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tion that characterized physics—and in­
deed many other sciences—in past dec­
ades, the underlying unity and coherence 
of our science is once again emerging. 
Concepts and techniques developed in 
one subfield are rapidly exploited in oth­
ers, to the enrichment of all. 

Obviously, this brief review of so dy­
namic a field cannot possibly be com­
plete. What I have tried instead to do is 
select, in each of the major subfields of 
physics, a few areas which will illustrate 
the renaissance and in which I believe 
major progress will be made in the years 
ahead. I shall follow the natural hier­
archy, from the microscopic to the mac­
roscopic, from the depths of the atomic 
nucleus to the fringes of the known uni­
verse. 
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higher energies to probe ever shorter dis­
tances and to establish the ordering prin­
ciples that nature has chosen. 

The annus mirabilis in this field was 
1974. Not only was there evidence pro­
duced for an entirely new building block 
of nature—in the discovery of the ijj par­
ticles—but also the grand unification the­
ories aimed at bringing together elec-
tromagnetism and both the weak nuclear 
force (responsible for radioactivity) and 
the strong nuclear force (responsible for 
binding nuclei and for nuclear energies) 
were first introduced. 

Prior to 1974, after enormous effort, 
both experimental and theoretical phys­
icists generally had concluded that three 
massive, fractionally charged entities, 
the quarks, were the building blocks un­
derlying the natural universe. The dis­
covery of the \\f particles showed conclu­
sively that there was yet a fourth quark, 
carrying a totally new quantum attribute 
arbitrarily christened as "charm"; with­
in the past 2 years the discovery—at 
even higher energy—of the Y particles 
proved the existence of a fifth quark, this 
one with a quantum attribute equally ar­
bitrarily called "bottom" (see Fig. 1). 
And almost all physicists are convinced, 
on the basis of theoretical symmetry ar­
guments, that a sixth quark carrying the 
attribute " top" will be discovered as 
somewhat higher energies become avail­
able to experimenters. The necessary fa­
cilities are now under construction, both 
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in the United States (Brookhaven and 
Stanford) and in Europe (Geneva and 
Hamburg). 

These quarks are the building blocks 
for the so-called hadrons, particles that 
interact through the strong nuclear force 
and that fall into two quite distinct 
classes: the baryons, of which the proton 
is the lightest known member and all of 
which are assumed to be composed of 
different combinations of three quarks, 
and the mesons, of which the pion is the 
lightest member, all of which are as- 
sumed to be composed of different 
quark-antiquark combinations. 

Although there have been reported ob- 
servations of free quarks, identified by 
their characteristic electrical charges, 
which must be fractions of those on the 
electron and the proton, most physicists 
are now convinced that the forces that 
bind quarks are such that it is impossible 
to ever isolate a free quark and that any 
attempt to do so results only in the pro- 
duction of quark-antiquark pairs-that 
is, mesons. This, of course, will not pre- 
clude detailed study of quarks, even 
though they may be trapped forever in- 
side hadrons, and with ever higher ener- 
gy probes such studies will be of increas- 
ing importance. 

Nature has also given us three elec- 
trons: the long familiar one, the heavier 
muon, and the recently discovered, and 
even heavier, tau particle; these are be- 
lieved to be structureless point particles, 
and each has a corresponding and, up to 
now, different neutrino. Together, these 
particles make up the lepton family, in- 
teracting through the weak nuclear 
force. Until very recently all measure- 
ments on neutrinos had been consistent 
with all three having zero rest mass, 
traveling always with the velocity of 
light, and having a particular hand- 
edness. New, and as yet unconfirmed, 
data appear to support the suggestion 
that the three neutrinos are not really dif- 
ferent and that over a period of time each 
of them "oscillates," spending part of its 
life in each manifestation. A necessary 
corollary is that the mass of the electron 
and muon neutrinos is not exactly zero, 
while the tau neutrino can have large 
mass and indeed, in some very prelimi- 
nary and speculative models, can carry 
the long-sought missing mass of the ob- 
servable universe. But all this requires 
further study. 

We thus find ourselves with six quarks 
(almost) and six leptons (maybe), and an 
extremely fundamental question is 
whether more remain to be found. As 
shown in Fig. 1, we have only searched 
up to 11 billion electron volts (GeV) and 
have found five quarks. Is it reasonable 
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to believe that when the Isabelle ma- 
chine at Brookhaven takes us to 800 GeV 
we will find only one more? Indeed, 
there are some preliminary theoretical 
suggestions that this may be the case. 
Group theory has provided the unifying 
mathematics for our understanding of 
the symmetries and patterns of particle 
physics, but philosophically many phys- 
icists have been somewhat troubled by 
the success of the SU(6) group in de- 
scribing nature. Why not SU(9) or 
SU(17)? Very recently, however, it has 
been suggested that nature may be orga- 
nized according to the E8 group, the 

elsewhere have provided the first direct 
evidence for the gluons, which are the 
corresponding particles of the strong nu- 
clear field, and arising from the unifica- 
tion theories has come an expanded the- 
ory, quantum chromodynamics, which 
has the potential of describing, in a uni- 
fied way, electromagnetism and the 
weak and strong nuclear forces. Direct 
evidence supporting coalescence of the 
weak and electromagnetic forces has al- 
ready come from a recent pioneering 
Stanford-Yale experiment in which 32- 
GeV polarized electrons were scattered 
from protons and deuterons. 

Summary. From massive quarks deep in the hearts of atomic nuclei to the cata- 
strophic collapse of giant stars in the farthest reaches of the universe, from the partial 
realization of Einstein's dream of a unified theory of the forces of nature to the most 
practical applications in technology, medicine, and throughout contemporary society, 
physics continues to have a profound impact on man's view of the universe and on the 
quality of life. The author argues that the past few years, in terms of new discoveries, 
new insight-and the new questions-have been among the most productive in the 
history of the field and puts into context his selection of some of the most important 
new developments in this fundamental science. 

most complex of a five-member closed 
family of mathematical oddities, the ex- 
ceptional Lie groups, and if this should 
turn out to be so, then there are only six 
quarks and six leptons. One of the major 
open questions facing physicists, then, is 
whether the complexity of the micro- 
cosm is limited-as E8 would suggest- 
and as soon as higher energies become 
available there will be an international 
race to find the sharp spikes, such as 
those shown in Fig. 1, that are the unique 
signatures of an entirely new entity. 
Should new entities appear, the obvious 
question will be whether there are even 
more fundamental building blocks from 
which the quarks are constructed. Pre- 
liminary theories are already under de- 
velopment, although as yet without any 
solid foundation, that attempt to explain 
all of nature as resulting from combina- 
tions of only two entities-the so-called 
maons or rishons (the name depending 
on the architect of the theory). 

