelition-— Recounts an attempt by sume Manhattan District scientists to prevent
the use of the bomb against Japanese civilians. Concludes the effort showed high jideals but
a lack of understanding of the political realities. Maintains that given the cirenmstances the
decision to use the bomkb in this way was inevitable,

Review of “Subtle is the Lord” — A review of a biography of Einstein by Abraham Pais, a
theoretical physicist. Analyzes the author’s statements to discover what it is that a scientist
lauds or disapproves of in the life and work of another scientist,
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SCIENTIFIC NOTATION'

In this course, we will often use very large or ve_::y. small numbers that are awkward to express
as decimals. For these we will need seientific notation, sometimes called “floating point™. The
power to which 10 is raised is called the exponent.

g convert Q[ﬁiﬂt‘\r ﬂecimaiu to seientifie nnmﬁgn;_. : _ :
If the number is greafer than 7, count the number of digifs to the left of the decimal point.
The exponent is positive and one less than the number of digits.

Examples: 2,450,000 = 2,45 % 10% 223.7 = 2.237 x 10®

If the number is less than I, connt the nnmber of zeroes to the right of the decimal point,
until you reach the first non-zere digit. The exponent is negetive and one more ihan the
rmmber of zeroes.

Exaraples: 000006076 = 7.6 x 10~7 0.234 = 2.34 x 10~
mulliply the numbers and add the exponents
Example: 3,2 % 10~% x 2 % 103 = 6.4 x 1019
Tu_ Yvide:

cit"l:::'-de the dividend by the divisor and subiract its expune:.nt from that of the Rivisor.

Example: 2.5 % 1678/2 % 10~1% = 1,25 x 10°

far each place moved to the leff, add 1 to the exponent.
for each place moved to the right, sublract 1 from the exponent.

Examples: 310 x 107 =31x10"%  06x10° =5 x 10%

raise the number to the power, and multiply the exponent by the power.
Examples: (2 x 10°)% = 8 x 10'F v/2.5 x 107 = § % 10°

The second example, a square rool, is the “1/2 power”. The exponent was odd, so we
~ roust move the decimal point to make it even (25 % 10%), in order that the final exponent
be an integer.

To add or subiract: _
by moving the decimal point, express hoth numbers with the same exponent. Then add .
or subtract, leaving the exponent vnchorged.

Example: 5.67 x 108 — 4,2 x 10° = 5.67 x 10% — 0.42 x 10° = 5.25 x 10°




PRACTICE PROBLEME
Jor discugsion Setember 16-17

(1) Calculate the following: (a) 150%3x 10%; (b} (8.4x 10~ ) (2.1x10%); (¢) VIEX 100
(d) 1.75 % 10° + 2.5 x 107 _

(2) Convert 100 MeV (millicii electron volts) to joules (s2e table on p.2 of this syllabus),

(3) How far does lighi travel i Iﬁﬁ second?

(4) What is the ratio £ for & jet. plene traveling 240 m/s? '

-PROBLEM SET 1
du¢ September $0-October 1

(1) “100” on an FM radic dial stands for a ﬁ-eciuéncjr of 100 MHz (10° Hz).” What is the
warelength of Tadio waves of this frequency? : : :

(2) A Michelson interferometer usés light of wavelength 0.5 zm (mlcrometers). It produces
a pattern of parallel straight fringes. Describe what happens to the pattern if one 6f the
mirrors is meved by 3 pri. '

~ (3) Caleulate the “Lorentz factar” 7 for & velocity v = {.8¢ tibo ways: {&) itsé the exact
forrmila (top of p. 87 of yout text); (b} use the epproxiinate formuls (bottom of
p. 97). Comment on the appropriateness of using the gecond forrmila at this speed.

(4) Exercise 3 en p. 266 of your text.

(5) Write a one-peragraph explanstion of the following corment: “Tn relativity, the spéed of
light is no longer regarded us a properiy of light ilself.” _

PROBLEM SET 32
due November 11-1%

(1) Green light has wavelength 0.5 pm. Caleudate: (&) The frequency of thie light; (b} the
energy of one quantum of this light (you will need the valoe of It ofi p.2).

(2) In & pholoeleciric experient, it is found that: {i) The lowest frequency of Light that will
wark is § x 1014 Hg; (ii) Light of 9 x 101? Hz ejects electrans with enérgies iip tc 1.68
electzon valts. Caleulate: {a) Planck’s constant. (the snswer should be elose to the value
on p.3); (b) The energy required to remove an electron from the migtal.

{3) In a hydrogen atom, it takes 13.6 ¢V of energy io remove an eléctron from the atom
{B) = 13,6 ¢V). (a) How mich energy does it take ta rajse it from the ground state to
the first sxcited state {n = 2)? (b) When it drops back to the ground state, what is the
frequency of the light emitted? :

(4} Compare speciel relativity to the Bohr medel of hydrogen from the point of view of: (a}
logical self-consistency; (b) the uses made of experimental data in developing the theory.




WELCOME TO ILS 251

Any sensible person realizes that the world we live in is now, and has always been, .a
confusing and threatening place. The unexpected can happen at any time, and iry as we
can to keep the lid on, things often get out of hand. Science is motivated, in part, by the
peycholagical necessity to fzel less at the mercy of chance,

By contrast, the heavens seem a terribly orderly place, The sun and stars wheel majes-
tically and reliably across the sky. The moon is a bit more complicated, and the planets a
great deal so, but careful observation and mathematical analysis make even these motions
predictable, years inta the future.

The physical system developed in the seventeenth century by Iszac Newtﬂn and refined
for more than 200 years by his successors, purported te have discovered the laws underlying
this order, and asserted that the seme laws opplied equally well on earth! The order that ruled
the solar system was there on our planet, lurking beneath the confusion of day-to-day life.
Newton had met Plato'’s challenge to “save the phenormena™ by discovering the truer, hidden
reality. '

In the practical sphere, Newton's triumph held forth the promise that knowledge might
make us the masters of cur own destiny. This promise has been a central force in Western
civilization ever since. Other branches of knowledge strove for the same predictability. Karl
Marx claimed to have discovered inexorable laws of history, and Sigmund Frend believed he had
uncovered the forces that shape human personality, Modern neoclassical economists formulate
mathematical models that closely mirror Newionian astrophysics in their mathematical form,
but which are based om rather guestionable assumptions about human behavior.

None of these theories has come close to matching Newton’s triumph. Yet the faith of
their adherents remains unsheken. A little better data, a faster computer, a few refinernents
in the equations — perfection lurks just beyond the hm:mm;

But Newton'’s own realm, the physical aciences, have been fmced ta abandun the faith in
a wholly orderly, predictable underlying reality. It has been a gradual process, taking most of
the twenticth century. This unraveling is a central theme of ILS 251.

The first blow — a seemingly innocent one — came from Albert Einstein’s theory of
Relativity. What it showed was that Newton’s reality was not unigee. A different underlying
reality could explain everything Newton had equall_'f well, and eould explain or predict new
phenomena. In later years Einstein came to recognize the significance of this discovery. It was
that much of what we considered order in nature was really order i our minds. It represented
conventions by which we orgeanize cur kmwledge of things.

Still, Einstein never lost his faith that his science u]tm:mte]]r rested on a material world
that existed independent of human knowledge, and that world was orderly and predictable.
Indeed, his work had made some of Newton’z predictions maore accurate. Thus he rejected the
next step in the unraveling of the Newtonian world-view — the final versions of the Quanfum

Theory.

"In this theory, the behavior of individual atoms and their parts is dum_lnﬂtEd 1:-;-T pure
chance. It also introduces the observer into the theory — nature observed iz nature changed.
The shack of this 65-year old discovery echoes in philosophical discussions to this day. Several
books have been written, by Teputable authors, claiming that physics has now left the tradi-
tion of Western philosophy and created a science that fits tnore harmoniously within Fastern

(Taoist/Buddhist) thought. '




Nonetheless, scientists conld stil find reassuramce in tli¢ knowledge that everything big
encugh to see or touch is composed of cowtitless numbers of atoid, However chisotic the world
of the stom might be, these mytiads of chance events will “sverage out,” leaving our fainiliar
everyday world as premctable a8 before. An ordeily reslity sotiehow r‘esis a1 % déeper; chaotie
founidation!

The final blow has come in the last two decades. Computers allow scientists to deal with
iore comiplicated situations than the old metliods of peneil and paper would allow. They
reven] that even if the underlying Iaws of nature are orderly, any prediction mriwet still get less
and less accrate with tims. This it beesuse we never kiiow preseitt conditions exectly -— there
is error in sny messurement, When one moves away froin the simiplest cases, there are also
causative factors that are neglected.

