the ONSAGER

By Martin J. Klein

N 1931, while he was a research instructor in chem-
istry at Brown University, Lars Onsager published
two papers on the theory of reciprocal relations

for irreversible processes, and thereby laid the founda-
tions for the now flourishing subject of irreversible
thermodynamics. As a most fitting recognition of the
thirtieth anniversary of this achievement, Brown Uni-
versity played host, this past June, to an International
Conference on Irreversible Thermodvnamics and the
Statistical Mechanics of Phase Transitions (sponsored
by the International Union of Pure and Applied Phys-
ics, the National Science Foundation, and the Air Force
Office of Scientific Research). The conference began
with a suitably impressive ceremonial session at which
President Barnaby Keneyv of Brown conferred the Uni-
versity's honorary degree of Doctor of Science upon
Onsager, who is now J. Willard Gibbs Professor at Yale.

Onsager's name is, of course, as inseparably linked
to the theory of phase transitions as it is to irreversible
thermodynamics, and the conference at Brown could
just as well have marked the twentieth anniversary of
Onsager's exact solution of the two-dimensional Tsing
problem. The paper in which Onsager published this
solution in 1944 contains the first rigorous theory ever
developed for a phase transition. In the speech he made
in 1958, when the Lorentz medal was awarded to
Onsager, . Zernike rightly referred to this paper as
“a truly incomparable memoir”, whose mathematical
heights “most theoretical physicists would have to be
content to observe with respectful deference—from
afar”.

About a hundred physicists, chemists, and mathema-
ticians gathered in Providence for this conference hon-
oring Onsager to discuss the two themes of irreversible
processes and phase transitions over the course of a
week. It was indeed an international gathering, with
representatives from most countries of western Europe
and from Japan making up close to a quarter of the
membership. The program, which was arranged by John
Ross of Brown, George Uhlenbeck of the Rockefeller
Institute, and Elliott Montroll of the IBM Research
Center, covered many of the problems under most ac-
tive study in the two areas of interest, Although there
were only about thirty papers presented. they extended
over a surprising range of problems and techniques,
and gave a lively impression fo the activity in present-
day statistical mechanics. Since the full proceedings of
the conference will be published in the Jowrnel of
Mathematical Physics, 1 shall try to give a comple-
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L. Onsager, P. H. E. Meijer, N. G. van Kampen,
and J. Gibbs on the campus of Brown University,
where the International Conference on Irrever-
sible Thermodynamics and Statistical Mechanics
of Phase Transitions was held June 11-16, 1962

(Photo by E. Meeron)

mentary account here, with emphasis on the hackground
and setting of some of the papers, and with no attempt
at complete coverage.®

HE intense current interest in the statistical me-

chanics of irreversibility marks the revival of a
tradition which goes straight back to Maxwell and
Boltzmann, Boltzmann, especially, wrestled long and
hard with the problem of irreversibility, and had to de-
fend his statistical interpretation of the second law of
thermodynamics against strong opposition. It was also
Boltzmann who first formulated the integrodifferential
equation, the Boltzmann equation, which describes the
irreversible behavior of a dilute gas. Both Maxwell and
Boltzmann calculated transport coefficients, such as the
viscosity coefficient, for dilute gases. All of these mat-
ters are once again the center of lively discussion, The
yvears since the end of the Second World War have
brought many studies of the nature of irreversibility,
and of the status of the ergodic theorem and the Boltz-
mann H-theorem. There have also been many efforts
to rederive the Boltzmann equation, and to do it in a
more fundamental way which allows one both to assess
the status of Boltzmann's assumption about the num-
ber of collisions of a given type (the *Stosszahlansatz'),
and to generalize the Boltzmann equation so that one
can discuss irreversible processes for systems more gen-
eral and more complex than a dilute gas.

This program of establishing a general statistical
mechanics of irreversible processes has been worked on
by many physicists, in many countries, using many dif-
ferent approaches to the problems. The status of the
field as it was in 1956 can be gauged by inspecting the
proceedings of the international conference, held in
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Brussels that year, to discuss these subjects, If one
fries to characterize the progress made since then, as
it emerged from the papers presented at the Onsager
conference at Brown, one dominant impression is of
the great developments in the mathematical weapons
used on the problem. In the work of Van Hove, of
I'rigogine and his co-workers, of Montroll and Ward, of
Luttinger, and others, the powerful methods of quan-
tum field theory have been brought to bear on statisti-
cal problems. Recent papers in statistical mechanics are
at least as liberally illustrated with “diagrams”, for
schematic representation of the various kinds of terms
in the series expansions used, as are papers in the field
theory proper.