In parallel with this work on the build- 
ing blocks has been that on the grand 
unification theories of the natural forces. 
From Maxwell's genius came the recog- 
nition that electricity and magnetism 
were one and the same, and with the ad- 
dition of quantum mechanics this led to 
quantum electrodynamics, the most pre- 
cise and thoroughly tested theory known 
to us, which describes the photons or 
particles of light that transmit the elec- 
tromagnetic force-or, in other lan- 
guage, are the particles of the electro- 
magnetic field. During the past year, pio- 
neering experiments at Hamburg and 

As yet, however, despite intensive 
search, we have not found the corre- 
sponding particles, the so-called inter- 
mediate bosons, of the weak nuclear 
field. Our conclusion is that these are so 
heavy that substantially higher energies 
will be required to produce them, and 
they are the objects of another major 
search in particle physics. In contrast to 
the photon, which has no electrical 
charge, we know that the intermediate 
bosons must form a threefold family: two 
of the same mass having equal and oppo- 
site charge (W+) and one much heavier 
and uncharged (Z?). Although we cannot 
predict the masses of these bosons with 
any real precision, the ratio of the 
masses is a critical parameter of quan- 
tum chromodynamics and its measure- 
ment will pose a crucial test for the theo- 
ry. Current theories suggest mass equiv- 
alents of 80 and 90 GeV, respectively. 

One of the most striking predictions of 
the grand unified theories is that the 
baryon and lepton families are not totally 
separate-as has always been sup- 
posed-and that the proton can, and in- 
deed must, decay eventually into lighter 
leptons, probably into an antielectron 
(positron) and an uncharged pion. For 
this decay to occur there must be a total- 
ly new field coupling the baryons and the 
leptons, and from the fact that the mea- 
sured lower limit on the lifetime of the 
proton is so long, 1030 years, it can be 
argued that the particle of this new field 
(now sometimes called the leptoquark) 
must have an enormous mass corre- 
sponding to 1015 GeV-actually heavier 
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than a bacterium-and far beyond any 
energy ever anticipated to be available 
on the earth. This particle will thus never 
be seen, but we can in principle detect 
the decay of a proton even though the 
decay rate is so small that a human 
would have to live several hundred years 
before a single one of his body protons 
decayed. Already two massive experi- 
ments are under way in the United States 
that are claimed to be sensitive to proton 
lifetimes as long as 1033 years, while the 
unified theories predict 1031 years. If this 
decay is observed, it will be a striking 
confirmation of the unified theories. 

To realize Einstein's unification dream 
it will be necessary to include gravitation 
in the unified theories; happily, there has 
been major progress in recent years in 
supergravity theory, in which the first 
step toward unification, the quantization 
of the gravitational field, has been taken 
successfully. An, at first sight, bizarre 
new field emerges here too. In the past it 
has been taken as an article of faith in 
physics that particles with odd multiples 
of the spin of the proton (fermions) and 
those with even multiples (bosons) form 
quite distinct families obeying very dif- 
ferent statistics; only one fermion but an 
infinite number of bosons could occupy a 
given quantum state. In supergravity, 
however, there are two predicted field 
particles-the graviton (a boson) and the 
gravitino (a fermion)-and the theory re- 

quires a supersymmetry that encompass- 
es both of them. Although neither of 
these field particles has been observed as 
yet, a very extensive search is being 
made for the gravitons that are expected 
to be emitted from the cataclysmic pro- 
cesses of a supernova explosion in this 
or neighboring galaxies. This, too, is one 
of the frontiers of elementary particle 
physics. 

Fundamental to the grand unification 
scheme is the physical idea that as we go 
to ever smaller distances the electromag- 
netic, weak, and gravitational forces be- 
come stronger while the strong force be- 
comes weaker. In our present measure- 
ments we resemble the legendary blind 
man exploring an elephant; our impres- 
sion of the fundamental natural force de- 
pends critically on how we approach it. 

If we succeed in delineating the funda- 
mental building blocks and the funda- 
mental force of nature, it will stand as 
one of the greatest triumphs of the hu- 
man intellect. At the same time it bears 
emphasis that after more than 50 years 
we still have no generally acceptable 
philosophical interpretation of the quan- 
tum mechanics that has been so success- 
ful in describing the physical universe, 
and so-called hidden-variable variants of 
quantum mechanics, designed to recap- 
ture some of the determinism whose lack 
many find offensive, Continue to be ac- 
tively discussed and tested. 

Nuclear Physics 

Nuclei form a crucial bridge between 
the few-body problems characteristic of 
particle physics and the extreme many- 
body problems characteristic of plasma 
and metal physics, where only statistical 
considerations apply. In nuclei, the num- 
ber of interacting entities, the nucleons 
(neutrons and protons), is large enough 
to yield an enormously rich array of phe- 
nomena while small enough to make mi- 
croscopic understanding at least within 
the realm of possibility. Figure 2 is a map 
of the nuclear domain. 

Analogous to the situation in particle 
physics (see Fig. 1), at every higher en- 
ergy at which nuclear physicists have 
made precision measurements, they 
have found sharp structure indicative of 
new modes of nuclear motion. Intrinsic 
spins approaching 100 times that of the 
proton have been identified, as have 
strange molecular states in which, at cer- 
tain specific energies, the nucleons pres- 
ent arrange themselves into well-defined 
subunits, which move in stately minuets 
relative to one another. Over the years, a 
wealth of information has been collected 
on these as well as on simpler nuclear 
quantum states. 

Among the most dramatic discoveries 
in recent years has been that these quan- 
tum states can also be understood in 
terms of very simple underlying building 
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Fig. 1. Ratio R rises from about 2.5 at energies below 3 GeV to about 5.5 at energies above 5 GeV. The most plausible interpretation of the 
increase is that a threshold for the creation of a new kind of quark has been crossed in this interval. What is more remarkable than the overall 
increase in R is that the curve has a series of tall and extraordinarily narrow peaks. The three peaks clustered near 1 GeV represent production of 
the p, Co, and 4f mesons, which have quark compositions involving combinations of uu, dd, and ss. The spike at 3.1 GeV is the ' meson, made up 
of a cc quark-antiquark pair. The i was discovered in 1974 during a measurement of R; the I', which is an excited state of the same cc system, 
was found 10 days later. The broader peak at 4 GeV represents several short-lived particles and is now recognized as the threshold for the 
creation of a pair of charmed mesons. The three peaks at 9.4, 10.0, and 10.3 GeV are the Y, Y', and Y" mesons made up of bb quark-antiquark 
pairs in their ground configuration and two different excited configurations. The very small peak at 10.6 GeV, if real, may represent the first 
evidence for unbound bottom mesons. In this figure R is the ratio of the yield of muon pairs to total hadrons produced when an electron and 
positron annihilate at the energy shown on the abscissa. The three original quarks, up (u), down (d), and strange (s), and the newer charmed (c) 
and bottom (b) quarks all have their corresponding antiquarks, represented here by fi, d, ?, c, and 5, respectively. 
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blocks, obeying the simple rules of group 
theory, analogous to the situation in par- 
ticle physics. Postulated originally on an 
empirical basis-and subsequently un- 
derstood and justified as reflecting 
known characteristics of the fundamen- 
tal nucleon-nucleon force-these build- 
ing blocks are pairs of nucleons. At low 
energies only two kinds of pairs are in- 
volved: those which carry zero total an- 
gular momentum (s bosons) and those 
which carry two units of angular momen- 
tum (d bosons). Higher f and g bosons 
are expected at higher energies but they 
have not yet been identified. Models that 
include the s and d bosons and their in- 
teractions have been remarkably suc- 
cessful in reproducing nuclear data 
throughout the periodic table, with the 
older rotational and vibrational collec- 
tive models emerging as special cases of 
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the boson models in restricted nuclear 
mass regions. Most important has been 
the success of the new models in the in- 
termediate regions between those where 
the older models appeared to be valid, so 
that for the first time we have a consist- 
ent understanding of low-energy nuclear 
structure phenomena throughout the pe- 
riodic table. Building on this success, 
there is preliminary evidence for equiva- 
lent simple dynamic symmetries in nu- 
clear reaction data and at least the prom- 
ise of uncovering the essential physics 
underlying the very large body of reac- 
tion data now available. 