The study of pathclogical cases — where predictions of thie fiture die so sensitive to
sinall chariges it our knowledge of the pmsent that they go tﬂ Yiell iri @ great hurry — is now
coriducted under the néme of “¢haos studies.”

Ever Newton's ordetly solar system is fiot as predietable as it seemed. Interestingly,
Newton himself had suspected as much. But as a deeply religicis man; he assnmed that
s benevolerit Deity would step in and straighten out auy residual disorder. Scienfists are
gradually corning to the realization that the orderly, predictible sitnations we have esphasized
for the last faw centurfet are the exception, rather than tlie rule, in riature, We focaseed on
theni becauseé they were the only ozes our hmited mathema‘tmaltn&ls wonld allew us to analysze.
We catuforted curselves with the thomghit that they mast theréfnfé‘ be moré “Fundamerital.”

Iti the same era in which scientists are hecorning less confident about predicting the future,
the social significance of their woik has grown by leaps and boutids. Science is becoming more
and miore essential to the development of technology. Since World War IT it has developed
rapidly, with growing ties to itidustry, goveinment, aid the military. In the fisial segmient of
the course we will look inte ruclear enérgy ini its civilian snd military applicstiond as & case

study of the workings of orgatiized science, and its ties t6 the latger socety.

Thos this course will start out with an exercise in highly abstiaet thonght abeui funde-
mental underpintings of reality. It will move into & mare concrete world, that of the atom, in
whitchi the rules are radically differend from those that apply on ouf nrﬂmary scilé of experi-
ence. Firally, it will deal with contemparary problems ini their full socisl as well #é techtiological

l:‘lj!lt Xk,

Ancther fimetion of scierice in Western Civilization is to replace reéligion #s the source of
our “creation mythe.” 1992 wuis 2 bantier year for msmraflﬂg}', and this will be shother theme

for this yeir's com'se.




A CASE STUDFY OF RELATIVISTIC TIME

This example is designed to show how it is possible for two people in motion relative to
one another ezch to helieve the other’s clock is slow. The point is that any comparison of the
clocks invelves communications over distances that are both large and chaenging.

Two astronauts (Joe. and Sue) pass one another in the far reaches of interstellar space, at
a relative velocity of 0.6z, At the instant they flash by one another, they synchronize watches,
and Sue agrees to =end a radio message [w}uch travels at the speed of light) in 10 minutes. -
The ensuing dialogue follows:

SUE- Ten minutes at the tone — ding!

JOE— Aha! — Just like Einstein said, you have the slow clock! If you'd really called back
in 10 minutes, you'd have besn § light minutes away, and I would have gotten your
message in 10 plus 6 equals 16 minutes. I must sadly inform you that my clock read
20 at your ding. For your motion, gamnma is 1.25. You really transmitted at 12.5
minutes, when you were 7.5 light minutes away. That adds up to 20, like I said.

SUE— Okay, knucklehead, reread your Einstein! Two can play at this game, and I can just
_as easily show that yeur clock is the slow.onel I say you're moving, and were only six
light minutes away when I sent. But you were ruaning away from my message, which
had to catch up at a relative speed of 0.4c. It took 15 minutes to make up your § light
minnte lead, so you really got it at 26 minutes. You say 20, 5o yours is the slow clock.

. JOE— Oops! 1 guess I gotta concede that you know what your clock said when you sent - 1
know what mine read when [ received — and these are the anfy facts we have to work
‘with. We're arguing about what my clock read when you sent, or yours read when
I received, which has nothing to do with actual ekperience, since we're hundreds of
- millions of miles apart!

ST E— Right you zre! Isn’t it odd how we must diszgree on these calculations, ¢n order to
agree on the abservations! '

It must be emphasized that each is perfectly fres to adopt the other’s point of view, or
to regard both spaceships as moving (that makes for a manch more tedicus calculation), The
point is that relativity insists that it makes no difference whick reference frame you use — all
aceount equally well for the two observable facts.

What happens if one of the astronauts turns around and comes hack for a direct face-
to-face comparison of clocks? The answer is that it matters crucially which does the turning
around. This is the famous {wir poradoz, of which we shall hear more later.

The 2/1 ratio between time on the sender’s clock and the time on the receiver’s clock
applies to all subsequent transmissions. Joe’s reply, sent when his clock read 20, arrived when
Sue's read 40. For v = 0.8¢ the ratio would be 3/1.

The calculations are summarized in the table on the next page. For convenience, distances
are measured in light-minutes (lmin), the distance light travels in a minute, which is more than
ten million miles! The speed of light is then 1.0, and the relative velucat}r of the ships is 0.6,
measured in light-minuetes per minude.




Quantity Sue's analysis | Sue’s vitbue [ Joe's value|  Jot's analysis
What Sue's clock read I know what _ I accept Sue’s obs-
when she transmitted T saw! 10 min | 10min | ervalions fRﬁ.le Jj_
The “true” time when| I trust my own Moving clock, runs
Sue transmitted clock {Rule 1) 10 min 125 min | slow by y = 1.26
How far apart the | time x velocity : timme x velocity
‘ships then were =10 0.6 6Imin | 7.5kmin | =125x08
Relative velocity of | He's moving, so ' I'm standing still
the message and Joe | ¢ — .Be (Ruic;_ 2) Ac ¢ (Rule 1) '
Time the message | déstance + velocity distance - velocily
spent in transit =604 15 min 76min ||  =75:10
Total time since . add the times: pdd the times:
the ships met (15+10)min | 25min | 20min | (12.5+7.5)min
What Joe's clock read anihg clock, runs I know what
when he received slow by 4 = 1.25 | 20 min 20 min 1 saw!

“Nota that of all tfm murabers in this takle, only two — the ones in boldface - .reﬁresen"t actual
observations. The rest are part of the superstructure we erect to obtain a working picture of
reality, one in which everything we expeﬂence is understandable,
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- NOTES ON ASTRONOMY AND COSMOLOGY.

A light year is nearly 10 trillion kilometers, 70,000 times the distance to our sun. Our
nearest stellar neighhor, Prozima Centayri, is 4.3 light years away. We are part of the Galery
or Milky Way, a relatively flat spiral 100,000 light years across that contains about 100 billien
stars. Cur galaxy is 2 member of & local group of 21 galaxies, which extend to about 3 million
light years. Clusters form superclusters on a scale of hundreds of millions of light ]rears The
solar system is 4.6 billion years old, perhaps a third the age of the universe.

A star shines for millions or billions of yeara, depending on its mass, which can range from
about fifty times smaller to & hundred times larger than that of cur sun. The heavier the star,
the faster it burns, which more than makes up for the extra mass. For example, a star 10
times heavier than the sun will be more than 1000 times as luminous, exhansting its fuel 100
times sooner. The “burning” consists of turning hydrogen and helium into heavier elements.
We will have more to say about this later, when we get to nuclear physics.

When a star runs out of usable fuel, it collapses into one of three kinds. of compact object.
If it iz lighter than 1.3 solar masses, it gently shrinks into an object called a white dwerf, about
the size of the Earth and terribly dense. Atoms are squeezed into a fraction of their normal

space. It continues to shine for a few billion years as it shrinks further, converting gravitational

energy to heat and light. A star sornewhat heavier than this imit wﬂl first drwe away much
of its mass through a powerful “stellar wind.”

When a star of more than about seven solar rnasses exhausts its fuel supply, its dense inner
core will collapse suddenly, leading to & “rebound” explosion called a supernove that drives
off the outer portions of the star. What remains at the core is far denser than a white dwarf.
I the mass is around 1.5 solar masses, it will become a giant atomic nuclens called a neuiron
ster, a few kilometers in diameter. A piece of neutron star materjial the size of a spithall would
weipgh a million tons!

Neutron stara are called pulsars because they spin rapidly, send.mg; out beacons of elec-
tromagnetic energy (anything from radio to gamma rays) that sweep the Earth at regular
intervals. Jocelyn Bell, who discovered the first one in 1967, while working on her PhDD thesis
at Cambridge, at first hoped this might be a sign of intelligent life, and she fondly called them
LGMs (for Little Green Men).

The fastest yet found, PSR1837+21, is a terribly precise clock that rotates 600 times a
secand. Watching it daily with a radio telescope has confirmed that our atomic clocks change
their speed as the Earth-sun distance changes, providing yet ancther test of general relativity.

Evidence for Hlack Holes

There is some uncertainty as to just how heavy a neutron star can get., but somewhere
below 2 solar masses the collapsze must continue all the way to a Mack hole.