These methods have brought results. Both Van Hove
and Prigogine and his group in Brussels have been
able to derive systematic generalizations of the Pauli or
master equation. (This latter is the simplest form of
stochastic equation describing irreversibility, first de-
rived by Pauli in 1927 in his study of the quantum-
mechanical H-theorem.) The latest phase of the Brus-
sels studies was reported on at Brown by Professor
Prigogine and P, Résibois. E. Verboven discussed cur-
rent work, done in collaboration with Van Hove and
A. Janner, which is an attempt to see further into the
rather complex equations of the general theory by
carrying out detailed calculations for particular cases.
A quite independent approach, also leading to general-
ized master equations, has been followed by R. Zwan-
zig of the Bureau of Standards, and there was some
lively discussion of the relationships among the various
methods.

One important step forward, now incorporated into
almost all of these general theories of transport phe-
nomena, was made several years ago by R. Kubo of
Tokyo. Kubo developed a general method, or algorithm,
for relating transport coefficients to time correlation
functions. In a sense this provides a procedure for get-
ting transport coefficients somewhat analogous to the
use of the partition function in obtaining equilibrium
thermodynamic properties. Professor Kubo reported at
Brown on his current ideas on treating the Liouville
equation stochastically.

A rather different approach to the description of irre-
versibility in dense gases was begun in 1046 by the
work of N. N. Bogoliubov, in Moscow, and developed
more recently by M. S. Green and by Professor Uhlen-
beck and his students. Bogoliubov's approach leads to
a systematic development of the equations describing
the time evolution of the two-particle, three-particle,
ete,, distribution functions, and treats the time develop-
ment as occurring in rather well-defined stages. At each
stage the system has “forgotten” more and more of
the information contained in the initial N-particle dis-
tribution function. Thus Bogoliuhov assumes that after
a time of the order of the duration of a collision be-
tween molecules, all the higher-order distribution func-
tions depend on time only as functionals of the single-
particle distribution function, At the next, or “hydro-
dynamic” stage, only the first few moments of the

single-particle distribution, i.e., lhe local yalues of den-
sity, temperature, and flow velocities, are needed to de-
scribe the evolution of the system.

Bogoliubov’s assumptions are rather hard to assess
and several ef the papers at Brown were dt_evoted to
exploring his ideas from various points of view. N_Iel--
ville Green reported on an attempt to_mvest:gate ?ust
how the higher-order distribution functions evolve inly
functionals of the single-particle function, and what
this functional dependence is like. E. G. D. Cohen of
Amsterdam showed how Bogoliubov's equations could
be obtained from another starting point, and developed
a detailed correspondence between the expansions of
the nonequilibrium distribution functions and the well-
known cluster expansions for the partition function of
dense gases in the equilibrium theory.

To conclude my report on this first aspect of the
conference, T should like to point out that there is still
a gap between the theoretical developments and the
experimental phenomena which they should presumably
explain. The general theories, despite their apparent
power and scope, or perhaps because of it, do not yet
lead to very many predictions of behavior to be studied
by the experimentalist, Emphasis was laid on this point
by S. A. Rice, who reported on both experimental
measurements of transport coefficients in simple dense
fluids, and an attempt to understand them by the meth-
ods developed in the important series of papers hy the
late John Kirkwood and his many students.

HYSICISTS have been trying to understand the

occurrence of phase transitions by the use of sta-
tistical mechanics since the famous dissertation of van
der Waals in 1873. The vears just before and during
the Second World War brought two most important
steps forward in this effort. In 1937 J. E. Mayer and
his co-workers developed a systematic procedure, the
method of cluster expansion, for expressing the virial
coefficients of the equation of state in terms of certain
integrals involving the intermolecular potential energy.
This method was quickly developed and put into more
rigorous form by Born and Fuchs and by Kahn and
Uhlenbeck, and, for a time, it looked as though one
would soon be in a position really to understand the
condensation of gases and the critical point. It has not
worked quite that way; despite many valiant efforts
and much mathematics, and despite important work by
Van Hove and by Yang and Lee, we are not yet in pos-
session of a real theory of condensation. All of us at
the conference were properly reminded by Mark Kac
in his banquet remarks that the theorists are still sub-
ject to the accusation in the clerihew:

“Sir James Dewar

Is cleverer than vou are.
None of vou asses

Can condense gases.™

A second line in the growth of the theory of phase
transitions began with the model put forward by Ising
in 1925 in an attempted explanation of ferromagnetism.
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Jow can we determine the course of reactions?
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he Excited State. This sketch describes possible behavior
molecules of buladiene upon absorbing light energy.
thin 1,000 nanoseconds, they may undergo etther poly-

erization, isomerization, or decomposition.