One of the most recent and potentially 
far-reaching developments in this work 
has been the extension of these boson 
models to odd-mass nuclei. Here, in ad- 
dition to the bosons in the core, we have 
a valence nucleon that is obviously a fer- 

mion. Within this framework we are 
again faced with the necessity for a su- 
persymmetry that will encompass both 
bosons and fermions, just as in the case 
of supergravity. Preliminary results in 
the nuclear case are extremely encourag- 
ing, in that the supersymmetry theories 
predict certain characteristic patterns of 
excited quantum states of odd-mass nu- 
clei compared to those of the neighbor- 
ing even-mass ones; certain states that 
older models would have included in the 
odd-mass spectra, for example, are for- 
bidden by supersymmetry. Work in the 
past few months has shown striking 
agreement, in the few cases where com- 
plete data are available, between the su- 
persymmetry predictions and what is ob- 
served experimentally. It will be gratify- 
ing indeed if this new supersymmetry 
emerges first in nuclear physics, and yet 
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Fig. 2. The nuclear stability diagram is obtained by plotting the nuclear binding energy as a surface defined by the number of protons (Z) and the 
number of neutrons (N) present. For low N and Z the most stable species are those having N = Z; but with increasing Z, the electrostatic 
repulsion between the protons forces the stability toward nuclei where N is greater than Z. The black squares represent the nuclei that are stable 
in nature; this simply means that their lifetime against spontaneous decay is long compared with the lifetime of the solar system. There are some 
300 in all. A light line outlines the region that has been explored thus far in nuclear physics; it contains some 1600 different nuclear species 
(isotopes). The outer lines define the region where calculations indicate that nuclear species should be stable against instantaneous decay through 
the strong nuclear forces. The lower line is the so-called neutron-drip line; any species formed below it spontaneously and instantaneously emits 
neutrons (n) and moves to the left until it reaches the line and the boundary of stability. Emission of tightly bound a-particles (helium nuclei 
containing two protons and two neutrons each) competes favorably with direct proton (p) emission at the upper boundary, and spontaneous 
fission limits the stability region for very heavy nuclei. Two of the postulated islands of stability far beyond the natural range are indicated at 
Z = 114 and Z = 126. It is clear that a vast range of nuclear species remains to be explored. While the most stable uranium isotopes have masses 
of 235 and 238 respectively, as shown here, uranium isotopes ranging in mass from 195 to 302 would be expected to be stable against instanta- 
neous breakup. 
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another example of the use of the nucle- 
us-the only entity in which all of the 
forces of nature operate simultaneous- 
ly-as a microscopic laboratory in which 
to test and examine the most fundamen- 
tal natural concepts. 

But it must be emphasized that we 
have only begun to explore and under- 
stand nuclear phenomena; we have been 
very much limited to the nuclear Fermi 
surface and nuclear orbitals very close to 
it. In a very real sense we are like the 
solid-state physicist who grew up to be- 
lieve that the world contained only Ein- 
stein crystals and who was told of the ex- 
istence of liquids. We have been barred 
by the Pauli exclusion principle from us- 
ing nucleon probes deep in the nuclear 
interior. These limitations are now being 
removed as we move to new energy do- 
mains. At higher energies we gain access 
to mesons as probes; in one of the most 
powerful reactions a kaon (carrying one 
unit of the quantum attribute "strange- 
ness") converts a neutron, deep in a nu- 
cleus, to a lambda particle, the lightest 
strange baryon-only 20 percent heavier 
than the neutron-and a pion emerges to 
conserve energy and momentum. Be- 
cause the lambda is so much like a neu- 
tron the struck nucleus remains other- 
wise essentially unchanged and becomes 
a so-called hypernucleus; and because 
the lambda is different from the neutron 
it can occupy quantum states forbidden 
to the neutron by the Pauli principle. Al- 
ready vital new data have emerged from 
the hypernuclear studies even though 
these are in their infancy. 

And with precise beams of high-ener- 
gy electrons and hadrons we can probe 
the separate behavior of neutrons and 
protons as never before. In particular, 
we become sensitive to the fact that nu- 
clei are vastly more complex than earlier 
simplified pictures had suggested, with 
the nucleons adventuring, for the short 
times allowed to them by the Heisenberg 
uncertainty principle, into higher excited 
configurations (the so-called A, for ex- 
ample) and the whole being bathed in 
clouds of pions carrying the strong nu- 
clear field. Electron measurements are 
particularly sensitive to these pion cur- 
rents, but here again our studies are only 
beginning. 

With the advent of beams of all nucle- 
ar species it has become possible to 
stress nuclear matter in entirely new 
ways and in previously inaccessible pa- 
rameter ranges. Higher densities, higher 
centrifugal forces, higher Coulomb fields 
that occur in close collisions of massive 
nuclei all yield new and characteristic in- 
formation about the nuclear-and the 
general-many-body problem. In an en- 
tirely new and unexpected nuclear inter- 
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Fig. 3. A simplified level scheme for atom- 
ic hydrogen. Two-photon excitation of the 
metastable 2S state from the IS ground state 
promises to yield extremely high resolution- 
ultimately higher than 1 part in 1016. The ex- 
citation can be monitored by observing the 
collision-induced 2P-1S Lyman-alpha (La) 
fluorescence in the vacuum-ultraviolet spec- 
tral region. The principal quantum number n 
next to the left panel shows the convergence 
of the energy spectrum to the dissociation lim- 
it n = oo. By arranging for the two photons in 
the central panel, each tuned to precisely half 
the energy of the level under consideration, to 
strike the atom simultaneously but from pre- 
cisely opposite directions, the normal Dopp- 
ler broadening is eliminated. 

action called deep inelastic scattering, 
for example, mechanisms that are still 
unknown rapidly transfer kinetic energy 
of relative motion into internal excitation 
of the interacting nuclei and the two 
come apart, almost exactly as in nuclear 
fission, driven by their mutual electro- 
static repulsion. 

Whereas in high-energy particle phys- 
ics we drive ever increasing energies into 
ever smaller volumes to probe small-dis- 
tance phenomena, in ultrahigh-energy 
heavy nuclear collisions we drive ever 
increasing energies into relatively large 
volumes containing large numbers of nu- 
cleons and thus become sensitive to the 
possibility of totally new collective phe- 
nomena. It has been suggested, for ex- 
ample, that in such collisions it may be 
possible to create an entirely new kind of 
matter, in which nucleons give up much 
of their mass to form a dense cloud of 
pions in which the diminished nucleons 
move. Such systems, if they exist, are 
predicted to have fascinating character- 
istics. Whereas normal nuclei range in 
mass number from 1 to about 250, these 
new systems would range from about 350 
to 100,000. Moreover, they would have a 
voracious appetite for neutrons, so that 
by exposing them, say, to a large nuclear 
reactor we could store an enormous 
amount of energy in them by direct neu- 
tron absorption. Unhappily, we still do 
not have any good ideas about how to re- 
cover this stored energy-but I am con- 

fident that if we are successful in discov- 
ering these new systems the ideas will 
follow in short order. 