When a black hole is part of a two-star {(binary) system, it can reveal its presence in several
ways. First of all, its powerful gravity sucks in material from the “stellar wind"” emitted by all
normal stars, accelerating it to nearly the speed of light. This produces x-rays. A second clue
iz that if its ste]la.:r partner is visible, it is possible to estimate the mass of the unseen object
by studying the partner’s orbital motion.

‘A neutron star can also emit x-rays, =o both clues are needed. We now know of five x-ray

binaries where nio pulsar has been ohserved and the mass of the unseen companion is between .




1%

3 and 10 solar masses. It seems likely that these are black holes,

If & Elack hole is rotating rapidly, some of the matiér falling in toward it will ascape
capture, to be ejected in narrow jets at each pole. These move af an appreriable fraction of
the speed of light, It is hard to imagine any other process that can accelerate hulk quantities
of matter to such speeds. Several such objects have been sean. One of these, 55433, is also
the 10 solar mass binary mentioned above, Its jets move at ,24¢, indicated by shifts in the
frequencies of light they emit.

Some galaxies have a dense core that radiates stupendons amounts of energy, equivalent to
many solar masses per second, A giant black hole that gobbles stars wholesale seems the likely -
culprit. - Our own galactic core is obscured by dust, but recent infrared cbeervations suggest
that it is fairly active, and may contain one or several black holes. '

The Beginning and the End

The cosmic microwave background radiation, which dates from the time when the universe
was about 300,000 years old and had cooled enough for atoms to capture elertrons, can he a
very revealing handle on the Big Bang. In April, 1992 scientists stndying this radiation with
the aid of a sattelite, the Cosmic Background Explorer (CGORBE), found that thia radiation
was not uniform in all directions, but showed irregularities of a few parts per million, These:
irregularities presumably originate in a non-uniform distribution of roatter, and are in faet an
essential part of the Big Bang theory. ' : '

In order to form stars and galaxies, matier must elump together. But if the early universe
had been completely vniform, gravity would have pulled equally in all directions. Sume rreg-
nlarities were needed to serve as “seeds” for the clumping process, Star and galaxy formakion
also requires enough mase -to be present, to produce sufficiently strong graviiatienal forces,
The irregularities revealed by COBE are too small to do the trick unless theze is 20 to 30 fimes
_ more mass than we can see today — postibly encugh mass fo eventyally reverse the expansion
of the untverse!

Studies of the motions of stars in galaxies show that the grayity of visihle matter can not
account for their orhital speeds. If most of the mass of & galazy is concentrated near ite cender,
the stars in the outer reaches of galaxies should move many times slower than those near the

_center, but instead the dropoff in speed is considerably more gradual, This can be accounted
for by assuming each galaxy has a “hale” of invisible mass surrounding if, counserbalancing
the concentrated mass at the center, and cantaining many timea the mass of the galaxy. If
galaxies tend to have black holes at their centers, even more mass must reside in the halo.
Taken together with the COBE results, this provides some support for these who hope that
the universe will not, in fact, blow away into nothingness. '

Nohbody has a clue as te what this so-called “dark matter” really consiets of, but speculative
theories abownd. Many astronomers think if is something quite prosaic, ool gas or dust, while
others believe it consists of £xotic subatomic particles. The COBE resulis favor the latter
interpretation, though this is hardly conclusive. '

Going further back in time, the lighteat nurlei (elements 1 through 4) were all formed when
the universe was ahout three minutes old, Their relative abundance i another experimental
taldle on the Big Bang. There is also the observation that the universe contains ahout 10 biflion
particles of light (photone) for every particle of matter. This ratic is a clue to conditions when
the wmiverse was about a picesecond old! :
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OTHER FORCES AND THE “THEORY OF EVERYTHING”

In Einstein’s original version of the theory, gravity alone determines the geametry of the
univers¢. Other forces must be treated in the usnal Newtonian fashion, leaving Einstein's
revolution more a program than a full theory. Einstein's own thirty-five year effort to add
electromagnetizm to the geometry of the universe was a failure.

It is easy to see why this is s0. Galileo discovered that when gravity is the only force, all
objects put in the same place will move in exactly the same fashion. Qther fields do not have
this simple property. In an electrie field, for example, a positively-charged object will move in
. one direction, a negative one in the opposite direction, and a neutral cne won’t be affected at
all. How can you get different geometries for different objects?

In the early 192{]5, an obscure German mathematician named Thenl:lor Kaluza pmpused
an ingenious solution to this problem. He suppested that positive, negative, and neutral objects
ean’t ever really be in the same place, because what we call electric charge js really position in
an unseeshle fifth dimension! '

To use an analogy, we all know that clouds move in response to the wind. There are times
when there are clouds at differemt heights, and the winde at these heights move in different
directions, so clouds can also move in different directions. But if we knew nothing of the
d.'l.‘..‘.[lEIlSlﬂ]l “hejght,” and observed clouds only from the shadows the:.r cast on the ground, we
 would be hard-pressed to expla.m this. _

‘How is it that there can be a dimension that we can not percieve? Kaluza and Oskar
Klein, 2 Swedich mathematician, suggested that in this dimension the diameter of the universe
might be subatomic — we don't see the dimenszicn because it’s iside vs! — indeed inside every
electron. All that is needed is that this dimension be smaller than the smallest distances we
can observe — the present limit is 10~1% meters.

Einstein at first lilked thie scheme, but when it was shown that it gave no predictions
that differed from those of Newtonian electromagnetism, he realized there conld be no crucial
test, no “eclipse observation” that would show it was right, and the Newtonian calculation was
certainly easier. 8o he went on ta try to incorporate electricity into four-dimensional geometry.

Today we realize that the universe we know requires at least three additional forces: two
that operate inside nuclei, and one responsible for generating rest mass in all subatomic par-
ticles that have it. To accomodate all thesze forces, two of which are more complicated than
electromagnetism, an updated Kaluza theory needs at least fen dimensions. Six of these nvust
be “compactified” space dimensions 4 In Klein, leaving the familiar three plus one of time as
the only ones that can be okserved.

This is the basis for the “superstring” theory now in vogue, the sn-ca]led "Theory of
Everything.” So designating it calls for more than a little chuizpah, for this theory has yet to
come up with an experimentally testable prediction.




Qhaos Theory: How Big an Advance?

To some, it's a novel intellectual weapon that can be applied in almost every field; but to others,
it’s nothing less than “Gédel’s child”: a window into the unknown

This is the fast in a sie-parr series thae examines

how sctentists in a host of fields are using chaos -

iheary o sudy complex phienomenn, The five
previons piscer, which appeared betiveen & faru-
ory and N} March, repovied on chraes sindies in
epidemiatogy, popubation biolopy, physiclegy,
gianitin physics, end meteorology. This artitle
explores whether cheor is merely an ateresting
idea enjaying a feddich vogue or i actuelly, as
smpe of 13 progoenenis caid, a revolition ik
setennific thouphi.

I POLITICS IT'S CALLED A REVOLUTION; in
barsiness, 2 hosdle makeover. Scientss use a

gentler temnr—paradigm shift—but the sense

of sudden, radical change remains,

Some say science is in the midst of such an
upheaval now. Sciendfic rebels marching
under the banner of chaos are our o remake

orld. Their goal: o replace the orderly

erse of Mewron and Einstein widi a2 less

predicrable  cosmos.  Already

they have won a Few shirmishes,

and their ideas have a powertial

appeal thar s atiracony Mo
follewers all the time,

Yer the outcome 35 sall unde-
cided. and the uldmare relevance
and impormance of chaas theorr
to the real workd are sall unclear.
When the smoke clears, will sci-
enhfic history have been made,
o will this all be relegared oo de
foomotes?

Joseph Ford has no doubts.
“We are’ in the beginniag of 1
major revoludon.” he says, “The
whole way we see namre will be
changed.” Ford. 1 phyvsicist ar
Georgia Tech, has been working
in the feld since che lae 19505, long betore
it had 1 carchy name and a high profile. His
irfterest was piqued, he savs, by one of the
leng-sanding questons of stadstical me-
chanics: Where does chie randomness neces-
sary tor statisnical behavigr come from if the ;

grerse 15 ar hearr an orderiy, deterministic
3

Jou EchwadziGeongia Tech

Chaos theory may offer an answet 19 thar
qﬁ:st:iun.. Furd says. We now know thar
degerministic svsrems—cthose whose behaw-

wr 18 described by mathematical equa-
gons—can behave chapdcally, which means
they act in such a mmpilm::d way you
cannot predict exactly what they will do in
the furure. The best you can do is make
probabilistic staternents about thern, A sys-
rem a3 simple as che sun, the earth, and an
asteroid, for example, can become chaoge.
Although all three bodies act according o
Newron's laws of motion, the complex intlu-
ences of he two larger bodies can make the

movement of the asteroid so irregular thae

irs firrure posidons cn dnlv be described in
teemis of probabilivies.

