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Editorial Policy 
The International Journal of Fusion Energy (IJFE) is an independent sci­

entific journal published quarterly by the Fusion Energy Foundation. The 
IJFE is dedicated to the promotion of fundamental advance in science, with 
special emphasis on the following areas: 

1. The physics of plasmas at high energy densities, and research bearing 
on the scientific and technological mastery of nuclear fusion processes. 

2. Coherent, directed forms of electromagnetic action, including laser and 
particle beams and superconductivity. 

3. The physics of living processes, with applications to fundamental prob­
lems of biology and medicine. 

In addition to research articles and state-of-the-art reviews, the IJFE wel­
comes short, informal communications addressing questions of interest to 
researchers and others in the cited areas. Contributions in other fields will 
be accepted on the basis of extraordinary scientific interest or manifest rel­
evance to the three specific fields covered by the journal. 

IJFE will also run abstracts of relevant, recent published and unpublished 
work as a regular service to the reader. The editors will be grateful for 
references to significant new work, not previously covered in the abstracts 
and other departments of the journal. 
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Editor's Note 

Were Gauss and Riemann 
Right About Quantum 

Electrodynamics? 
by Jonathan Tennenbaum 

This issue of the IJFE contains two novel contributions 
to the branch of physics commonly known as special 
relativity theory. The first, by Friedwardt Winterbert, 
presents a fundamental modification of the theory, 
based on the notion of an actually existent "quantum 
ether" characterized by a critical length and finite spa­
tial extension of particles. Winterberg's theory would 
imply experimentally observable deviations from the 
classical Lorentz transform at very high energies. 

The second paper, by Masayuki Note, presents an 
extension of special relativity to an "acceleration field," 
implying in particular that the mass of a planet de­
pends upon its position in the gravitational field lof 
the Sun. On this basis Note is able to derive in beau­
tifully simple fashion the two results generally cited 
as "proofs" of general relativity: the precession of Mer­
cury and the deflection of light near the Sun. 

The papers of Winterberg and Note are published 
here not only for their intrinsic interest, but also in 
the hope that they may inspire and assist researchers 
in what the journal editors consider to be a long-
overdue revision of the axiomatic assumptions of 
modern physics. 

The summary remarks below are devoted to elu­
cidating this point. We take as illustration the most 
exquisitely elaborated portion of modern physics, 
quantum electrodynamics. 

For some time now, quantum electrodynamics has 
been reputed to be "the most accurate theory ever 
created by Man"—despite its inclusion of paradokes 
and contradictions (the so-called infinite self-energy 
of the electron, in particular) that raise some question 
whether quantum electrodynamics constitutes a "tjhe-
ory" at all. So far, it seems, clever computational me| th-
ods have made it possible to circumvent the infinities 
and to generate numbers in remarkably close agree­
ment with experiment. 

Recently, however, it has been reported that ex­
periments at Lawrence Livermore National Labora­

tory on the radiative properties of multiply ionized 
atoms yield results totally at variance with relativistic 
quantum theory. Although the experiments in ques­
tion were undertaken in connection with the devel­
opment of high-power X-ray lasers and remain 
classified, published results by Charles Rhodes and 
his group at the University of Illinois point in the same 
direction.1 It now appears likely that the "new physical 
principles" announced by Edward Teller in reference 
to classified research into directed energy weapons 
imply a major revision, if not a total revamping, of 
quantum electrodynamics. 

This situation is pregnant with historical irony. For, 
as Uwe Parpart-Henke pointed out some years ago, 
the inconsistencies in present quantum electrodynam­
ics are chiefly located at exactly those points where 
the architects of modern quantum physics departed 
methodologically from the electrodynamics research 
program pursued by the "Gottingen School" of Karl 
Gauss, Wilhelm Weber, and Bernhard Riemann more 
than a century ago.2 Although neither Gauss nor Rie­
mann is available today for comment, we can still say, 
"they told us so" when the holy edifice of quantum 
electrodynamics begins coming apart at the seams. 

The Existence of Singularities 
These brief remarks are not the place to attempt a 

comprehensive summary of the Gauss-Riemann pro­
gram.3 The point of immediate relevance here—the 
crucial distinctions between Maxwell's electrodynam­
ics and the Gauss-Riemann theory—has already been 
addressed in a number of documents in this and the 
preceding issue of the IJFE. We refer in particular to 
the papers on "retarded potential" by Riemann and 
his Italian collaborators Enrico Betti and Eugenio Bel­
trami.4 

Maxwell's continuum field theory denied the ex­
istence of singularities. It therefore already contained 
the root fallacy that cropped up later in the "wave-

il 
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particle paradox" of quantum mechanics and in Ein­
stein's unsuccessful attempts to construct a general 
relativity theory able to account for the electron and 
other particles. Philosophically, the Maxwell ap­
proach involves a denial of the possibility of real change 
within the universe. Change is admitted in Maxwel-
lian physics only in the form of continuous variation 
of scalar parameters (for example, field strengths) 
within a fixed topology. 