We are entering a new era of under- 
standing of nuclear phenomena at a more 
fundamental level than has ever been 
available before. Major new facilities are 
under construction in Germany, France, 
Japan, and the Soviet Union that will 
move the frontiers of the field forward by 
a quantum jump. 

Plasma Physics 

More than 95 percent of the matter of 
our universe exists in a plasma state, an 
electrically neutral soup of nuclei and 
electrons; this is truly the fourth state of 
matter. Densities can be as low as 1 to 
100 nuclei per cubic centimeter in inter- 
stellar space, as high as 108 to 1020 in lab- 
oratory plasmas, and 1022 to 1025 in stel- 
lar interiors. 

Currently, plasma physics research is 
very largely focused on the attainment of 
thermonuclear reactions on a terrestrial 
scale-in brief, fusion power. Our sun, 
as a fusion reactor, in each second burns 
164 million tons of hydrogen to yield 
160 million tons of helium ash, with 
the missing 4 million tons appearing 
through E = mc2, as raw energy radi- 
ated throughout the cosmos. In the 
sun, gravitation provides the confine- 
ment required to maintain the reaction 
conditions -temperatures approaching 
100,000,000?C and pressures, simultane- 
ously, in excess of 20 million pounds per 
square inch. Obviously, duplication of 
these conditions terrestrially poses for- 
midable engineering problems. 

The Holy Grail in this field is the Law- 
son criterion, nr = 1014, where n is the 
plasma density in nuclei per cubic cen- 
timeter and r is the containment time in 
seconds. Very general arguments sug- 
gest that at the Lawson criterion, assum- 
ing that the appropriate temperatures 
have been reached for the fuel species in 
use, the plasma will be generating as 
much energy as is required to sustain it- 
that is, we will have reached a break- 
even point. Two complementary ap- 
proaches are being pursued. In the first, 
magnetic confinement, a dilute plasma 
(low n) is confined for a relatively long 
time (high r) in a magnetic bottle; in the 
second, inertial confinement, a very 
dense plasma (high n) is confined for a 
very short time (low r) by an implosion 
induced by delivering enormous energies 
symmetrically to a solid fuel pellet in a 
time so short that the inertia of the fuel 
prevents its dispersal prior to fusion. 
These energies can-and will-be deliv- 
ered by pulses of photons, electrons, 



protons, or ions as heavy as xenon, 
depending on the specific approach 
chosen. 

The technologies are incomplete in all 
of these approaches and all have charac- 
teristic strengths and weaknesses. Cur- 
rently, the magnetic confinement tech- 
niques with toroidal tokamak geometries 
have obtained the most promising re- 
sults. The Alcator device at Massachu- 
setts Institute of Technology has been 
reported to be within a factor of 3 of the 
Lawson criterion, while the Princeton 
Large Torus (PLT) device has produced 
the highest plasma temperature yet ob- 
tained, 60,000,000?C. In the inertial fu- 
sion area, the Lawrence Livermore and 
Los Alamos SHIVA and HELIOS la- 
sers, respectively, rated at 20 terawatts 
each, are providing vital plasma physics 
data but have not yet approached the 
factor of 10,000 compression of the fuel 
pellet that is calculated as required for 
break-even fusion. These fuel pellets 
typically consist of a thin (1 micrometer) 
glass microballoon, 100 to 200 microme- 
ters in diameter, containing 10 to 100 at- 
mospheres of a deuterium-tritium gas 
fuel mixture and having a metal coating 
to initiate the implosion compression 
wave. Although crucial data have been 
obtained from inertial studies with elec- 
tron and light-ion drivers, it now appears 
that heavy-ion drivers such as xenon 
have significant advantages with well-de- 
veloped accelerator technologies. How- 
ever, these are still in the design stage. 

Plasma physicists generally are opti- 
mistic about reaching the break-even 
point within the next few years in fusion; 
however, reflecting the truly formidable 
engineering problems (as compared to 
those involved in nuclear fission, for ex- 
ample), very few are optimistic that, 
having achieved break even on that time 
scale, we can achieve economic fusion- 
based electrical power before about 
2020. 

Atomic and Molecular Physics 

In part because the electromagnetic 
force is the most fully understood in 
physics, measurements on atomic and 
molecular systems have traditionally 
been possible with a precision very much 
higher than that attainable anywhere else 
in physics. This trend continues. 

Until recently, a ubiquitous limitation 
on attainable precision was the familiar 
Doppler effect reflecting the random 
thermal motion of target atoms or mole- 
cules. In a technological tour de force, it 
has been demonstrated that the tunable 
laser makes possible the removal of this 
limitation, as illustrated in Fig. 3. Cur- 

Fig. 4. Single-atom 
detection is made 
possible by pulsing a 
laser beam through 
a gas proportional 
counter. A tunable 
dye laser is used to 
select atoms of a giv- 
en type and to remove 
one electron from 
each of the selected 
atoms. Because a pro- 
portional counter can 
be used to detect one 
electron, a single 
atom in the laser 
beam can be detect- 
ed. One-atom detec- 
tion is comparatively 
simple, yet it is so selective that one atom in a volume containing more than 10 billion billion 
atoms of another type can be singled out and recorded. It also provides spatial definition and 
time resolution so that selective measurements can be made for a defined volume of space and 
at an arbitrary time-all at the ultimate limit of one-atom sensitivity. In this example a second 
laser beam is used to produce the atom by dissociating a molecule. [From Oak Ridge National 
Laboratory] 

rently, accuracies approaching 1 part in 
1016 are becoming feasible, and if history 
has taught us anything it is surely that 
such a major increase in experimental 
precision leads to revolutionary as well 
as evolutionary changes in understand- 
ing. One part in 1016 is on the edge of 
making possible a direct test of whether 
the fundamental constants of physics- 
to which I shall return below-are really 
constant in time, quite apart from open- 
ing up to entirely new study a host of old 
and new problems in atomic and molecu- 
lar physics. 

The combination of tunable lasers and 
microwave spectroscopy has also 
opened up the field of Rydberg atoms-a 
field dating from 1879. In 1890 Rydberg 
proposed his famous expression for the 
wave numbers of an atomic spectral se- 
ries, cr = C - R(n + 8)-2, where n is a 
running integer, now recognized as the 
principal quantum number of the radiat- 
ing state (see Fig. 3), 8 an approximate 
constant, at least for large n, and R a uni- 
versal constant-the so-called Rydberg 
number. The quantum mechanical foun- 
dations of this expression were among 
the first results obtained by Schr6din- 
ger in 1926. 

Only recently has it been possible to 
explore the high-n atomic domain; clear- 
ly the atomic energy-level spacing goes 
as n-2 and becomes very small for large 
n. But there are other interesting proper- 
ties: The atomic radius varies as n2, and 
indeed if it were possible to fuzz in the 
electron orbit of some recently studied 
Rydberg states they would be visible to 
the naked eye; the radiative lifetime 
against decay varies as n3, hence these 
Rydberg atoms live a very long time; 
they are highly polarized by an electric 
field with polarizability varying as n7; 

and they are easily destroyed in colli- 
sions since their geometric area varies as 
n4. 