This may be an imporant insight, but is i
r:x’olunomn’ Hardly. It is not even news. A
cenmiry ago, the French  mathematician

Henn - Poineard studied the general three- |
body problem and understood that in cer-
min cases the solubons become imracmbly
complex.

So what is revolutonary abour chaos?
Cne answer is thar over the past 15 years

scientses in 2 wide range of Aelds have come
" 1o realize that the world is nor nearly o

¢ grderly as thev onoe assumed. Princacd may

have known ot suessed how much of the
workd 15 chaoos but this awareness had oot
sc:pcd imo the gtm:r.l] conscinusness of the
scientifie commuine uncl recently, and per-
biaps not even ver “We cend to think science
has explined eventhing when it has ex-
pl.u_nc:d how the moon goes around the

savs Jim Yorke of the University af

live m a cloele-like wnkverse.

Marvland, who coiped the term “chaos™ in
the carly 1970s. “Bue this idea of a dodk-like
universe has nodiing w do wich the real-
world"

Chaos is a ma:h-:mancaf concept thae i3
rather difficult to define precisely, bur ic can
be chought of as deterministic random-
ness—“deierminisge” becue it drises from
inorinsic causes and not from some exoane-
ous noise ar incerference: and “randomness™
referring to imegular, unprtd.lcmblc behay-
ior. The appealing aspecr of chaos is thar ic
offers 4 way t© understand complicated be-
havior as something thar is parposehs and
structured instend of cxtrinsic and acciden-
Bingleaders of the chaos revole sav that
for the past 200 years Western sciencists
have looked at 2 messy, complicared world
and seen onlv rhis Selock-like wniverse.”
Classical Pj'j‘_l.ﬁlG_Pl‘_U?Od so successhul, they
say, thar it epded ugp liminng the way people
look at nanare. Mow, Yorke savs, “chaos

gives us a very different picrure
of the world in which we live.”
Thomas Kuhn descrbed the
cffects of such a shift In seienufic
perspectve 10 his famous book,
The Sirncure of Scienrific Revolu-
tions, published in 1962: “Led
by & new paradigm,’ sciendscs
:Ldupr new tnscruments and look
tn new places. Even more im-
por::l.nt. during revoludons sa-
entisiz see now and  differens
3 things when looking wich farmil-
iar insrumeies in places chev

~ & have looked betore.”
* 2 Thie thearics of relauviey and

Joseph Ford: Chaos brings ws  Jirm Yorke! Chaes shows we do nor quantum mmiechanics spa.rk:d the
face-io-pace 1w rrI: Cadel's Theorem,

ovo major parsdigm shuit in the
~ M0th century, Kukn wrooe, Rel-
ativiy vanguished the talse disonction be-
oween matter and eperzy, while quanmum
theory inoroduced the idea of tnherent un-
cerainry. Will chaos theory beger 3 third
paradigm shid?

Meor surpnsingly, both Ford and Yocke
answer in the afirmadyve. Ocher scienuises
are more skeptical. Poul Martn, dean of
applied sciences ac Harvad, says. “There

" have been some inecresnng ideas, some that

weore arouand bur  thac

many $CicAOsEs
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weren't aware of, bur [ don't think ics
revlutionizing the wiy we ook at scienee,”
The cssence- of chaos—the idea thar the
behavior of some detemninistc systems can
only be described statistically—may be news
ta some people, he 2dds, bur “weathermen

knew it 30 years apo, and many moré people

have realized it in many more areas,”

The conmibution of chaos theory has
been, Martn says, to give researchers an
appreciation of just how little camplexity in
a system is needed to produce complicarcd
phenomena, This in tum gives rise o the
hope that researchers will be able wo get
derailed analvses of some physical sysiems
that previcusly seemed open.only o statise-
eal splutions, he says. “That's an advance, ic's
not a revoludon,™

Reveoludan or not, there is ne denying the

allure of chaoss cause, Tn one ficld afeer
another, researcheps bove answered i cail ta
dIIT]s.
* In astronomr, Jack Wisdom av the Massa-
chusetts Instrure of Technology has discov-
ercd that many bodies in the solar system
follow chagtic orbits. The moon Hypedon
i§ mmbling chacdeadly armund Sanem. The
gravity of Jupiter can push asicroids in the
asteroid bele ineo chaotic modon, 2nd some
of them end up heading toward the carth as
meteoroids. Compurer calculitions show
the orbit of Pluro is chaodc,

In physics. Richard Brewer of IEM has
placed rwo barium arams in an electromag-
netc wap. By varving the soength of the
electromagnedic field, he can propei the at-
oms from seability into irregular, chaotic
motion and back again,

In chemisory, 3 number of rescarchers
have analvzed the Belousov- Zhaborinskii e
action, an oscilladng chemical resction, and
have seen the concentration of the reacrion
products vary chaateally over time.

Bur in 2 sense, none of these results can be
called revoludonary. In each case, the sysiem

behaves according to well-undersrood and-

accepred physical rules, and researchers have
simply foond cases where dhe solutions
the equations behave chaodcally instead of
with the nice, orderdy behavior that had
been studied up to then. It is good to know
that the real world does indeed behave as the
rathematical equations predicr, even when
those equadons have chaatic soludons, bt
iy is not ro0 surprising,

The tue revolutionares are- those e

scarchess whao are engaged in fieids where
* the mathemarical models do not work so

well, or mavbe do not exist ac all, and who

arc using the ideas of chaos w expiain things
thar standard science eannor,

Arv Goldberger, a cardiologist ar Harvard
Medicai School, is one such rebel, Gold-
berger studies varfabons in the thvthm of
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the heart. He hypothesizes thar these fluew-
ations hold a grear deul of information
abour the healdh of the heart Swanpely
cpouph, a healthy hearr has chaode Aucua-
tions in its patrem of beating, he says, while
sick hearts often are much more regular in
their rhythms. '

‘The idea inherent in this approach, Gaid-
berger says, is that a rescarcher can pet a

great deal of information by srudying che
variabilicy of a system tn addition to s
seable order. For cample, he says,

paticnes can have the same heartbear st
cally bur wich different dynamics, and cheir
statzs of health can be quite different. The
only way a physican cowld distinguish be-
tween the twa patients would be by looking
at Hucmuadons in the hearchear thar are

Art-Imitates Chaos

Science usually doesn’c have much tw say 1 art. Ler's face it, swing theowy, plate -
tectonics, and DNA arc not likely 1o send painters scurrying to their canvases. But
- fracrals and strange artractors . . . ahh, thar's different. :

“Therd’s something inherently appealing abont chags, something faralistic that
cYeTyone can empathize with,™ says Kevin Maginnds, an arost and president of Kaos
Inc., 2 not-for-profit organizanion that backs “eccentric or anomalous fforts in arg or
science.” Kaos Inc. is sponsoring a Chicigo art show this fall whose theme is chans,
and Magirnis says the response from artsts and architects has been enthusiastic.

Chaos is appealing to artists, Maginnis says, becausc it offers a fresh way to view the
world, “The challenge is to get art that is influenced by the idea [of chaos] but thar is
nor just illusorative of it™ he says. The way to do this is to *take the idea t© an
intuitive, nonrational level that nie seientist can express.”

Klaus Ottmann, who i3 in charge of the visual arts secgon of the show, sces the
appeal somewhac differemidy. “The main artraction for ardsts,” he says, “is the
decorative clement in chaos, pardeubuly in fracral geometry.” Cronann, an art critic
and curaror of exhibitions at-Wesleyan University, says hat decoration has been
downplayed by modernist schools which have emphasized function, buz chaos ang
fractal geomenry give artists a chance 10 have both. “Chaos theory can bring ticaning
or corent back into ormamenration,” he says. . .

Maginnis and Ormann both emphasize the attractivencss of the yinfyang refacion-
ship berween chaos and order. The chaosforder dicharomy provides an “cpen-ended
way to organize things” that “allows for spontancity but is visiaily very striking,”
Maginnis says. Some arrists, Qtmmann says, a0empt b “juxcapose order and chaos in a

visual field,” leading to such combinadons as compurer-generaced fracral images

" ineegrated with primitive patrerns.