This crucial axiomatic feature—or, we assert, fal­
lacy—in Maxwell's physics, was inherited in full by 
Einstein in his work on general relativity. Einstein 
recognized that any correct electrodynamics must, un­
like the Maxwell equations, be nonlinear. He sought 
some general principle through which to introduce 
the nonlinearity into his field equations in a unique 
and "natural" way. He hoped thereby to obtain a 
mathematical schema subsuming, in principle, the en­
tirety of physical phenomena. At the same time, how­
ever, he insisted that there be no singularities in the 
theory: "If one had the field-equation of the total field, 
one would be compelled to demand that the particles 
themselves would everywhere be describable as sin­
gularity-free solutions of the completed field equa­
tions. Only then would the general theory of relativity 
be a complete theory."5 

Einstein died in 1955 without having solved this 
problem to his satisfaction. Apparently, he had not 
considered the possibility that the problem, as posed, 
might be literally impossible—that the requirement of 
completeness on the one hand, and freedom from 
singularities on the other, might be mutually incom­
patible (at least in our universe). We are reminded of 
Kurt Godel's famous theorem about the incomplete­
ness of formal mathematical systems, from whose 
devastating implications the modern formalists of "Big 
Bang" cosmology and "Grand Unification" are able to 
escape only by pleading "statistical indeterminacy." 
In fact, Godel elucidated the philosophical implica­
tions of Einstein's approach most explicitly in 1949, 
by demonstrating the existence of solutions to Ein­
stein's field equations—solutions known as "rotating 
universes"—in which travel backward in time would, 
in principle, be possible.6 These rotating universes 
would admit of no consistent definition of past and 
future, no objective criterion of passage of time. 
Speaking of Einstein's principle of the relativity of 
simultaneity, Godel observes: "It seems that one ob­
tains an unequivocal proof for the view of those phi­
losophers who, like Parmenides, Kant, and the modern 
idealists, deny the objectivity of change and consider 
change as an illusion or an appearance due to our 
special mode of perception." 

The Gdttingen School 
Gauss and Riemann were explicitly anti-Kantian, as 

Gauss's attacks on Kant's a priori categories of space 

and time and Riemann's writings on the principles of 
natural science, as well as his famous "Hypotheses 
Upon Which Geometry Is Based," most clearly doc­
ument.7 Gdttingen was in fact a major center of op­
position to Kant's philosophy, part of a current of 
opposition going back to Friedrich Schiller and, ulti­
mately, to Gottfried Wilhelm Leibniz. In Riemann's 
view, not only the human mind (science), but the 
universe as a whole is a process of negentropic evo­
lution, in which the progression to higher states of 
negentropy involves real change and an objective or­
dering of time. 

The electrodynamics of the Gdttingen School was 
profoundly shaped by this view of the universe. Gauss, 
Weber, and Riemann based their approach on the 
concept of generation of singularities mediating changes 
in the topology and metrical characteristics of the potential 
field (that is, the manifold of the physical process). It 
is sometimes remembered that the Gdttingen School 
anticipated Lorentz's electron theory many decades 
earlier, in Wilhelm Weber's theory of "atomic elec­
tricity. " But Riemann's outline of a physics based on 
the geometry of the successive generation of species 
of singularities goes far beyond anything Lorentz and 
his contemporaries could have imagined. In the in­
tervening period, the philosophical bias underlying 
Maxwell's electrodynamics had virtually saturated the 
community of physicists. As a result, the "Gdttingen 
School" program remains still to this day to be elab­
orated. We still lack even the beginnings of a truly 
scientific electrodynamics, one which would explicate 
the necessary existence and characteristics of the sin­
gularities designated as "photons" and "electrons." 

Fortunately, although the Gauss-Riemann program 
as a whole remained virtually forgotten until now, 
certain aspects of the Gdttingen thrust did take hold 
in the subsequent development of physics. The his­
torical line leading in particular to Winterberg's in­
vestigations, which are published here, is worth 
examining in this context. 

In his early thermodynamics work leading to the 
discovery of "wave mechanics," Erwin Schrddinger 
remarked that the properties of atomic particles, im­
plied by the thermodynamics of gases, hardly resem­
ble those of the "hard-ball" mass-points prescribed by 
Newtonian mechanics. Instead, Schrddinger writes, 
"One is reminded of the behavior of 'waves of finite 
amplitude.'"8 He was referring to the 1859 paper in 
which Bernhard Riemann predicted the generation of 
singularities—"Verdichtungsstdsse," now known as 
shock waves—in any plane acoustical wave of suffi­
ciently large amplitude. The shock is generated when 
the acoustical process, the wave, drives itself to veloc­
ities higher than the local velocity of sound. This pa­
per, of course, was the basis of the later development 
of supersonic aerodynamics. Schrddinger proposed 
that Riemann's "waves of finite amplitude" be taken 
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Masayuki Note's derivation of the chief "hard evi­
dence" heretofore adduced in support of the general 
theory of relativity, from a natural and straightforward 
modification of special relativity, suggests that the 
needed nonlinear electrodynamics might turn out to 
be much simpler than Einstein suspected. However, 
we submit, it must be sought in quite the opposite 
direction to that pursued by Einstein: Rather than seek 
a singularity-free, complete mathematical model, de­
velop instead a universal, geometrical characterization of 
the process of singularity-formation. 