By using tunable lasers to induce the 
large energy jumps from the atomic 
ground state and a microwave field to 
fine-tune among the closely spaced 
atomic energy levels near the dis- 
sociation limit, it has been possible to 
study Rydberg states having n values 
' 100. For many reasons these provide 
marvelous test systems for all manner of 
atomic phenomena and are being widely 
exploited. 

Of particular interest has been the rec- 
ognition that suitably prepared Rydberg 
atoms act as very efficient detectors of 
room-temperature blackbody thermal ra- 
diation from, for example, the walls of 
the chamber in which the atoms are con- 
tained. At room temperature the flux of 
blackbody radiation is about 25 watts per 
square centimeter, which corresponds to 
electric and magnetic fields of about 10 
volts per centimeter and 10-2 gauss, re- 
spectively, at a frequency of 1.5 x 1012 
hertz. This electric field can cause a large 
shift (- 2.2 kilohertz) in Rydberg levels 
relative to the ground state of the atom 
and are readily measurable. (It should be 
noted, moreover, that this magnetic field 
can cause a shift of 1 part in 1016 of the 
atomic hyperfine frequency used in 
atomic clocks and, as I have noted 
above, this is now at the level of experi- 
mental precision in atomic physics.) Of 
very great interest here is the question of 
whether Rydberg atoms can be prepared 
in suitable states to serve as efficient de- 
tectors of cosmic 3 K blackbody radia- 
tion. 

The recent development of techniques 
whereby single atoms and molecules can 
be isolated for detailed study (see Fig. 4) 



is only part of a general development of 
methods for preparing atomic systems in 
completely defined quantum states, mak- 
ing them excellent test systems for very 
fundamental physical questions: To what 
extent are the electron and proton 
charges identical in magnitude (1 in 
1020)? To what extent are the electron 
and positron masses identical (1 in 107)? 
To what extent is the mass of the uni- 
verse uniformly distributed (1 in 1051)? 

If, indeed, the weak and electromag- 
netic forces are unified, then in atoms 
weak forces are present (albeit very 
weakly), and a characteristic signature 
for their presence would be the fact that 
they violate parity conservation while 
electromagnetic forces do not. Extensive 
searches have been made for such viola- 
tions in heavy atoms, where the effects 
are predicted to be largest, but the re- 
sults remain ambiguous because of un- 
certainties in the calculation of many- 
body atomic wave functions. The ex- 
traordinarily difficult experiments on hy- 
drogen, where these uncertainties should 
be minimal, are still in progress. 

One of the most exciting areas of mo- 
lecular physics in recent years has been 
that in which the entire arsenal of phys- 
ical probes, including x-ray spectrosco- 
py, Mossbauer spectroscopy, and neu- 
tron diffraction, has been brought to bear 
on the structure and dynamics of the 

Energy 

large molecules of life. The mechanisms 
whereby the heme iron-based group in 
the hemoglobin molecule carries out its 
vital mission transporting oxygen to the 
cells of the mammalian body have now, 
and for the first time, been understood in 
terms of the quantum mechanical tunnel- 
ing of the smaller molecule through the 
series of potential barriers-some small, 
some large-established by the structure 
of the larger hemoglobin molecule. This 
is a major triumph of understanding and 
one that opens up entirely new vistas of 
research as the processes of life become 
accessible to detailed study at the quan- 
tum level. 

Physics of Condensed Matter 

As the ambient temperatures drop to 
those characteristic of our planet, atoms 
and molecules coalesce to form the fa- 
miliar solids and liquids of condensed 
matter. 

Solids. Over the past several decades 
spectacular progress has been made in 
understanding and exploiting the struc- 
ture of solids. Central to this have been 
the concepts of translational invari- 
ance-of periodic crystalline structures 
repeated infinitely in all directions- 
and of the electronic wave functions 
and band structures appropriate to such 

systems. Recently, however, major at- 
tention has been focused on departures 
from this translational invariance, or 
long-range order. Perhaps the most 
abrupt departure possible is that at the 
surface. And it is here, in surface phys- 
ics, that some of the most important de- 
velopments in recent years have oc- 
curred. A second departure is in the area 
of amorphous solids, where short- rather 
than long-range order reigns; here, too, 
there has been promise of new under- 
standing and applications (see Fig. 5). 

One of the most powerful and wide- 
ranging new probes for phenomena in 
both solids and liquids is synchrotron ra- 
diation. Long the bane of high-energy 
electron accelerator designers, it has on- 
ly recently been recognized as a source 
of electromagnetic radiation of continu- 
ously variable wavelength, ranging from 
the ultraviolet through the hard x-radia- 
tion regions, with intensities many or- 
ders of magnitude greater than were pre- 
viously available. 

From studies of photoelectrons and 
Auger electrons ejected from surfaces by 
these synchrotron photos it has been 
possible to learn an enormous amount 
about surfaces and about the interactions 
of gases with surfaces. It is now known, 
for example, that at room temperatures, 
when a clean aluminum surface is ex- 
posed to oxygen, only some of the oxy- 
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Fig. 5. Amorphous semiconductors that are not strongly disordered (left) have valence and conduction bands similar to those in the correspond- 
ing crystalline semiconductor. The distinguishing feature of the bands in amorphous solids is the replacement of the sharp band edges present in 
crystals by what are called band tails, or localized states, that extend into the energy gap. The localized states are separated from the extended 
states in the main part of the bands by mobility edges. The region that lies between the mobility edges of the valence and conduction bands is 
called the mobility gap. It plays the same role in amorphous semiconductors that the energy gap plays in crystalline semiconductors. Chemical 
impurities or defects in the configuration of local bonds can lead to sharp structural changes (not shown) in the mobility gap. If the disorder is 
large, as is expected in multicomponent glasses (right), the band tails of the valence and conduction bands can overlap in the mobility gap. This 
leads to a redistribution of electric charge as electrons move from one localized state to another to lower their energy. The result is a high density 
of positively and negatively charged traps, which decrease the mobility of the carriers and make the material less sensitive to efforts to modulate 
its conductivity by chemical means-that is, by doping. [From D. Adler, Scientific American (May 1977), p. 36] 

Mobility edge 

Mobility edge 

Mobility edge 

Mobility edge 

Conduction 
band 

gap 

-- _-- 

Valence 
band 

Number of states per unit energy 

SCIENCE, VOL. 209 116 



gen reacts to form the oxide, A1203, 
while a large fraction is chemisorbed to 
the surface, from which it can be driven, 
by increasing the temperature, into the 
oxide form. Similarly, it is known that 
carbon monoxide molecules, alighting on 
a clear nickel surface, always align them- 
selves perpendicular to the surface. All 
this depends on knowing the photon en- 
ergy precisely, measuring the energy of 
the ejected electrons precisely, and 
working backward to deduce the exact 
chemical and structural environment 
from which the electrons were re- 
moved-and extremely elegant tech- 
niques have been evolved for this deduc- 
tion. 