Wharever the atiracton, it is nor Imiced o Chicage. Afier planning bis show,
Maginnis discovered the NMew Musenrn of Cantemporary Arr in New York City was
pianning a similar exhibit, and they agreed to host simuiraneous shows. From 13
September to 26 November, *Strange Attrucrors: Sipns of Chaos” will run in New
York Cirv, while “Stange Aoractors: The Spectacie of Chaas® is in Chicago.

Some of the ardss Maginnis contacted sbout the. show were already consciously

- using ideas fram chacs in their work, he savs, while others recopnized cchocs of chaos
in their work after he described it to them. *Peopic have 3 nartural empathy for chaos,”
Maginnis suggeses. “Everyone's experienced ir in onc way or another.”

u BT
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Everywhere You Look, Everything Is Chaotic

The chaos insurgency has opened up Eones in nearly cvery
scienaific discipline. 3ome of the targers are:

m Mereorology. Edward Lorenz at the Massachusetts Insd-
turs of Technology got the chaos revole rolling.in 1963 with his
demonsraton of chaotic behavior in a much simplifisd mode! of
atmospheric air Bow. Meteorolopists weday accept thar chaos in
the atmosphere makes accurare predictons impossible more than
a couple of weeks into the furure, bur some hope thar chacte
models may evenmually make -it possible to predict long-term
trends in che weather.

m Ecanomics. William Brock at the University of Wisconsin—
Madison and Chera Sayers of the University of Houston have
used chaos theory to look for hidden order in business cycles.
They hope o improve short-range predictions of coonemic dar,

m Physiology. The brain wses chaos as a waidng stare, says

more ardered when a subject is raking in or processing informa-
tion, he says. Ocher brain rescarchers arc looking far ways to
predicr epilepaic seizures by analyzing chaotic EEG patterns.

s Internadonal politics. Alvin Sapensicin ‘ac Wayne State
University concocted a model for an arms race berween owo
hostile nations. Experiments on a model where both councries
intraduced anrimissile defense systems showed thae the situadon
was chaotic and unseable, eventually leading o war.

= Astronomy. -Some variable stars pulsare irregitlarly, Oded
Regey of Columbia University has done numerical modeling of
this behavior and found evidence of chaos. _

m Transportation, The award for dhie most .down-to-earth
applicarion of chaos theory may go to a group of traffic
engineers, whe, during a mectng in Washingron, D.C., in 1988,
associated chaos with snarded oaffic patcerns. Next dme you're

Walter Freeman at the University of Califormnia at Berkeley.
Srudics of human EEGs show thar brain wive partemns become

chaos.

sruck in stop-and-go traffic on a rush-hour frecway, blame it on

m B.DL.

usually chought of as cxtrancaus noise to be
ignored.

Tradidonally, researchers in physiclogy
have tended to lock for order and o creac
wharever ovder was available in a systern as
the most imporant detail, Goldberger says.

ke is correct in believing thar fluctua-

WWicns—disorder-—alsa contain imporant in-

formartion about a system, “its going to
transtorm the way pesple lock at their =x-
perimenzs, the wav they look ar thejr da,
People will be lpoking: for all these chaos
ideas in the data.” '

Bue are such new approaches the same as
revolutont Not in the sense thar quantam
mechanies or relanvicy was a revoludon, says
Steven Toulmin, a philosopher of sclence ar
Monhwesem  University  in Chicaga,
Where quantum mechanics opened op an
enorely new level of behavior in the physical
world, chacs is merely comeadng a 200-
year-old mistake. “People assumed for more
than 200 vears thar a Newtonian world was
predictable.™ he says. “Chaos shows thar this
was ddways a mistaken assumprion.™
© Instead of quannem mechanics or relam

ity theory, Toulmin thinks chaos is bemer
compared with stadsdcal mechanice, 2 math-
crradcdl ool that -can be used to soudy
various physical systems thar exhibir sradzn-
&l behavior. Chaos theory gives us extm
nreflecrual weapons, tut not an encirely
new world vicw, argues Toulmin,

On the face of ie, Toulmin's point seems
ard 10 argue with, 1f all thar chaos dheory
ters is the insight thar there is more to the

world than order and srability and char a
* complere descriprion of nanere must incjude
complicated behavior, chen jt is not revolu.
tonary. It suggeses pew lines of inquiry,

Chaos comes to Ie ix such compuier-gener.
aved jmages aF s stearnge afiracior.

offers new tools o study irrepiar behavior,
burt it is noc a new workd view,

However, some of the people who have
seadied, and thoughe abourt chaps maost deep-
by insist thar there 3 more o come,

Far instance, onc deep question thar has
been raised bur not answered js: What is
quantum chaas! 5o far, chacs has been seen
only in classical systems, and physicists do
not even have 4 good idea of what quantum
thacs should look like. Bur if quantum
mechanics is indeed the fundamental theory
of namire, it should include chaos in one
ferm or another, since chaos is indisputably
pari of the namral workd, The fact that no
onc has seen anything thar can be idendified
ag quannurn chaos may reflect a shorcoming

|I of quantum theory.

Ford. who refers 1o himself as the Evange-
lisr of Chacd, savs he believes chacs theory
will andarnencally change our view of the

Wiligm Echafer

world by “forcing us © fce cur Lmica-
tons.” Ooc way it will do this, he suggesis,
is by bringing Gisdel’s Theorem 1o bear an
phiysics. Marhematician Kurr Gadel proved
thar any mathemanical system of interest is
incomplete—thére will always be guestions
that can be asked bur nor answered in any
parcicular logical sysrem. “Chaos is, in a
sense, Gadel’s ehild” Fard savs. Chaos dhe-
ory proves chit there are phosical questions
that cannoe be answercd—where Plur will
be in its othit 1 billion vears fom now, for
instance.

Yarke’s vision is broader and less specific
than Ford's. To Yorke, the lessons of chaos

‘can be nicely ‘summed upr widh a line From

Hamier: “There are more things in hedven
and carth, Horado, tan are dreamt of in
vour philosophy.” Or in Yorke's paraphrase:
“Things arc swanger than vou think "

By chit he means thar oo perception of
the world is limived by our understanding of
narure, Chaos, he says, promiscs o liberare
this view from the clock-like picure of the
universe thar has inducnced Western sci-
ence’s paradigmi fat more than two cenmu-

| ries. “One of the disappointments is the way

the scientific commurity has jumped on the
idea of order in chaae,” savs Yorke. “Now
that thev've tound chaos, they wanr 1o look
tor order in chacs.”

However, Yorke condnioes. “1F we ser our
godls at locking to# the mundane, then we

will find it The facts are that the universe is

much more comiplicared than we imagine,
andt if one understands- how strange the
world is, one begins w look for these
srange things.” For Yorke and many other
chaos scicndsts, the search s alveady on for
these strange things. u RoeerrTooL
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THE PAULI PRINCIPLE AND CHEMISTRY

Chemistry is concerned solely with the motions of electrons in atoms. The muclens only
serves to keep the electrons bound, via electrical attraction, The atomic number Z 15 equal
to the electric charge of the mucleus in fundamental units, and hence also to the number of
electrons in a normal, neutral atom. :

The Pauli Eﬂ:cfuswn Principle is the key ta understanding atomic (also nur.lea.r} structure.

It stetes that elecirons are “territorial.” To be specific, no more than one electron can occupy
a quantum staie. Bach Schrodinger wave actually stands for {we electron states, becanse the
elactron has an internal pmpert}r named {somewhat m]slead.mg]:,r] spin, which cen assume two
values.

In wave mechanics, each Ea_hr level n is replaced by n® wave pattemns, very nearljr aqual
in energy. Taking inte zccount spin, this gives a series of “shells™ of electrons, each with 2n?
members (i.e. -2, 8, 18...et¢). Though the additional forces present in many-electron atoms
disrupt the energy levels, all electrons in a shell tend to have roughly the same energy. The
higher shells further subd.wlde into "subshells,” with a tendency for a subshell to contain eight
states. :

Atoms fu:rrm chemical bonds through the interactions of the outer electrons, the ones in
unfilled shells or subshells. In some cases, an electron actually moves from one atom to another,
leaving two charged atoms (ions) that stick together by electrical attraction. This is called
an ionic bond. In others, electrons take on complex patterns surrounding two or more nuclei,

covalent bonds.

Oanly the electrons in the cutermost shell or subshell participate in chemical binding, since
it takes much more energy to remove inner-shell electrons from the atom. These electrons are
-¢alled vafenrce electrons. Atoms with equal mumbers of elecirons in the ocutermost shell are
simnilar in how they bond - this is the source of the regularity expressed in the periodic table.
For example hydrogen, lithinm, and sodiutn each have one electron in their ontermost shells —
then =1, 2, and 3 sheils, respectively. All have similar chernical behavior, i.e. one can replace
the other in most moleénles. Becanse of the existence of subshells containing eight states, the
. periodie table has eight columms.