In doing so, we should recognize that the mere 
variation of scalar parameters is not an adequate char­
acterization of action, or change, in our universe. Real 
change always involves the addition of a topological 
singularity, which then modifies the manifold of ac­
tion in the manner indicated paradigmatically by Rie-
mann's application of "Dirichlet's Principle" to the 
theory of functions of a complex variable.11 In the 
typical case of a negentropic process, like that in living 
organisms, the addition of each new singularity me­
diates an increase in the rate of singularity-generation, 
as well as shifts in the harmonic characteristics, the 
spectra, of the process. If we look, for example, at the 
process of photosynthesis from the standpoint that 
the chlorophyll molecule is an electromagnetic con­
figuration, and indeed that the growth of a plant is a 
typical electrodynamic process, then we obtain valu­
able insight into the nature of the new, nonlinear 
electrodynamics that it is our task now to develop.12 
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as a paradigm for the generation of particles. But, he 
wrote, "the universal radiation as whose 'signals' or 
perhaps singularities corpuscles are to be defined, is 
something essentially more complicated than, say, the 
wave-radiation of the Maxwell theory. . . . " 

Unfortunately, Schrodinger seems not to have posed 
to himself the question: What physical limiting con­
dition, comparable to the velocity of sound for acous­
tical shock waves, might determine the generation of 
the particle-singularities? Schrodinger's subsequent 
attempts to develop a nonlinear wave equation to ac­
count for the stability (that is, self-focusing) of his 
particle "wave packets" faced a virtual inquisition at 
the hands of Niels Bohr. The demoralized Schrodinger 
was not able to bring his ideas to fruition, and later 
efforts by de Broglie and others (de Broglie's "double 
solution") have remained relatively sterile. 

Hydrodynamic Processes 
The line of investigation initiated by Riemann per­

sisted, however, in the investigations of Werner Hei-
senberg on a conjectured "fundamental wavelength" 
governing the generation of particles in cosmic ray 
showers. In 1938, Heisenberg proposed that phase 
changes must occur whenever the wavelength of an 
interaction, in the sense of de Broglie-Schrodinger, 
becomes smaller than a certain critical limit.9 He stated 
also that the value of the fundamental wavelength 
must determine "hereditarily" the rest masses of the 
fundamental particles. Contrary to the rigid algebrai-
cism typical of the later development of quantum elec­
trodynamics, Heisenberg conceived of particle 
interactions as hydrodynamic processes. When a cosmic 
ray collides with a nucleus, the electromagnetic "bow 
wave" "detaches" from the decelerated particle and 
results in the formation of multiple electromagnetic 
shock waves manifested by the shower of secondary 
particles scattering from the scene of the collisicm. 
Heisenberg's thinking thus paralleled that of the G6t-
tingen hydrodynamicists Ludwig Prandtl and Ad^lf 
Busemann, who were developing the theory of supM-
sonic flight around the same time. The Gottingen Hy­
drodynamics school, established by Felix Klein in 19()4, 
was perhaps the main channel of influence of Rie­
mann's mathematical methods into the 20th cenru:y; 

Heisenberg's line of inquiry was carried forward by 
his student Erich Bagge,10 and also forms the point of 
departure for Winterberg's investigations reportM: 
here. It is most suggestive to compare Winterbergls 
construction of a nonlinear Lorentz transformation 
with Bostick's "hydroelectromagnetic" electron model 
and Bagge's purely electrodynamical theory of beta 
decay, based on phase transitions from negative to 
positive energies. These contributions all point toward 
a new, nonlinear electrodynamics in which the par­
ticles, rather than being static entities existing side by 
side schizophrenically with a lifeless field, are instead 
singularities of real phase changes. 



Nonlinear Relativity and the 
Quantum Ether 

F. Winterberg 

Desert Research Institute 
University of Nevada System 

Reno, Nevada 89506 

Abstract—The orthodox approach to relativistic quantum field theory axiomatically postulates Lorentz invariance, 
followed by the axioms of quantum mechanics. Departing from this orthodox approach we have designed a 
heuristic procedure bv which the Lorentz transformations follow from the interactions characterized by the 
quantum mechanical commutation rules, rather than being postulated a priori. The most general operator rep­
resentation of the quantum mechanical commutation rules that involve a length constant, have in the past been 
rejected on the ground that they violate Lorentz invariance. We therefore have applied our heuristic principle to 
derive the corresponding transformation equations that take into account the length constant appearing in this 
most general representation. We find a nonlinear generalization of the Lorentz transformations, departing from 
special relativity at very high energies and establishing the observable existence of a substratum (ether). The 
principle that the velocity of light is the same in all reference system still holds, but the theory gives a finite zero 
point vacuum energy. Furthermore, a non-Lorentz invariant behavior of cross sections at very high energy is 
predicted. In the limiting case where the length constant is set equal to zero, the zero point energy diverges and 
special relativity is recovered. 

The theory satisfies the philosophical principle by Leibniz, that the space-time structure should be determined 
from the interactions instead of being postulated a priori. 

that an ether even existed and with it a distinguished 
absolute reference system in which the ether is at rest. 
Influenced by the positivism of Mach, Einstein con­
cluded that what is not observable does' not exist. 
However, it was soon found that through the quan­
tum-mechanical zero-point field fluctuations, an ether 
of some sort reenters physics. It cannot be stressed 
strongly enough that this quantum ether is not an 
artifact of quantum theory, but makes itself felt through 
the Lamb shift and more directly through the Casimir 
effect. If special relativity is correct, this ether must 
have a divergent w3 spectrum, the only one invariant 
under a Lorentz transformation, with the Doppler and 
aberration effects canceling each other out. Relativity 
simply requires that this quantum ether must appear 
equal in all reference systems, something that appar­
ently only an infinite energy ether is able to do. 