In the field of amorphous solids it is 
now recognized that band structure- 
long thought to be characteristic of peri- 
odic crystalline structures-persists as a 
signature of short-range order (see Fig. 
5). From this it follows, and has been 
demonstrated, that many of the electron- 
ic devices familiar in solid-state electron- 
ics can be achieved in amorphous mate- 
rials at greatly decreased cost, at de- 
creased sensitivity to contaminants, and 
in much larger areas. Attention has fo- 
cused on the development of techniques 
for immobilizing the dangling atomic 
bonds that are inevitable in an 
amorphous material through additions of 
small atoms such as hydrogen, lithium, 
and fluorine, and for otherwise modi- 
fying the density of states in the band gap 
to achieve the desired electronic proper- 
ties. 

With both crystalline and amorphous 
materials, a new technique in which very 
high power laser pulses of nanosecond 
duration are used to anneal the surfaces 
has found wide and dramatic application. 
By keeping the pulse duration short 
enough and the power level high enough, 
only a few hundred angstroms of the sur- 
face melts and almost instantly refreez- 
es. In some applications advantage is 
taken of the fact that not only does this 
refreezing remove all damage resulting 
from earlier treatment processes (ion im- 
plantation, diffusion, and so on), but also 
unwanted trace contaminants are gener- 
ally more soluble in the liquid than in the 
solid phase and are thus swept to the sur- 
face by the solidification front, leaving 
ultrapure base material in the crucial an- 
nealed regions. In other applications, la- 
ser annealing is used to create an ultra- 
pure crystalline layer on an amorphous 
substrate, which can thus be of any de- 
sired area. The latter is of particular im- 
portance in the production of solar cells 
and in the tailoring of magnetic bubble 
memories. 

Phase transitions. In condensed mat- 
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ter one of the most dramatic phenomena 
is the phase transition between solid and 
liquid, liquid and gas, normal and super- 
conducting or superfluid states, magnetic 
and nonmagnetic states, and so on. 
Study of these phase transitions at a fun- 
damental level has been one of the most 
active areas of modern theoretical phys- 
ics. I should distinguish first between 
first- and second-order phase transitions: 
in a first-order transition the quantity in 
question (the volume of a substance dur- 
ing a melting transition) changes discon- 
tinuously, while in a second-order transi- 
tion the quantity (the specific heat in the 
transition from normal to superconduct- 
ing states in liquid helium) changes con- 
tinuously and there is a discontinuity in 
its first derivative (see Fig. 6). Put anoth- 
er way, there is no preliminary evidence 
of melting at temperatures below the 
melting point (first order), whereas, as 
shown in Fig. 6, there is such prelimi- 
nary evidence in the vicinity of the tem- 
perature of a second-order transition to 
superconductivity (or ferromagnetism). 
An extensive body of theory involving 
the so-called renormalization group has 
been developed in recent years to permit 
description of this temperature behavior 
in the vicinity of a second-order phase 
transition. This work has led to the strik- 
ing suggestion that in addition to order, 
the behavior of systems in the vicinity of 
phase transitions should depend criti- 
cally on the dimensionality of the prob- 
lem; that is, melting of a two-dimension- 
al system should be strikingly different 
from that familiar in three-dimensional 
systems. Furthermore, a perfect two-di- 
mensional solid would be expected to 
show none of the sharp Bragg scattering 
characteristic of neutron and x-ray scat- 
tering on a perfect three-dimensional sol- 

Fig. 6. Specific heat 
of liquid 4He in the 

]I I I vicinity of the X 
- point-that is, the 

transition from the 
normal (high-temper- 
ature) to the super- 

| _1 
? fluid (low-tempera- 

. v- I _ ~ture) phase. Notice 
that the abscissas are 
in degrees, millide- 

- grees, and microde- 
grees in the three 
panels, illustrating the 
detailed temperature- 
dependent structure 
in the neighborhood 
of this second-order 
phase transition. The 
solid lines are empiri- 

2I I I cal fits to the experi- 
20 -10 0 10 20 30 mental data points. 

IT-T.1 (microdegrees) 
[From M. J. Buck- 
ingham and W. M. 
Fairbank] 

id. Beyond this, it has been recognized 
that the effective dimension of a physical 
situation need not be integral and that, as 
in the Regge treatments of angular mo- 
mentum in particle and nuclear physics, 
dimensionality can sometimes usefully 
be considered as a continuous parame- 
ter. 

Such considerations have forced a 
profound reevaluation of how solids be- 
have and have given impetus to the dis- 
covery of other than three-dimensional 
systems as subjects for study. Effective 
one-dimensional systems have been 
found in complex metal-doped organic 
compounds such as polyparaphenylene, 
wherein the metal atoms line up to form 
essentially one-dimensional chain con- 
ductors. One of the most fascinating 
two-dimensional systems is that of a lay- 
er of electrons floating on the surface of 
liquid helium cooled to below 1 K, where 
the electron concentration can be varied 
experimentally over very wide limits 
from 104 to 109 per square centimeter. 
Several resonances have been observed 
in the absorption of radio frequency by 
this two-dimensional system as it is 
cooled below a transition temperature 
Tc, and the accepted interpretation is 
that a transition to a triangular electron 
lattice has taken place at T,. 

The goal of the theories in this work is 
that of reproducing experimental obser- 
vations in the regions of the second-or- 
der critical phase transition points as 
functions of the temperature T but in the 
form (T - T?) (see Fig. 6), where ft is 
called the critical exponent. It has been 
found that although P is essentially inde- 
pendent of the specific system-whether 
it is a ferromagnet or a superconductor 
or something totally different-it does 
depend critically on the symmetry of the 
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system and the number of space dimen- 
sions involved. 

One of the most surprising and gratify- 
ing aspects of all this renormalization 
group work, however, has been the rec- 
ognition that the entire formalism, ap- 
propriately reinterpreted, has direct ap- 
plicability in general field theory. Here 
the emphasis is on the field fluctuations 
and their characteristic ranges; specifi- 
cally, the focus is on the whole concept 
of scaling, where we try to evolve a theo- 
ry that is valid over widely disparate 
scales of distances. The transfer of phase 
transition formalism, via the renormali- 
zation group, has really come into its 
own in the concept of asymptotic free- 
dom in quantum chromodynamics, 
where the predicted quark-quark force 
decreases-the quarks become free-as 
we go to ever smaller distances. This is 
yet another illustration of the essential 
unity of physics. 

Technology-driven research on solids. 
Fundamental research on the properties 
of solids in two particular areas is very 
much technology-driven. We now import 

more than 90 percent of such materials 
as chromium, tantalum, cobalt, manga- 
nese, and strontium-all essential to var- 
ious aspects of a high-technology so- 
ciety; worse, the economically viable ore 
supplies of these materials in the world 
are dwindling rapidly. We are thus driv- 
en to resource replacement and to the 
provision of new materials that are 
equivalent structurally and in erosion, 
corrosion, and other behavior to those 
already in short supply. This has again 
brought surface physics into sharp focus 
and has led, for example, to the develop- 
ment of physical as opposed to chemical 
alloys, wherein chemically incompatible 
substances are implanted, by ion beam 
techniques, to yield the required charac- 
teristics. This field is an open and vitally 
important one. 