Atoms with completely filled outer shells — the so-called “noble gases” helinm, neon,
argon, etc. — are essentially chemically inert because it is not energetically favorable for them
to etther donate or accept electrone.

Atoms with four valence electrons, eg. carbon, silicon, germaninm, are the most chemically
versatile, for each can formn as many as four chernical bonde at the same time. Atoms with
more than four form less bonds because they tend to secept electrons in forming bonds. Thus
oxygen, with 6 electrons in the n—2 shell, forms two bonds, as in water (H20). But with four
bonds available, carbon can serve as the backbone for complicated molecules containing 'mhn}'
atoms, much as the “spools” in a tinkertoy set make complicated structures possible. This is

the basis for life. _
Protein molecules, for example, are a major constituent of living things, and some are built

of more than 10,000 atoms, The pattern for building these molecules is recorded on rucleic
acids, RNA or DNA, which can string together billions of atoms. thhout four-valent atoms,

no such molecules could be built,

Atoms with four valence electrons also have special electrical prnpertles which are ex-
ploited in se:m.l::l:rnductnr electronie technology.




“This 1§ typically about 0.8% of & nucleon’s
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NOTES ON NUCLEAR PHYSICS, ENERGY, AND WEAPONS

" Nuclei consist of protons, which have posttive electric charge, and nieuirons, which ase

‘electiically neutral, Theee patticles have neaily the same tnass (neutrons are 0.15% heavier),
" and are known collectively as nucleens. The nutnber of nucleons in 6 nucleus i# culled the rreavs

nunther A, whicli is close to the mass of the nucleus it atoinie mass units.

.Nuclei with the same nuinber &f protons Bt diffeient fumbers of NeUtions aré the saie
thetnically, and are called isotopes. Isotopes are designated by the name or chemical syribol of
the element, followed by A, Examples ~ Urafitum 235 or U-235 is the nuelaus with 92 protons,
143 neutrons, For kistorical reasons, the two heavy botopes of hydrogen have napes of their

-owh — H-2 15 deuterium {D) and H-3 ie tritium (T).

~ Nuclel are held together by a force string enough to overcome the eletitical repulsisn
of the protons. It is a complex foree, because nuclenfis have stnall parts ¢alled gquafks, and -
attractions between nuclesns are the sum of many forces between thelr sonrstitueits.

The niclear force digs out quitkly at distances of moie than ip=16 meters, of a femtorneter
{ftn}, which used to be ¢alled a fermi. Protons and neutrens liave dlameters of about 1,6 fii.
This makes a nucleus similar to a ligeid drop — it is held together by attiactions hivtween fieas
nelghbors, which are nearly in contact but moving rapidly. -‘Wave mechanies demands that
nucléons, like electrons in atomis, be reetricted to certain allowed ehergy levels:

Like elettrons, protons and néutrons have spin aiid obey the Pauli principle. Eath kitid
of particle obeys it separately, so each nuclear energy level cafl contain twe protons and two
nentians, . For this reason, Light finclel tesid to hive roughly egiial nutibets of protons and
neutronsd. In heavier nuclei, the mutnal repulsion of protons builds up and pushes their anergy
levels higher, s6 the neutrons have more low energy states available. The hicaviess niclel have
about 50% thire néttrons than protons. ' R

' o or THON

The stability of nucléi is datermined by #
the binding energy per nucleon, i.e. the aver-
age energy required to remove one nucleon.

mass, g0 nuclel are measurably lightet then
the sim of nmiadses of their parta, At first,
binding energy grows as nuclei get larger. But
as proton repulsion builds up it larger fiuclei,
binding energy drops off somewhat, The most
stable muelei are found around A = 56 (Iron})
Thia Behaviar is Migtrated jn the giaph at the _
right, which is known as the “curve of binding e TR T T - B R T T
' A

energy.”

Explolting changes in binding energy is the basis for nuclear energy. A fow tenths of a
percent change in mass is typical. One can either join twa light nuclel (fution), or split 8 lienvy

Me¥ PER MYICLEOM

_one (fission). The hard part is to get a self-sustaining reaction; nuclel are rormally protested

by their mntual repilsion, Tunneling aliows them to reatt netiethelews. -

Fleinents up to iron are the product of fusion in stars. High temperaturées are necessiry
téh allow the nuclei to get close encugh together so that the probability of tunneling becoies
high enough to produce enough reactions to keep the process going. Since heavier nuclei repel
one another more strongly, they require higher temperatures. Hydrogen burns to helium at 10
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to 40 million degrees, helium at 100 to 200 million, and the last step to iron requires 3 billion.
Tt takes the powerful gravity of a star to confine a gas at these ternperatures, Light stars like
our sun first burn hydrogen and later helium - #ron is only made in more massive stara.

For more than 35 years, scientists have heen working to confine fusion reactions on Earth,
using magnetic fields as a substitute for the strong gravity of a star. The best current devices
for this purpose are variants of the Tokamak designed in the 1950s by Andrei Sakharov. The
effort worldwide has cost billions of dellars, and is still at least decades awey from a pract:cal
reactor,

Energy must be edded to build elements heyond iron. The only possible zource is the
gravitational collapse that leads to & supernova. Heavy elements are created in the envelope
of debris blown away by such explosions, in the first second or 5o of the rebound, as radiation
from the collapsing core of the star strikes material falling inwards and hlows it away, Elements
beyond helium represent less that a percent of the matter in our universe, while those beyond
iron are rarer still. Since our solar system is fairly rich in elements be]rond irom, it must contain
superncva debris, and we are made of “recycled” dead stars.

Radipactivity is the spontaneous release of nuclear energy. It comes in three forms, wluc:h
atise from completely unrelated processea:

o {alpha] — a He-4 nucleus is ejected from a larger nucleus.

# (beta) — a neutron emits an electron and turns into a proton, or a proton emits & positron
and turns into a neutron. A neutral particle called a newtrine is also emitted.

4 {gamma) — an excited nuelens drops to a lower state by enuttmg a.p]mtcm [w:th millions
of times more energy than visible light photone).

« Tadioactivity may be regarded as a particular case of fission. B occurs when a nucleus
has a lower energy state available if it converts.a neutron to a proton, or vice-verse. 7y i3
similar to the emission of light by electron transitions in atoms - an excited aucleus returns
to its ground state.

Fission proceeds through tunneling. The nucleus tunnels from one allowed state (one hig
nucleus) fo another {two smaller ones). In beteween Lies a higher-energy state — a distorted
large nucleus. A few muclei fission spontanecusly, but the process is very rare. Adding a little
energy to a heavy mucleus reduces the §F and allows fission to happen very quickly. The
easiest Way to get this energy is for the nuclens to absorb a neutron, which need not tunnel in,
beeause it is not repelled by the nuclear charge. :

Since heavy nuclei have the highest proportion of neutrons, fissien produces nentron-rich
nuddl&we:lght nuclei that must 8-decay several times to convert some of the excess nentrons
into protons in order to reach stability, A-decay often leaves the new nmelens in an excited
state, and a y-decay follows. Thus fission residnes are feracicusly radjoactive. Fissionable
uranium (U-235) is & mildly radicactive @ emitter, and may be safely held in your hand. But
one ounce of fission residues, fresh from an operating reactor ar a puclear explosion, could give
a lethal dose of radiation within a matter of minutes.
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Chronology of the Development of Fission Energy ’ L

1934 Leo Ssilard, contemplating the recent discovery of the nentrom, contludes that large-
scale release of muclear energy would be possible if a nuclsar reaction conld be found
that met three conditions: (1) # iz tnitigled by newirons; (2) i reledses energy; (3) it
also releases two or more nevirons. No such reaction was then known.

1938 (Dec) Otto Hahn and Fritz Stressman in Berlin discover an isotope of Batiun (element
56) is produced when Uraninm is bombarded by neutrons. Their former colleague Lise
Meitner and her nephew Otto Frisch, refugees from Nazi race laws, realize Uranium
nmst have split, and predict a large energy release.

1939 (Jan) Frisch and others confirm this. By then evaryone suspecta an;!ng ei-:ieas nentrons
will be released during the fission, and a chair reaction may he possible, There is some
speculation in the press about atornic bombs, but the story s quickly forgotten,

1939 (Mar) Researchers in the US and France confirm that neutzons are emitted in flesion.
Glermany begins fanding Uranium research, under Heisenberg’s directicn.