The real problem with the infinite quantum ether 
is that it would lead to infinite gravitational forces. 
Since nothing can be infinite, it has been frequently 
stated that general relativity will ultimately provide a 
natural cutoff at the Planck length of ~10 " cm. How-
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"Einstein simply postulates what we have deduced . . . 
yet, I think, something may also be claimed in favor of the 
form in which I have presented the theory. I cannot but 
regard the ether, which can be the seat of an electromagnetic 
field with its energy and vibrations, as endowed with a 
certain degree of substantiality, however different it may be 
from all ordinary matter. In this line of thought, it seems 
natural not to assume at starting that it can never make 
any difference whether a body moves through the ether or 
not, and to measure distances and lengths of time by means 
of rods and clocks having a fixed position relative to the 
ether." 

—H. A. Lorentz 

Introduction 
One of the most sacrosanct concepts of modern 

physics is the principle of relativity. It was motivated 
by the inability to observe an absolute motion through 
the hypothetical ether. Poincare (1905), who first coined 
the term principle of relativity, still believed in the ex­
istence of an ether. It was Einstein (1905) who denied 
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be incorporated into the fundamental laws of physics. 
We believe Heisenberg failed because he did not ques­
tion relativity. Attempts made by Heisenberg and oth­
ers to introduce a fundamental length into relativistic 
field theories led to a violation of time sequence caus­
ality. Time sequence causality means that in all ref­
erence systems, an effect must follow a cause. This is 
why elementary particles must have the structure of 
mathematical points and why the concept of a fun­
damental length is incompatible with special relativity. 

As with the zero-point energy, some researchers 
have maintained that here too general relativity pro­
vides a natural cutoff, and that the size of elementary 
particles is the Planck length. However, this would 
mean that an electron, for example, would have an 
internal structure of about 20 orders of magnitude, 
from 10"" cm down to 10~33 cm. This is the same ratio 
as 100 light years to 1 cm. According to the Exclusion 
Principle, it is hard to believe that two electrons with 
such a huge internal structure should then be com­
pletely indistinguishable. 

In relativistic quantum field theories, absolute quan­
tities turn out to be infinite, and relative quantities turn 
out to be finite. It therefore appears that absolute quan­
tities can be computed only with an absolute theory. 
It is the property of relative versus absolute quantities 
that mirrors itself in relative versus absolute theories. 

Apart from the unphysical infinities, there is an­
other indication that relativity may be only an ap­
proximation to reality. The extremely uniform cosmic 
microwave background radiation defines a distin­
guished reference system, contradicting the spirit of 
relativity. The microwave radiation itself might be seen 
as the manifestation of a small temperature of the 
quantum ether in which this radiation is at rest. 

A correct theory, however, not only should lead 
both to a finite vacuum energy and finite masses of 
elementary particles, but also must retain special rel­
ativity as a good approximation valid for sufficiently 
low energies to reproduce the extremely well estab­
lished results of quantum electrodynamics, in addi­
tion to all the other confirmed results of special 
relativity. J 

Relativity According to Einstein and Poincare 
In a search for possible generalizations of special 

relativity, a comparison of the mathematically equiv­
alent, but otherwise different relativity theories de­
veloped by Einstein and Poincare can be helpful. Even 
though mathematically equivalent, the theories are 
derived from different sets of axioms. In pure math­
ematics, a comparison of equivalent theories based on 
a different sets of axioms is quite useless. What is true 
in mathematics is far from true in physics. As Feyn-
man (1965) observes: 

ever, even though the mass density of the quantum-
mechanical zero-point fluctuations becomes finite 
there, the value of the mass density turns out to be 
enormous, more precisely ~1095 g/cm3, large enough 
to put the entire mass of the known universe in a cube 
with a side length less than 1 fermi. 

Another profound problem resulting from the same 
principle of relativity is the requirement for elemenf 
tary particles to be mathematical points (Landau and 
Lifshitz 1975). This requirement is the reason that in 
relativistic quantum field theories the masses of ele­
mentary particles turn out to be infinite. In face of 
these infinities, it is a widespread myth that the theory 
of relativity is without exception in extremely good 
agreement with the empirical evidence. The infinite 
vacuum energy and the infinite masses of elementary 
particles it predicts are at gross variance with obser­
vation. But in spite of these infinities, relativity must 
be at least a very good approximation to reality. It is 
not just the success of relativistic mechanics, without 
which the design of high-energy particle accelerators 
would be impossible, or the well-founded energy-masp 
relation, supported by the empirical evidence in nu|-
clear physics, but rather the extremely well-estabt-
lished agreement between theory and experiment in 
quantum electrodynamics. This theory, for example, 
correctly predicts the anomalous magnetic moment of 
the electron by seven significant places. Another ex­
ample for the success of the theory is the Lamb shift, 
which is also explained to a very high degree of ac­
curacy. In praising this success, it is however often 
overlooked, that both the anomalous magnetic mo­
ment and the Lamb shift are relative quantities. In their 
calculation the infinities are circumvented by the 
mathematical renormalization technique, with the in­
finities, like the self-energy of the electron, which is 
an absolute quantity, remaining infinite. These infin­
ities in relativistic quantum field theories are the 
strongest reason that the theory must ultimately be 
wrong. Since these infinities express themselves 
through divergencies at very high energies, it would 
follow that relativity must break down at very high 
energies. 