Increasing pressure for large-scale in- 
tegration in solid-state electronics also 
provides impetus for condensed matter 
research. In 1960 we typically placed one 
device on a single chip; in 1970, the num- 
ber of devices was 103; and in 1980, it is 
106. Nor have we come within orders of 

Fig. 7. Shadowgraph 
showing the turbulent 
mixing layer between 
two streams of the 
same density, both 
flowing from left to 
right in each panel. 
The upper stream is 
flowing at 10 meters 
per second and the 
lower at 3.5 meters 
per second. The pres- 
sure is 8 atmospheres 
and each panel is 5 cm 
in height. This se- 
quence was obtained 
by a group at the Cali- 
fornia Institute of 
Technology, using ni- 
trogen and a helium- 
argon mixture as the 
materials in the two 
streams. By using ap- 
propriate materials 
having different char- 
acteristics but the 
same density, it is 
possible, as here, to 
scale situations of al- 
most arbitrary dimen- 
sions for detailed 
study. 

magnitude of any intrinsic physical limi- 
tation. The 109-bit chip lies in our future. 
At the same time we have witnessed cost 
reduction by a factor of 105 in electronic 
devices in the past 20 years, and we an- 
ticipate that the trend will continue while 
the characteristic reliability and low en- 
ergy demand of these devices are re- 
tained. It may be worth putting this in a 
somewhat different perspective. The en- 
tire contents of the Library of Congress 
corresponds to about 70 trillion bits of in- 
formation; currently, it would require 20 
of the world's largest capacity, random- 
access memories to accommodate this 
information. At presently projected rates 
of change, the entire contents of the Li- 
brary will fit comfortably within a single 
memory unit within the decade of the 
1980's. On a more personal note, the av- 
erage human brain has a bit capacity of 
about 1013. Twenty years ago an equiva- 
lent computer memory would have occu- 
pied about one-tenth of a cubic mile; an 
extrapolation (with some trepidation) of 
current trends suggests that by 2050 we 
will be able to fit these 1013 bits within a 
solid-state memory slightly smaller than 
the human brain. 

The ultimate consequences of such de- 
velopments are beyond our present 
imaginations, but already they have en- 
tirely changed the character of much of 
physics. We can now ask questions of a 
complexity and sophistication that 
would have been out of the question 
even 5 years ago. 

I mentioned above the pairing of nu- 
cleons that leads to the s and d bosons 
which are revolutionizing our under- 
standing of nuclear physics. Pairing of 
electrons to zero total angular momen- 
tum (Cooper pairs) lies at the heart of the 
earlier and enormously successful Bar- 
deen-Cooper-Schrieffer model of super- 
conductivity in metals. Experimental 
work in this area is now addressed to the 
search for higher transition temper- 
atures; a reliable superconductor with a 
working temperature above the boiling 
point of liquid hydrogen at 21 K (obviat- 
ing the need for helium) would be a great 
technological boon. 

Fluids. Superfluidity of the light iso- 
tope of helium, 3He, has greatly extend- 
ed our knowledge of quantum phenome- 
na, since its characteristics are totally 
different from those of superfluid 4He; 
this reflects the fact that 3He nuclei are 
fermions while 4He nuclei are bosons. In 
contrast to the Cooper pairs of electrons 
that have a relative angular momentum 
of zero, the 3He nuclei in the superfluid 
pairs have one unit of angular momen- 
tum; in consequence, this superfluid dis- 
plays "texture" and marked anisotro- 
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pies with respect, for example, to an 
applied magnetic field that serves to 
orient the pairs macroscopically. This 
remains a wide open field of quantum 
physics. 

In the area of classical fluids, turbu- 
lence stands out as one of the major un- 
solved problems of modern physics. On 
the borderline between ordered and dis- 
ordered motion, turbulence has resisted 
mathematical treatment-falling, as it 
does, between the realms of simple ap- 
proximation and of statistical simplicity. 
And yet it is ubiquitous in our tech- 
nological society; it results in jet engine 
noise, in heart valve failure, in condi- 
tioning much of our weather, and in ac- 
counting for much of the lost energy in 
high-speed transportation. Turbulence 
theories have been proposed by applied 
mathematicians, beginning essentially 
with a Moscow group in 1941, but it was 
not until around 1950 that these theories 
were introduced into Western Europe 
and North America. The time correlation 
function approach to fluid mechanics 
was introduced in 1955 and continues to 
be exploited, primarily in the U.S.S.R., 
while ever larger computer simulations 
have characterized work in Europe and 
the United States. 

Recently this problem has been taken 
up again in the United States, and sub- 
stantial progress has been made. This 
can be illustrated with one of the sim- 
plest cases, a slab of fluid uniformly 
heated from below. At low heat flow, the 
fluid flow is laminar and uniform. As the 
heat flow is increased, a first instability, 
predicted long ago by Rayleigh, appears 
in the form of convection rolls (see Fig. 
7), which are periodic in one dimension 
and of infinite length in the perpendicular 
dimension. As the heat flow increases 
these convection rolls begin to oscillate 
sinusoidally along their length, and as it 
further increases additional modes ap- 
pear sequentially. It is characteristic of 
these modes that the period of each new 
mode is double that of the mode preced- 
ing it. As more and more modes appear 
the system has a longer and longer time 
separation between repetitions of a given 
configuration, and in the limit when this 
separation becomes infinite (that is, the 
system never repeats) we have turbu- 
lence. 

It has also been demonstrated that 
inclusion of a nonlinear coupling linking 
even the lowest three modes will also 
lead eventually to turbulence. This work 
has led to the introduction of the so- 
called strange attractor surfaces in the 
phase space of the problem. System tra- 
jectories not originally on these surfaces 
move toward them, and once they reach 
4 JULY 1980 

them remain on them and move chaoti- 
cally as a turbulent signature. We have 
only begun to exploit this new insight in- 
to fluid behavior. 

Among the fascinating questions that 
remain open in fluid physics are those as- 
sociated with the movement of tectonic 
plates-of the continents themselves- 
over the face of our planet. Having 
moved rapidly from a far out idea to gen- 
erally accepted truth in a remarkably 
short time, the mechanisms underlying 
plate tectonics remain essentially un- 
known. So also are the details of the 
mechanisms responsible for geomagnet- 
ism. 

Relativistic Astrophysics 

One of the most important discoveries 
in modern astrophysics was that of the 3 
K blackbody cosmic radiation-the Dopp- 
ler-shifted echo of the primordial Big 
Bang. Recent measurements confirmed 
that this radiation is truly of blackbody 
character, but showed that it has a small 
directional anisotropy that can be inter- 
preted-in terms of a Doppler shift-as 
proof that the solar system is moving in 
the direction of the constellation Leo 
with a velocity of several hundred kilo- 
meters per second. Permeating all space 
as it does, this K radiation in effect gives 
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Fig. 8. Spiral galaxy M81 (top) may have been created by supernovas. A theory of spiral galaxy 
structure proposed by H. Gerola and P. E. Seiden of the IBM Thomas J. Watson Research 
Center maintains that if a supernova triggered star formation giving rise to another supernova, 
then a chain of star-forming regions could be produced. If many such chains were created in a 
differentially rotating galaxy, the distribution of stars would form a spiral structure. Computer 
simulation of this theory for the M81 (bottom) gives rise to a distribution of bright infant stars 
(crosses) that looks like the actual distribution (top). 
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us a uniform background, a new ether, 
against which motion of the material 
elements of the universe can be tested. 