'rganic materials are a potential source of new
gh-speed components for data processing systems.
he discovery of these components will depend on a

*tailed understanding of the physical properties of

sth known chemical systems and new systems. To
=lp develop this understanding, 1Bm is investigating
i mechanism of energy transfer which occurs
hen light is absorbed by organic molecules.

n organic molecule can react to a quantum of

lergy in a number of ways, as shown above. In one
‘oject, aliphatic dienes and trienes are exposed to
traviolet light. Then the effects produced by the
ave length, pressure, and temperature are deter-
uned. This study will also help to define the con-
itions required for photochemical synthesis of
ausual compounds.
1 another project, scientists are studying the physi-
Il properties of materials in the excited state. The
ift of an isolated absorption band due to an
splied electric field has been observed for an or-
nic dye molecule dispersed in a solid matrix. This
as the first time that this shift, known as the Stark
ffect, had been observed in an organic solid. The
‘ganic dye (methyl red) was imbedded in a non-
olar transparent plastic film. A high-voltage p.c.
ld was applied, and the resulting changes in op-
:al density were measured with a spectrophotom-
er. The spectrogram is shown above. Anticipation

T he Stark Effect. This spectrogram shows changes in oplical
density of methyl ved at the absorption edoe of the band.
Similar measurements on the opposite edge of the band
indicated a shift to the red vather than a band broadening,

of these results led the scientists to conclude that the
dipole moment of methyl red does not change sig-
nificantly between the ground and excited states.
They further concluded that a quantum mechanical
explanation was required to describe this phenome-
non. The development ol this technique provides
science with an additional independent physical
parameter which can be used in the study of excited
states of organic molecules.

IBM scientists are also investigating the chemical
changes which take place when adsorbed gas mole-
cules are elevated into excited states. They have ex-
amined mechanisms by which a polymer film is
formed on a surface exposed to ultraviolet light in
the presence of butadiene. Their results indicate a
mechanism of selective surface photolysis in which
reaction of the adsorbed vas occurs. From research
like this will come new insichts into the formation of
new types of thin films which may prove to be of great
importance in cryogenic and microelectronic devices.
If you have been searching for an opportunity to
make important contributions in chemistry, mechan-
ical analysis, programming systems, or any of the
other hields in which 1BM scientists and engineers are
finding answers to basic questions, please contact us.
1BM is an Equal Opportunity Employer. Write to:
Manager of Prolessional Employment, IBM Corp.,
Dept. 640A, 590 Madison Avenue, N.Y. 220 NUY,
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ELECTRONIC ENGINEERS
PHYSICISTS
METALLURGISTS

An Invitation to Join
a

NEW
RESEARCH
DEPARTMENT

This group is now forming at Bell Aerosystems
Company to perform a variety of investigations
in the aerospace field. Current studies are on
advanced high-performance chemical propellants,
nuclear propulsion systems and electrical pro-
pulsion devices in the very low-thrust ranges.
Other planned projects include energy conyersion
for new sources of electrical power [or space
equipment, space dynamics, solid state physical
materials, and the effects of radioactivity in the
Van Allen Belt on rocket engine components and
other materials for space applications.

Available to stall members are the most modern
research tools, including an IBM 7090 computer,
and extensive test facilities. In addition, re-
searchers at Bell benefit from the knowledge and
experience of the men responsible for the XP 59,
America’s first jet airplane, the world’s first jet
VTOL aircraft, the highly reliable AGENA rockel
engine, the SKMR-1 HYDROSKIMMER, the
largest ground eflfects machine in the United
States, and the first completely automatic, all-
weather aircraft landing system.

Inquiries are invited from Secientists and En-
gineers with advanced degrees in electronic en-
gineering, physics, metallurgy and
physics. Please write to Mr. T. C.
Dept. L-12,

o)

nuclear
Fritschi,

BELL AEROSYSTEMSco.

DIVISION OF BELL AEROSPACE CORPORATION -4 {BXion] company

P.0. BOX #1

An Equal Opportunity Employer

BUFFALO 5. NEW YORK

" a rigorous condensation theory might be developed.