It is extremely unlikely that quantum theory, th? 
other basic ingredient of relativistic quantum field the -
ories, is the culprit for the unphysical infinities, be­
cause nothing like that happens in nonrelativistic 
quantum field theories, which, if applied to solid-statp 
physics problems, always give finite results. Unlike 
the space-time of special relativity, a solid has a dis­
tinguished reference system at rest with the solid, and 
a natural cutoff provided through the lattice constant. 

To remove the unphysical infinities from relativistic 
quantum field theories, it was advocated a long time 
ago by Heisenberg (1938) that a universal length should 



Consequences of Einstein's Axioms 
(1) All clocks in relative motion appear to suffer a 

retardation. 
(2) All rods moving in relative motion appear to suf­

fer a contraction. 

Consequences of Poincare's Axioms 
(1) All clocks in absolute motion through the ether 

suffer a real retardation. 
(2) The coordinate transformations in between any 

two inertial frames moving relative to the ether are 
reciprocal (= principle of relativity). 

We note the following important differences. 
(1) Whereas Einstein postulates relativity as an axiom, 

Poincare derives it as a consequence of the rod con­
traction for rods in absolute motion through the ether, 
and the constant light velocity postulate. 

(2) Whereas in Einstein's theory the rod contraction 
and clock retardation always have only the character 
of an appearance, caused by relative motion, they are 
in Poincare's theory the consequence of a real rod 
contraction and real clock retardation for rods and 
clocks in absolute motion through the ether. 

(3) Whereas in Einstein's theory, the velocity of light 
is always isotropic and equal to c, in Poincare's theory 
it only appears to be that way. 

The reason for the difference in the wording real or 
appear has its root in each different viewpoint. For 
Poincare, the velocity of light only appears to be con­
stant and equal to c, because his measuring rods and 
clocks suffer a real change, whereas in Einstein's rea­
soning exactly the opposite is true. 

To measure the velocity of light and therefore to 
define what is meant by constant light velocity re­
quires the synchronization of clocks. There are basi­
cally two different ways in which clocks can be 
synchronized. In one method the synchronization is 
done by reflected light signals, and in the other method 
by slow clock transport. Einstein, in particular, pro­
posed the synchronization by reflected light signals 
taking the arithmetic average of the time a signal needs 
for its round trip. This synchronization procedure, 
however, really makes sense only if the one-way ve­
locity of light is already assumed to be equal to c. As 
Builder (1958) has pointed out, any experiment de­
signed to measure the one-way velocity using clocks 
synchronized by Einstein's procedure is, in reality, 
always a two-way measurement because, through the 
clock synchronization procedure using reflected light 
signals, one always measures in reality only the av­
erage to-and-fro velocity. Einstein's one-way constant 
light velocity postulate and clock synchronization pro­
cedure are therefore a tautology. 

It has been argued by Pais (1982) that Poincare never 
really understood the theory of relativity, because he 
always insisted that the rod contraction for a rod in 
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Suppose you have two theories, A and B, which 
look completely different psychologically, with 
different ideas in them and so on, but that all the 
consequences that are computed from each are 
exactly the same, and both agree with experi­
ment. The two theories, although they sound dif­
ferent at the beginning, have all consequences 
the same, which is usually easy to prove math­
ematically by showing that the logic from A and 
B will always give corresponding consequences. 
Suppose we have two such theories, how are we 
going to decide which one is right? There is no 
way by science, because they both agree with 
experiment to the same extent. So two theories, 
although they may have deeply different ideas 
behind them, may be mathematically identical, 
and then there is no scientific way to distinguish 
them. 

However, for psychological reasons, in order 
to guess new theories, these two things may be 
very far from equivalent, because one gives a man 
different ideas from the other. By putting the the­
ory in a certain kind of framework you get an 
idea of what to change. There will be something, 
for instance, in theory A that talks about some­
thing, and you will say, "I'll change that idea in 
here." But to find out what the corresponding 
thing is that you are going to change in B may 
be very complicated—it may not be a simple idea 
at all. In other words, although they are identical 
before they are changed, there are certain ways 
of changing one which look natural which will 
not look natural in the othej\ 

In the spirit of Feynman's remark we therefore com­
pare the theory of relativity as it was presented by 
Einstein, with the alternative axiomatic formulation 
presented by Poincare. We first present Einstein's ax­
iomatic formulation, followed by Poincare's alterna­
tive formulation. 

A. Axioms by Einstein 
(1) The velocity of light is isotropic and is equal to 

c in all inertial reference systems. 
(2) The principle of relativity (= the transformation 

equations are reciprocal). 

B. Axioms by Poincare 
(1) All rods in absolute motion through the ether 

suffer a real (Fitzgerald-Lorentz) contraction. 
(2) The velocity of light is isotropic and equal to c 

in a distinguished reference system at rest with the 
ether but it also appears to be constant and equal to c 
in all other inertial reference systems. 

We now list the consequences derived from these 
different sets of axioms. 



absolute motion through the ether must be a real phys­
ical effect, rather than an appearance as it was claimed 
by Einstein. We cannot agree at all with this opinion. 
Poincare must have recognized that from a logical 
point of view, Einstein's alternative postulate, that 
light should propagate isotropically with the same 
velocity in all inertial reference systems (which is the 
constant one-way light velocity axiom), does make 
even less sense than the rod-contraction axiom. Loit-
entz (1909), who later succeeded in giving a plausible 
physical explanation for the reality of the contractioh 
effect, shared Poincare's view until his death. 