1939 (Apr) Bohr & Wheeler publish a theory of fission based on the tunneling effect, and

predict that only U-236 {0.7% of natural uranium) can be easily fissioned, Ssilard

_suggests US journal editors hold back the most sensitive articles on fission lest Hitler be
helpad, a policy soon adopted.. '

1939 (Aug) Szilard drafts a letter for Einstein to send to Roosevelt, The US government
hegins support of fission research on a rodest scale a few months later.

1941 (Dec 6) The US lannches a crash program to build the bomb, fearing nuclear blackmail
because the Nazi project has a two-year head start. o .

1942 (Dec 2) The first chain reaction (in a reactor) is achieved at the University of Chicago,
under the direction of Enrico Fermi. ' ' :

1943 (Apr) J. Robert Oppenheimer assembles e team at Los Alamos to design the bomb.
This is a very small part of the project. '

1945 (Jul 16) The firét plutonium bornb is tested at Jornada del Muerte, NM.
1045 (Aug 6) The first uranium bomb is dropped on Hiroshima.
1945 {Aug 8) A plutonium bomb is dropped on Nagasaki.

Fission Reactors and Nuclear Pﬁwer

Although nearly all heavy nuclei can be fissioned if you hit them hard enough, enly three
isotopes - U-235, U-233, and Pu-239 - will fission whenever they absorb a neutron, regardless
of how little energy it has. Of these, only U-235 is found in nature.” Pu-239 can be produced
when T-238 absorbs a neutron snd converts itself by two S-decays into Pu-239. TU-233 can be
similarly “bred” from thorium-232, but there is no practical need for it. '

In a reactor, nentrons produced in fission are slowed down by & series of collisions with
light nuclei that do not readily absorb neutrons, until they are moving no faster than the
normal thermal motions shared by all atoms. At these speeds, they sre readily captwred by
U-235, while they will rarely be absorbed by a U-238 nucleus. Then a fission chain reaction
can proceed in natural uranium, or in uranium that has been “enriched” to a hit more than
the normal 0.7% of U-235.
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The material used to slow down neutrons is called the moderator, and three are commonly
employed: crdinary water, heavy water {D30), and carbon (in the form of graphite). The
latter two absorb few neutrons, and thus can run with naturel uranjum. Ordinary water does
absorb some neutrons, so fuel f—:::r these reactors must be entiched to about 3% U-236.

The advantage of using ordinary water is that the reactur core is very compact and can be
immersed in water in a steel pressure vessel. This saves construction costs, and is the preferred
design for most of the world’s power reactors. Iis main disadvantage is that if cooling water
ceases to flow, the reactor core can heat up to dangerous levels in a few minutes. Another
disadvantage is that when the fuel is exhausted, the reactor must be shnt down and the core
remaved from the pressure vessel to refuel, a process that takes it out of production for several
weeks every year or so. :

Safety problems with reactors originate in the fact that part of the energy release comes
long after the fission, in the form of radicactivity. When a reactor js shut down, it is still
producing heat at up to 7% of its operating rate, On the big reactors used to gemerate
electricity, this is a substantial amount of heat. If cooling is lost, the fuel will melt. Backup
systems must be provided, and the bigger the reacter, the more complex these are,

Early reactors used pure carhon to slow down neutrons, and water only to cool. This is the
preferred design for reactors designed to preduce plutonium and tritium for nuclear weapons
(see below), because it wastes the fewest nentrons. About half of the power reactors in the
former Soviet Union {e.g. the Chernobyl plant] also employ this scheme. Its disadvantage is
" that it tnakes the reactor core rather large and expensive to baild, though in principle it can
be a safe design (the Soviet version clearly wasn't!}.

Nuclear Weapons Design and Manufacture

A fission bomb has a core containing nearly pure fissionable isotopes, with nothing to slow
nentrons down, so that the reaction can huild very guickly, in about a microsecond. The coge
must be sufficiently large and dense to insure that enongh neutrons to snstain the reaction hit
a muclens before they reach the surface and escape. This is called the eritical mass, and it can
be reduced by surrounding the core with something that reflects neutrons, or by compressing
it with high explosives. It ranges from about b0 kilograms for a bare sphere of U-235 ltu Iess
than a kilogram of highly cnmpressed Fu-239.

Building fission bombs requires an industry that can deliver kilogram quantities of fission-
able isotopes, Not knowing what would be the kest way to accomplish t]ns the Manhattan
Project actually developed two.

Plutenium was made at Hanford, Washington in natural-uraninm reactors, A fraction
of the rientrons fromi fission of U-235 was captured by U-238, and the resulting Pu-239 was
extracted from the fuel rods chemically. Spent fuel is so radicactive that the plant had to be
run entirely by remote control. Tons of uranintn were processed to get one critical mass of Pu-
239. U-235 was separated from U-238 by ph:,rsmal pracesses (gaseons diffusion, e]ectmmagnetm
forces) in hmge plants ai Oak Ridge, Tennessee. ’

These plants cost more than a billion 1940s dnllars {about 10 billion of tuday 5) to build,
and ditectly employed 65,000 workers. A comparable number of people worked for contractors
to the Manhattan Pro ject. In contrast, the actual weapons design employed a few hundred
scientists and engineers, with a support staff of a few thousand, at Loz Alamos.

Flectromagnetic separation relies on the fact that in a beam of Uranium atoms, the lighter




2%

U335 atomis. ave more casily deflected by mwgnetic fields. Since: atiowde beamns. caprying, suli-
sharitial witicusnts of miatesial are hardl to creste and combzoll, this & the mxost expensive: wey
to miake fiadionmbls matesials and was long, agp discarded by the saclear powers, But i is
the voute Traq chove, because: i¥ used o mnipoum of immpaorted technology and condd thas be
Todsy, new methods are available thmt would make the effort mueh chesper and smaller
i scale, especially for & wation willing to build up a small nuclear stockpile gradually. Most
of whiat was learmed st Loz Xlamus is now avaflable in the: public prints, and any reactor is a
potensial soutve of platoniumn, & smatl team of scientists and engineers of oxdinary skilt could
dusign aind build & workable bomb. :
 Cfiven the riaferidls, the bomb design is relatively straightforward. The problem: is to
assenible & eritical mass quickly, before the reaction has time to build up and blow it apart.

Thie sssiast way is to make » sphere of U-235 with a hole through it. The sphere is attached
to fhe barrel of & gun, which fires n slug of U-235 to fill the hole, This was the Hiroshima
liorab, and was so simple the designers saw no need to test it before it was used. They also
lind too little U235 to build two bombs within a reasonable time.

A ifiere efficient riethod i to surround a sphere of fissionable material with high explosive,
which is detoniated st the outside, producing an implosion that compresses the material until it
becoities ériti¢al. This was the design of the bomb tested in New Mexico, and the cne dropped

il Nagasaki, It Ja the only method that works for pletonium. '

The problem with pliteninm from a reactor is that it can never be pure Pu-239, but
esntakis an admiztate of Po-240. This isotope can fission spontaneously, leaving a background
level of nenirons always present in the plutonium. These neutrons can start the chain reaction
premiatusely, beford the core reaches full eriticality, so the core would blow itself apart without
. relessing mich energy. Implosion reaches criticality more rapidly than a gun design would
aliow, - . | .

Most fission bombs in the TS stockpile are multi-layered implosion bombs containing both
:236 and Pu-239. The hard part of the design is to detonate a sphere of high explosive
. sverywhere oi its surface at the same time. This takes a device called an explosive lens, which
is subtle to design and tricky ta build, but the principles are now widely known and they are
even tomunetcially available, '

. A jusion bomb, or H-bomb, is subtler still. The high temperatures needed to start fusion
in 3 i of light nuclel are generated by a fission homb trigger. You can’t just pack the fusible
ifaterial aronnd the fission bomb - it would blow apart hefore the reaction started.