This Ising model, a system of scalar spins on a crystal
lattice with nearest-neighbor interactions Ul'fi."': was de-
veloped during the 1930's by various approximate meth-
ods for the understanding of order-disorder phenomena
in binary alloys. Few exacl results were obtained, but
finally in 1944, as already mentioned, Onsager pub-
lished his exact solution for the partition function of
the two-dimensional Ising model in zero magnetic field.
Once again this major achievement raised hopes, this
time hopes that the three-dimensional problem would
prove tractable, but despite simplifications due to On-
sager and Bruria Kaufman, despite a wholly new, com-
binatorial solution of the two-dimensional problem by
Mark Kac and John Ward, the three-dimensional prob-
lem and the Ising model in an external magnetic field
are still unclimbable peaks.

Nevertheless, progress is being made along both
lines, and this progress was reported at the Brown
meeting. There was only one paper dealing directly with
the theory of condensation, but that was a character-
istically masterful lecture by Professor Uhlenbeck on
the work he has been doing with Mark Kac and P. C.
Hemmer at the Rockefeller Institute. Considering the
great difficulties which have blocked a theory of con-
densation based on the cluster integral—virial expan-
sion approach, Uhlenbeck and his collaborators have
gone back to van der Waals’ ideas, and have tried to
reformulate them along rigorous modern lines. Their
starting point has been a one-dimensional gas model,
introduced in 1959 by Kac, which has the great virtue
that everything about it can really be calculated ex-
actly. The model consists of N particles moving on a
line of length L. The particles interact in pairs through
a potential which consists of a hard core of radius &
and an exponential attraction of the form (— ag7*).
This model does indeed show a phase transition in the
limit where o and y approach zero, but «/y remains
fixed. This van der Waals limit, as the authors call it,
must be taken after the thermodynamic limit, in which
N and L become infinite, but the ratio of N to L is
fixed, If that is done, the van der Waals equation of
state is obtained as an exact result, and one also auto-
matically obtains the Maxwell construction which elimi-
nates the unstable portion of the isotherm.

Uhlenbeck, Kac, and Hemmer have worked out a
good many other features of the Kac model including
the pair-distribution function, and its behavior at, and
near, the critical point. This last is especially interest-
ing as it shows that the theory of Ornstein and Zernike
gives correct results for the pair-distribution function
except in the immediate neighborhood of the critical
point, despite the fact that Ornstein and Zernike de-
veloped their theory precisely for the study of the criti-
cal points,

Although the exact analysis of Uhlenbeck, Kac, and
Hemmer is worked out only for this rather special one-
dimensional model, it has led to a number of most sug-
gestive ideas as to what one can expect from a theory
of a real three-dimensional gas, and as to how such

PHYSICS TODAY



This new, low-cost 100 kv accelerator
is well suited for routine activation analysis

he new Texas Nuclear 9700 Neutron
enerator is the first truly economical
autron source capable of usable
elds for routine activation analysis.
is easier to operate, more compactin
ze, and lower in cost than any other
zcelerator of comparable capability.

impler controls plus new safety fea-
ires make the 9700 ideally suited for
se in educational institutions or ana-
tical laboratories which are estab-
shing their first neutron source facil-
y. Aninsulating dome of polyethylene
urroundsthe upperhigh-voltage termi-
al and completely protects personnel
om electrical shock. The operation of
12 9700 Neutron Generator has been
implified, and to a large extent the
ontrols have been automated.

he 9700 can be used for nearly all of
e commonly performed analyses,
‘equently for trace analysis in the

ppm range. Thermal neutron activa-
tion analysis, as well as the promising
area of fast neutron activation analysis,
may be thoroughly investigated. This
versatile neutron source finds diverse
application in fundamental research
and process control. In addition, the
9700 may be used for the production
of positive or negative ions including
protons, deuterons, or electrons, as
well as X rays.

By means of the prolific T(d, n) reac-
tion, the 9700 produces a yield of 10"
n/sec or a fast flux greater than 10%n

cm?-sec. With use of a suitable mod-
erator, a thermal neutron flux of ap-
proximately 5 x 10’n/cm?-sec is ob-
tained from the 9700 accelerator.

The compactly designed 9700 shares
many of the excellent features of Texas
Nuclear's 150 kv Neutron Generators.
It is a completely instrumentated ac-

'ectronic engineers and physicists: Investigate the career opportunities al Nuclear-Chicago Corporation.

celerator system consisting of two
mobile sections: 1) a 100 kv accelerator
and a 100 kv power supply which are
combined on a single chassis, and 2) a
remote control operator's console. The
continuous - output accelerator pro-
vides charged-particle beam currents
up to 0.5 ma. It has an R-F ion source
which provides a 90% atomic beam
and an electronic ion pump which pro-
vides a clean, static vacuum of 5x 107
mm Hg. The operator's console pro-
vides immediate visual indication of
all operating conditions.