Einstein rejected the ether hypothesis on the ground 
that the ether could not be experimentally verified. 
However, with his average time clock synchronization 
procedure he replaced the ether hypothesis with the 
isotropic one-way light-velocity hypothesis, which, 
like the ether hypothesis, is incapable of experimentc 1 
verification. In Poincare's view, one can, for the ree-
son given, measure only the average to-and-fro ve­
locity of light. This average is always c and is the 
reason that the velocity appears to be constant an i 
equal to c. 

In spite of its logical shortcomings, Einstein's clock 
synchronization method, taking the arithmetic time 
average of the out and return trips for a reflected light 
signal, nevertheless remains very convenient. 

A transparent physical exposition for Poincare s 
point of view has been given by Prokhovnik (1967). 
He showed that the clock retardation effect can be 
understood as resulting from the combined action oi 
the anisotropic light propagation in a frame in absolute 
motion through the ether and the rod-contraction ef­
fect. For his explanation he uses the concept of a light 
clock, which consists of a rod with two mirrors at­
tached to its ends in between which a light signal can 
be reflected back and forth. Ordinary clocks are not 
built that way, but if all interactions in a solid body 
are electromagnetic and communicated by zero-rest-
mass photons, real clocks should behave in exactly 
the same way as light clocks. 

With the concept of a light clock and its retardation 
as a consequence of the rod-contraction effect, it ii> 
possible to reduce Poincare's second axiom to the is­
otropic light propagation in the preferred reference 
system at rest with the ether. The rod-contraction ef­
fect and its resulting clock-retardation effect then ex­
plain why the velocity of light also appears the same 
in all other inertial reference systems. The isotropic 
light propagation in an ether frame of reference makes 
physical sense if the electromagnetic radiation is prop­
agated as a wave. The rod-contraction effect therefore 
remained as the only unexplained part in an attempt 
to derive the theory of relativity from plausible phys­
ical concepts. 

The Theory of Lorentz and the 
Origin of the Infinities 

In a crucial step going beyond Poincare and Ein­
stein, Lorentz tried to give a physical explanation of 
the theory of relativity (Prokhovnik 1967). According 
to Poincare and Prokhovnik, the theory of relativity 
can be derived from the rod-contraction axiom alone. 
Therefore, all that had to be done was to give a phys­
ical explanation for the rod-contraction effect. It is of 
great importance that Lorentz actually succeeded in 
deriving the contraction effect for one very special 
case, thereby giving relativity a plausible physical 
explanation. 

Possibly the best exposition of Lorentz's idea has 
been given by Bohm (1965): 

Lorentz assumed that the electrical forces were 
in essence states of stress and strain in the ether. 
From Maxwell's equation (assumed to hold in the 
reference frame in which the ether was at rest) it 
was possible to calculate the electromagnetic field 
surrounding a charged particle. For a particle at 
rest in the ether, it followed that this field was 
derived from a potential 4>, which was a spheri­
cally symmetric function of the distance r from 
the charge, that is, <j> = <j/f (where a is the charge 
of the particle). When a similar calculation was 
done for a charge moving with a velocity v through 
the ether, it was found that the force field was 
no longer spherically symmetric. Rather its sym­
metry became that of an ellipse of revolution, 
having unchanged diameters in the directions 
perpendicular to the velocity, but shortened in 
the direction of motion in the ratio V l - v2/c2. 
This shortening is evidently an effect of the move­
ment of the electron through the ether. 

Because the electrical potential due to all the 
atoms of the crystal is just the sum of the poten­
tials due to each particle out of which it is con­
stituted, it follows that the whole pattern of 
equipotentials is contracted in the direction of 
motion and left unaltered in a perpendicular di­
rection, in just the same way as happens with the 
field of a single electron. Now the equilibrium 
positions of the atoms are at points of minimum 
potential (where the net force on them cancels 
out). It follows then that when the pattern of 
equipotentials is contracted in the direction of 
motion, there will be a corresponding contraction 
of the whole bar, in the same direction, so that 
it will be shortened in the ratio V l - tflc1. As a 
result, a measuring rod of length /„ at rest will, 
when moving with a velocity v along the direction 
of its length, have the dimension 
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But if the bar is perpendicular to the direction of 
motion, its length will of course not be altered. 

Of particular importance is that the derivation of 
the length contraction (1) by Lorentz is valid only for 
pointlike charges, because only then is the electrostatic 
potential ct> for all values of r given by <t> = q/r. If, 
instead, the charge is spread out over a distance r0, 
the potential for distances r < r„ would be quite dif­
ferent, and the contraction could not be more exactly 
described by Eq. (1). 

The physical reason for the infinities now becomes 
clear. Lorentz had shown that only point charges, and 
hence pointlike electrons, lead to the contraction fac­
tor given by Eq. (1) and therefore to relativity. How­
ever, the self-energy of point charges already diverges 
in classical physics, and the principle of relativity it­
self—which according to Lorentz can be derived only 
under the singular assumption of point charges—is 
therefore the reason for the infinities. 

The derivation of the theory of relativity by Lorentz 
also shows that the relativistically invariant nonlinear 
theory proposed by Mie, or the related theory by Born 
and Infeld, are quite unsatisfactory (Sommerfeld 1952). 
Both theories lead to extended charges and hence a 
nondivergent force law. They therefore avoid the un-
physical infinities. However, as Lorentz had con­
vincingly shown, the theory of relativity can only be 
derived from the singular inverse square law. From 
Lorentz's point of view, the theories by Mie and Born-
Infeld are inconsistent with the theory of relativity, 
because they both have a force law from which the 
theory of relativity cannot be derived. 