Among the most dramatic denizens of 
the night sky are the spiral nebulae, 
whose very appearance suggests that 
they should be amenable to relatively 
simple physics. This has not been the 
case, and none of the mechanical or hy- 
drodynamical models has been success- 
ful in reproducing the obvious stability of 
the spirals over very long times. It was 
thus of great interest-and indeed highly 
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have been drawn to show the typical classification of quantum states into famil 
mon quantum numbers. Particularly striking is the similarity in general appe 
spectra, despite the range of 1012 in the excitation energies involved. The exc 
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ultimate structure of matter as deter- 
mined in elementary particle physics. 
But long before the more exotic collapse 
phenomena can be manifested, the sur- 
face gravitational fields reach such mag- 
nitude that even photons projected out- 
ward from the surface fall back. A black 
hole forms, forever cut off from the rest 
of the universe, characterized only by its 
mass, angular momentum, and electrical 
charge. Much of the apparent missing 
mass of our universe may indeed be lurk- 
ing in such black holes, if not in the tau 
neutrinos mentioned above. 

An intriguing speculation is that small 
primordial black holes, formed as a con- 
sequence of density fluctuations in the 
original Big Bang, may still exist. Our 
view of the demise of such holes has 
been changed radically by the realiza- 
tion, only a few years ago, that our entire 
picture of gravitational collapse was a 
classical nonquantum one. Introduction 
of the concepts of quantum theory, in 
particular the possibility of matter pair 
creation in the very strong fields existing 
near the surface of a collapsing star, has 
raised the possibility that black holes 
may not be entirely cut off from the uni- 
verse; while one member of a created 
particle-antiparticle pair may indeed be 
captured by the black hole, the other 
member can escape, thus evaporating 
energy from the hole. 

The last stages of black hole evapora- 
tion would be expected to be violently 
explosive. Current calculations suggest 
that if primordial black holes exist, and if 
there are any in our part of the universe, 
then such black holes-having the mass 
of Mount Everest packed within the di- 
ameter of a hydrogen atom-would just 
about now be reaching their explosive 
phase. Their temperature-about 1012 
K-would be unrivaled by anything 
since the primeval fireball of the Big 
Bang. 

Among the most important recent ob- 
servations in astrophysics has been that 
of gamma-ray bursts. Since 1973, earth- 
bound satellites carrying gamma-ray de- 
tectors have shown about 100 different 
bursts of gamma radiation occurring 
characteristically in times of the order of 
1 second, but no information was avail- 
able on the source of these bursts. On 5 
March 1979, a burst 100 times more in- 
tense than any previous one was finally 
pinned down, by an international array 
of solar system satellites, as almost cer- 
tainly originating from the supernova 
remnant N49 in the Large Magellanic 
Cloud. The burst, 0.15 second in dura- 
tion, can then be calculated as having 
released gamma-ray energy at a rate 
of some 1045 ergs per second, ex- 
ceeding the luminosity of our entire 

Milky Way galaxy. An entirely con- 
sistent picture emerges if we postulate 
that the neutron star remnant of the N49 
supernova underwent some internal ad- 
justment on 5 March 1979-a star- 
quake-and the corresponding shift in 
the surface, with its enormous electro- 
magnetic fields, accelerated electrons 
sufficiently to produce electron-positron 
pairs, which subsequently decayed with 
emission of characteristic 511-keV pho- 
tons. But because of the neutron star's 
intense gravitational field, these photons 
were gravitationally red-shifted to the 
400-keV line actually measured by one of 
the Soviet satellites. 

So cataclysmic an event in our sister 
galaxy would be expected to have pro- 
duced gravitational as well as electro- 
magnetic radiation, and the owners of 
gravitational wave antennas operational 
on 5 March 1979 are searching their rec- 
ords for even slight evidence of the 
event, since the sensitivities of existing 
antennas are still probably marginal. The 
coming generation of gravitational wave 
antennas with large sapphire bars, ultra- 
low temperatures, and ultrasensitive 
strain measuring devices promises to 
open up entirely new domains of gravita- 
tional physics to experimental study. 

We have already made impressive 
progress in understanding our universe, 
given that we have viewed it only 
through the rather narrow electromag- 
netic wavelength windows in our atmo- 
sphere that are transparent. Space tech- 
nology has given us a few primitive satel- 
lite observatories outside the atmo- 
sphere, and these have already revolu- 
tionized our understanding. With the 
major expansion of extra-atmospher- 
ic observation that the Shuttle tech- 
nology will permit-at all wavelengths 
from radio waves to hard gamma radia- 
tion-I am confident that we will be re- 
peatedly surprised and that our current 
knowledge, impressive as it may be, will 
prove to be merely a glimpse of the won- 
ders that nature has in store. 

Conclusion 

It has frequently been suggested that 
physics, like many other sciences, is 
fragmenting into ever finer subfields and 
specialties which rapidly cease to com- 
municate with or understand one anoth- 
er. Although this may appear superficial- 
ly true, I have tried to show that it is ac- 
tually far from the case; the concepts, 
techniques, and technologies of physics 
are rapidly transferred from subfield to 
subfield and this transfer is frequently 
our greatest strength. And we do speak a 
common language. Although the scales 

change, the underlying physics is not all 
that different. In Fig. 9 I show typical 
excitation spectra for excited quantum 
systems in condensed matter, atomic, 
nuclear, and elementary particle phys- 
ics. While the ordinates change by a fac- 
tor of 102--from millielectron volts to 
billions of electron volts-the character- 
istic behavior is remarkably similar. And 
frequently the most exciting develop- 
ments and the most important advances 
take place in the interfaces between our 
artificial subfield boundaries; this is far 
from accidental. 

Lest anyone become convinced, how- 
ever, that we understand more than we 
really do about nature, let me conclude 
by considering some of the basic con- 
stants of our universe. Expressed in a 
fundamental unit, the time it takes a pho- 
ton to cross an elementary particle, the 
age of the universe is - 1040; its diame- 
ter, also expressed in terms of the ele- 
mentary particle, is - 104; the ratio of 
the strong nuclear to the gravitational 
force between elementary particles is 

1040; and the mass of the universe, ex- 
pressed in proton masses, is - (104?)2. 
This gives us the distinct impression that 
nature is attempting to tell us something 
but we have no idea what it might be. We 
do not know why this common very 
large number 1040 appears; we do not 
know why it is common; nor do we know 
how, or if, it changes with time. It has 
been long suspected that, reflecting the 
expansion of the universe, the gravita- 
tional constant G may decrease system- 
atically with time-and that the other so- 
called fundamental constants such as the 
elementary charge on the electron and 
proton may also change. Studies of the 
relative abundances of nuclear isotopes 
such as 187Os and 187Re have shown that 
this change (if any) in the electronic 
charge during the 4.5-billion-year life- 
time of the solar system has been less 
than 1/300 of the rough predictions of the 
G-varying model. We simply do not un- 
derstand what appears to be a simple 
common aspect of our universe-but we 
have, after all, only been observing 
it scientifically for a tiny fraction of 
its 12 billion or more years. 

Obviously, in a review covering as 
broad a scope as this one I cannot hope 
to acknowledge and reference my in- 
debtedness to the very large number of 
persons whose work I have quoted or 
drawn upon. But I am particularly in- 
debted to my colleagues and students at 
Yale with whom I have had the pleasure 
of discussing many of these matters on 
many occasions, as well as to Phil Abel- 
son for the challenge to undertake this 
review and to Frances DeGrenier for her 
help in preparing it. 