Full details of the 9700 and its uses in
activation analysis are in the latest
Texas Nuclear Neutron Generator
Portfolio. Request your copy.

-texas nuclear

C ORPORATI!ION

Subsidiary ol Nuclear-Chicago Corparation

373 Howard Avenue, Des Plaines, Illlinois, U.5,A.



Resenrch in new fields hos produced a capability for the develop-
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menl of new
CORPORATION

concepls in space lechnology ol

The source shown obove is being employed to produce hypersonic
streams of partiolly jonized metal vopors in o supersolurated con-
dition. Condensation of the nevlral vapor on the jons resulls in
a stream of colloidal jons. This concepl is under investigation by
IPC scientists 1o produce colloidal jons for wse os o propellont
far electrostatic engines and fo converl kinelic energy to high
voltage electrical energy. Further development of thse two oppli-
cotions could provide o compact, efficient propulsion system for
space exploration.

In addition te charged colloid studies, company-sponsored research
hos led to many developments in the areas of vorioble capocitance
high voltoge generators, particle accelerator fechnology, ion source
developmen), ond the production of solid-state devices employing
advanced ion implaniation.

Career opportunities are available for
engineers and scientists in the following

areas:
lon Beam Devices Solid State Electronics
Energy Storage Plasma Physics

Cathode Development

(onfr‘ol (ircuits‘ Electrostatic Power
Colloid Propulsion Conversion

For o confidentiol discussion of our current openings, please write
P.0. Box 98

System Integration

Louis J. Ennis Burlington, Massachusells

ION PHYSICS CORPORATION

(Formerly Goodrich-High Voltage Astronoutics)

10N PHYSICS

A subsidiary of High Voltage Engineering Corperation, Burlinglon, Mass.

An equal opperfunily employer
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The last two the Onsager Conference
dealt with current work on the Ising model and on a
number of combinatorial and graph-theoretical prob-
lems closely related to the Ising problem. Michael
[Fisher of I\‘.Iiug < College, London, who has been among
the mos! active in this field in the past few years, re-
viewed the general problem of lattice statistics and
discussed the exact isotherm ol a fll-’lnt‘ lattice gAas.
(The lattice gas is still another interpretation of the
Ising problem due to Yang and Lee,) P. W. Kastelijn
of the Shell Laboratory in Amsterdam reported on his
elegant solution of the problem of the number of ways
one can arrange dimers on certain plane lattices,
Kastelijn's methods are related to the Kac-Ward com-
binatorial solution of the square Ising lattice, and his
result is also reminiscent of the Onsager partition func-
tion. Although Kastelijn has already carried out a num-
ber of generalizations of his work, and has hopes for
still further success here, he does not foresee any ad-
vance on the three-dimensional Ising problem by his
methods

In the concluding discussion on the Ising model, there
were several brief reports on work in progress, Among
the most interesting was S. Sherman’s account of his
work on the combinatorial analysis involved in the Kac-
Ward solution., He did strike a hopeful note with re-
spect to the three-dimensional Ising model. In this same
session, Professor Onsager gave a brief description of
the method by which he calculated the long-range order
(or spontaneous magnetization) of the two-dimensional
Ising model. (This is a result which he anounced at the
Cornell Conference on Phase Transformations in 1948,
but did not publish. It was subsequently rederived in
another way by Yang.) The intricate and elaborate
mathematical methods described in this talk made a
nice contrast with the other paper which Professor
Onsager read at the Brown meeting, a paper on the
dielectric properties of ice, dealing with a theory very
closely tied to the experimental situation!

gsessions ol

TATISTICAL mechanics is one branch of theo-

retical physics where the links with the past, the
continuity of the tradition, seem to be especially evi-
dent. The reader will have noted, for example, that the
names of van der Waals and Boltzmann have appeared
here for their direct connection with the current work
under discussion at Brown, and not just to fill in the
historical background. Because of this continuity of
the tradition, it was particularly impressive, and rather
moving, to have been addressed, at the conference
banquet, by E. B. Wilson, who was one of the last stu-
dents of J. Willard Gibbs, and the author of the fa-
mous Gibbs-Wilson text on vector analysis. The picture
of Gibbs which he evoked in his reminiscences provided
a most appropriate touch to this conference which hon-
ored the J. Willard Gibbs Professor at Vale, Lars
Onsager,
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