A further problem for these theories arises from 
quantum field theory. In its language, extended par­
ticles have internal fields, which if quantized again 
lead to pointlike particles representing these internal 
fields and of which the extended particles are com­
posed. This property of the theory appears to be very 
fundamental. It is why there is no known general 
prescription for the quantization of a nonlinear theory. 

Rather than introducing a relativistically invariant 
nonlinear theory from which the infinities are re­
moved, it is in the spirit of Lorentz much more logical 
to search for a generalization of special relativity, de­
rived from a nonsingular interaction law, in the same 
way as special relativity was derived by Lorentz from 
the singular inverse square law. 

We now understand the significance of Feynman's 
remark, because only in the framework of Poincare's 
axiomatic formulation can we make a reasonable guess 
as to how the theory of relativity may be generalized 
to avoid the infinities. All that has to be done is to 
generalize the contraction formula by assuming ex­
tended rather than pointlike charges, and to compute 
the contraction effect in a way similar to that used by 

Lorentz for point charges. Starting from Einstein's 
axiomatic formulation it would be much more difficult 
to see how the theory could be generalized. It would 
require a generalization of the principle of relativity, 
and there is no clear prescription for how this could 
possibly be done. 

It would be unsatisfactory simply to generalize the 
theory of Lorentz by making a calculation for extended 
charges, because it would give different results for 
different elementary particles having different charge 
distributions. What is needed, instead, is a universal 
principle, completely independent of the properties 
of elementary particles. It is most interesting that 
quantum mechanics, through the generalized repre­
sentations of the commutation relations first proposed 
by Bagge (1962), provides for such a universal prin­
ciple. These generalized representations permit the 
unambiguous introduction of a universal length con­
stant by which the inverse square force law, valid for 
all fundamental interactions communicated by zero-
rest-mass particles, can be regularized in a unique 
way. In the past, these generalized representations 
have been criticized on the ground that they are not 
Lorentz-invariant. We turn the argument around, as­
suming instead that the generalized representations 
of the commutation relations are correct and that the 
Lorentz transformations must be modified. The price 
to be paid is to abandon relativity, though it would 
still be a very good approximation for distances that 
are large compared to the fundamental length. Only 
at distances comparable to the fundamental length r0, 
that is, at energies E ~ hc/r0, would relativity break 
down. Introducing a fundamental length that regu­
larizes the force law necessarily eliminates the infinite 
self-energies of elementary particles. 

As we shall see below, the so-defined generalized 
transformation equations replacing the Lorentz trans­
formations not only turn out to be nonlinear, but they 
contain, in addition to the relative velocities, also ab­
solute velocities against a substratum. In the proposed 
nonlinear theory, special relativity is a singular limit, 
and the singularities in relativistic quantum field the­
ories are a reflection of this singular limit. 

Nonlinear Generalization of Special Relativity 
To fully comprehend the approach taken, and to 

understand how the proposed nonlinear generaliza­
tion of special relativity is derived, we first show how 
Einstein and Poincare, using quite different lines of 
reasoning, arrived at the same transformation equa­
tions. 

According to Einstein, the first axiom, that the ve­
locity of light is constant in all inertial reference sys­
tems, leads to the equation interrelating two reference 
systems lA and 1B: 
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where K is a constant and where 

where 

In Eqs. (10) and (11) uA is the absolute velocity of the 
IA system against the Zs ether rest frame system. 

From Poincare's first axiom, that a rod in absolute 
motion through the ether is contracted by the factor 
VI - uAlc'-, it follows that K = 1. Therefore, we can 
write 

but also 

and therefore 

and one immediately verifies that Eq. (5) satisfies the 
Lorentz transformations for a uniform motion with 
the velocity v along the x axis: 

But this is only possible for K = ±1 . The negative 
sign is excluded from the identity when the /„ and lB 

reference systems are the same. One therefore has 

Applying the second axiom, which is the principle 
of relativity, requires also that 

where 

because 

According to Poincare, the second axiom, which i|s 
that the light velocity appears to be constant and equal 
to c, not only in a frame /s at rest with the ether, but 
also in any other IA frame in relative motion against 
L, leads to 

where rs,fs are measured in the ether rest frame IX As 
before, K is a constant to be determined. From Eq. (9) 
one obtains the transformation formulas 

As in Einstein's approach, Eq. (14) then leads to the 
Lorentz transformations Eq. (6). 

It was pointed out by Poincare, in the case 
Vi< = 1, the resulting transformations form a group. 
In his view, the appearance of this group is a direct 
consequence of the rod-contraction axiom. 

We have already said that Poincare's axioms offer 
a natural generalization of special relativity simply by 
admitting other rod-contraction laws. Under these cir­
cumstances, the resulting transformations no longer 
form a group, and the space-time symmetry of special 
relativity is broken. However, if the rod contraction 
only differs slightly from the Fitzgerald-Lorentz for­
mula, the space-time symmetry of special relativity 
would remain a very good approximation. 