The trick is to take advantage of the fact that in the first instants of a fissien explosion,
mnch of its energy is in the form of short wavelength light {ultraviclet and x-rays) moving ranch
fanter than the neutrons or fission fragments. These heat a blanket of plastic foaun wrapped
around & eylindrical fusion core, which is heated and compressed uniil fusien is kindled, '

| Miost fusion cores consist priraatily of fithium deuteride, a white powdery compousd of the

isotuper Li-6 and H-2. The renction starts when Li-§ absorbs a newtron and splits into He-4

agidl He8. The H-3 then combines with H-2 to form He-£ and a neutren, which can in turn start

the chaln over again in Li-6, This sequence of reactions gives abont three fimes more energy
peér it weight of fuel than fission,

Some bombs rely on fission neutrons from a second fission core within the fusion core to

get the sequence started, while others contain some tritium to start the chain. This is the
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most efficient design, but tritium is expensive and unstable - it is radioactive with a hali-life
of 12 years. So some of our most efficient bombs “spoil” and become inoperative after a few
years. Tritium is made in the same reactors that breed plutoniurm, by inserting lithivan in the
- reactor. There are no such reactors now in operation. '

MNuclear Stockpiles and Proliferation

Priar to the breakup of the Soviet Union, the two superpowers had deployed arsenals of
about 12,000 strategic warheads each, plus several thousand “tactical” (battlefield) weapons
of modest power. The START I treaty calls for the removal of about one third of the strategic
arsenals, and START 11 calls for a reduction to 4000 each, which still represents a subtantial
"overkill” Both sides have taken strategic weapoms off alert status and decommissioned all -

" tactical weapons.

Becanse of the sheer technical difficulty, dismantling operations may take decades to com-
plete. To complicate matters, the former USSR's weapons are now dispersed among four na-
tions — Russia, Ukraine, Kazakhstan, and Belarus, The latter three have pledged to sbandon
all nuclear weapons, but have taken few practical steps to implement this.

Britain, France, and China have 300 to 500 weapons each. Israel does not admit having
a nuclear stockpile, but there is evidence that it has somewhere in the range 100-200 fiseiom
Weapons. India has fired test explosions but is not believed to have a stockpile. Pakistan has
an active program that may soon give it & modest nuclear capability. Scuth Afriea admits to
having built six fission weapons in the early 19805 hut claims these have since been dismantled.
Argentina and Brazil have both worked on nuclear weapons, but the current governments in
these nations have signed an agreement to terminate this work and dismantle all nuclear
weapons research facilities. North Korea hes some sort of program, but little is known publicly
about how far aleng it may Le.

Fven a small, semi-industrialized nation conld become a nuclear power within a few years
. for an investment of a few hillion dollars. The monitoring system carrently in place through the

Tnternational Atomic Energy Agency ([AEA) may be incapable of detecting such  program
in the face of determined efforts to coneeal it. ' :

The Military-Industrial Complex and “Competitiveness” .

In the TS and Russia, the creation of huge nuclear arsemals spawned an immense complex
of weapons laboratories, manufacturing plants, and military forces that employ hundreds of
thousands of people whose carsers are tied to nuclear weapons. Any bureaucratic structure
this large has a great deal of political muscle, and a natural tendency to fight for its life, Thus
it will take a great deal of political will on beth sides to rid us of the Sword of Damocles that
" continues to hang over our heads,

The nuclear establishment is just s small part of a much larger entity called the “Military-
Industrial Complex,” a term that originated in President Eisenhower's final staté-of-the-union
address in 1961. Though the Complex produces only about % of the gross national praduoct
in the U$ (substantially more in Russia}, it employs neasly half of all the trained scientists
and engineers in each country. '

Tﬁuugh military R&D does occasionally produce “spinoffs” of benefit to the civilian econ-
omy, as the technical arms race has progressed military and civilian technologies have tended
to diverge. For example, the jet age in commercial aviation was launched in 1958 with the
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Boeing 707, a civilian version of the Air Force's KC-135 air tanker, which had in turn been
developed on axperience gained with the B-52 bomber. By the late 19603, when wide-body
jéts appeared, there were distinct military and civilian projects with little technology transfer.
Today the cutting edge of military aircraft design is the B-2, and it is hard to imagiﬂe an
airline paying several billion dollars for a plane invisible to radar' Only the instruments in the
. eockpits of today’s jet transports owe much to their military counterparta,

This i perfectly natural, for in & technological arms race & small advantage in performance
justifies a large increase in price, and most of the R&D is paid for by the customer in advance
of production. A similar sitnation exists in auto racing, which has had hardly any connection
to passeénger car design for decades.

Thus a growing wmber of experts now believe that military R&D has probably been
a drag on the US economy. Gonversely, they assune, it represents a talent peol that can be
tapped to make us more competitive in the international economic arena. This is not, howeéver,
an esset that is easy to ci:mv’-ert to civilian use.

Tethnologists whose careers have developed in the Complex have a  hard time adjusting
to the civilian economy, in which R&D must be pmd for out of sales, and a sigaificant gain
in pe:rfﬂrmanne is required to justify any real price increase. This was demonstrated in the
18703, when in the face of diminished military budgets a number of weapons firms tried to
develop products that would sddress the "energy crisis.,” In inost cases they came up with
exotit solutitng that were simply not economical. Thuas it will take a major shift in a.tt]t.udﬂs
before these organizations und individuals will be of use to the eivilian economy.

BEven if this readjustment does take place, it will run up against problems with TS carporate
management, which has a bad track record at turning new technology in the Iabaratory inte
‘better produtts coming out of the factory. Top corporate executives tend to have backgrounds
ji the “fast tracks” of finance and marketing, where new efforts can bear fruit on a time scale
of months and lead to a rapid rise up the corporate ladder, Production menagement has a
Yowar status, and too oiten assumes that workers are both stopid and lazy, a self-confirming
hypothesis. This spills over into vur educational system, which is structured on the assumption -
that there will always be plenty of jobs for people with limited education. Finally, even
‘entightened management is plagued hy “impatient capital,” investors who demand immediate
profits at the expense of long-term goels. .

Iti the current wave of corporate "downsizing,” research has often been among the first
areas to suffer. In many firms, what revearch remains is hardly managed at all. It often takes
plate fat from the plant or corporate headguarters in a *think tank™ modeled after a university
resenrih laboratory, which does a great job at fundamental research but is ill-suited to the needs
of industry. The lihoratory often has little contact with the rest of the corporation. A new
product is durmped in the lap of the production staff with no realistic thonght as to how it will
fit into the fow of wark.

Many leaders in govermment and industry harbor an image of tizl:lmolﬁ,gmai PIGETESS 43 &
mntier of dramatic “breakthroughs,” spawning new profducts that tonld starcely have been
previvusly imagined, and which quickly build up billion-dollar markets. The example most
often cited is the semiconductor industry. But a dose examination of the history of that very
industry revesls a guite different seenario of development.

Semiconducter thips are, in effeet, “printed” on walers of silicon by a variety of ‘tec":hmquﬁ
- dosely related to the ordinary photolithography that was used to print the pages you aze now
reading. Thus this industry shares the economics of scale of the priniing business, After an
elaborate and expensive preparation of material to be reproduced, and setup of the machines
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that will do the job, thousands or millions of copies can be made very cheaply. Furthermore,
additional complication in the images reprodunced adds little to the cost of production. It does,
however, add a great deal to the one-time development costs: while the first “microprocessor”
(cnmputer on-a-chip) was laumched by 2 then-small firrn {Intel) with a modest budget, Intel’s
latest chip has cost more than & billion dollars to develop! This generates pressure to seek the
~ widest possible range of applications so as to create a mass market.

Qwver its 30-year history, this industey has increased the number of comprenents on a chip
from roughly a dozen in the first commercial units to more than four million today, This has
taken place incrementally, with the number of componeats on & chip doubling roughly every
20 months. :

The driving engine beh.ind this progress has been the gradual improvement of pmduction
‘techniques and guality contzpl, a process in which ‘experience on the shop floor has played
as great a role as research in the laboratory. In many succesful firms, engineers follow their:
products through to realization in the factory, and give serions attention to the suggestions of
production workers. Though the initial successes of this scenario were achieved in small firms
in the US, the lesson they taught was more widely appreciated in Japan, where consumer
praducts are developed by the same strategy of incremental improvement, with production
and research working hand-in-hand.

The largest US firms find it hard to integrate this kind of strategy with their hierarchjeal
corporate cultures. Many are far more cornfortable with military R&D contracts, which need
not lead to s cost-effective product. But such is the efficacy of the other approach that today
few of the advanced weapons in the TS arsenal can be huilt without Japanese semniconductor
¢hips criginally developed for consumer products. - .

It has been suggested that the Cold War ended becanse the TS persevered in weapons
development, forcing the USSR into bankruptcy in the effort to keep up. This is a debatable
point, and in any event it is clear that we ended up not too far from the brink ourselves.
The “New World Crder” will he dominated not by the strongest military power, but by those
nations that best put aﬂwmced ter.'l‘malngy to the service of human needs and the protection
of the environment.

Suecess in these endeavors will rest on fully developing and uti]izing the talents of all
citigens, both through formal education and on the job. We must learn to accept education
not as something that terminates with a diploma, but as a lifelong experience. In the final
mstance human TE5OUTCES aTe thE most valuable assets a nation can have.