Following Heisenberg's idea that a fundamental 
length constant should enter the basic laws of physics, 
we would like to formulate the generalized contraction 
formula in such a manner that it can incorporate a 
length. We therefore require that a rod in absolute 
motion through the ether, with the velocity uA, shall 
be contracted by the amount V1 - uA

2/c2FA. The factor 
FA, which determines the departure from the Fitz­
gerald-Lorentz value, shall thereby depend on the 
absolute velocity uA = $Ac, but also on the ratio rA/r0, 
where r0 is the universal length constant. 

From Eq. (10) we now obtain: 

and hence for Eq. (9) 
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By a similar argument applied to a rod moving through 
the ether with the absolute velocity uB we find 

Equation (18) is satisfied by the following transfor­
mation equations: 

where 

The same transformations were obtained previously 
(Winterberg 1984), following a much more arduous 
path along lines used originally by Lorentz to derive 
the Lorentz transformations. 

The nonlinearity of the transformations (19) is caused 
by the dependence of FA and FB on rAlr0 and 
rBlr„, where rA = \Zx/ + yA

2 + zA
2 and rB = 

y/xB
2 + yB

2 + zB
2. It must be emphasized that because 

of their nonlinearity, the coordinate values of Eq. (18) 
mean differences, with the measuring apparatus lo­
cated at the origin of the respective coordinate system. 
It is therefore better to express the transformations in 
the inhomogeneous form, valid for an arbitrary po­
sition of the measuring apparatus, and where the sym­
bol A signifies coordinate differences: 

We immediately see that the transformation equa­
tions (21) satisfy the relativistic velocity addition theo­
rem. Putting vA = AxA/AtA and vB = AxB/AfB we find 
that 

The validity of the relativistic addition theorem of ve­
locities has the important consequence that m = m0y, 
where m0 is the rest mass. From there on the expres­
sions for momentum and energy are obtained, which 
turn out to be the same as in special relativity. If the 
theory could not reproduce this important result of 
special relativity, it would have to be abandoned right 
there. 

From Eq. (16) it follows that F, * 1. For an IA system 
moving with the velocity uA against the I, system we 
therefore have 

with vs = AxJAts, vA = AxA/AtA, we obtain from Eq. 
(23) 

In a similar way we obtain for a IB system moving 
with the velocity uB against Is: 

Eliminating vs from Eqs. (24) and (25) we obtain Eq. 
(22), if we put 

Equation (26) shows that the absolute velocities uA, 
uB, appearing in FA and FB are not independent , but 
are rather related to each other through the relativistic 
velocity addition theorem for the relative velocity v. 

Unlike the linear Lorentz transformations, the non­
linear transformations (21) also lead to a transverse 
contraction effect, expressed in the transformation for­
mulas for Ay and Az. The general expressions for rod 
contraction and time dilation are given by 
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square-law forces acting between pointlike charges. 
As stated above, this idea suffers from generality. A 
derivation universally valid, not only for electrostatic 
interactions but for all other interactions as well, is 
suggested by quantum mechanics, where all inter­
actions are communicated by probability waves. For 
pointlike particles in a frame at rest with the ether, 
these probability waves have a spatial dependence of 
outgoing spherical waves: 

In the ether rest frame and at a distance r away from 
the particles, the flux of the probability waves com­
municating a force to another particle is equal to 

where we have assumed that the probability waves 
are moving through the ether with the velocity c. Now, 
if two point particles are moving one behind the other 
with the velocity u through the ether, the particle 
behind the first particle receives a flux of probability 
waves that is increased by the Doppler effect; that is, 
by the factor (c + u)/c. Likewise, the particle posi­
tioned ahead receives a smaller flux, diminished by 
the factor (c — u)/c. (See Figure 1.) The overall mutual 
interaction effect is thereby changed by the factor 
(p - ulc): 

Therefore, if both particles were originally at rest in 
the ether frame and separated by the distance r, then 
after being set into motion through the ether with the 
velocity u, they would be subject to the same mag­
nitude of interaction at a smaller distance r' if 

From Eq. (33) it follows that 

which is the Fitzgerald-Lorentz contraction. 
As we had seen above, special relativity can be 

understood as a consequence of the Fitzgerald-Lor­
entz rod-contraction effect in conjunction with the 
isotropic light propagation in a preferred ether rest 
frame. As the derivation of Eq. (38) makes clear, we 
have therefore succeeded in deriving special relativity 
from quantum-mechanical principles. The only ad hoc 
hypothesis we had to make in addition, was the as­
sumption that the probability waves propagate iso-
tropically with the velocity of light relative to an ether 
rest frame. 

To see how the inverse square law (35) derived from 
quantum-mechanical principles can possibly be gen-

From the transformation equations (21) we find that 

It therefore follows that the theory has the invariant 

where 

is the Minkowskian space-time difference element.! 
Because in the expression (30) for the space-time in­
terval, the Minkowski space-time interval is multi­
plied by F, we call F the gauge function of the nonlinear 
theory. 

The metric expressed by Eq. (30), although non-
Euclidean, is conform invariant. This property has twc 
important consequences. First, because wave equa­
tions for zero-rest-mass particles are conform-invar-
iant, those particles are not deflected by the metric 
(30), and, second, the linear superposition principle 
is preserved. 

There is, however, an important difference between 
the metric expressed by Eq. (30) and a Riemannian 
metric. In the latter the line element is expressed in 
differential form, and not through finite differences, 
as it is in the case of Eq. (30). This means that a metric 
of the form (30) cannot in general be expressed in a 
Riemannian form. Therefore, for such a metric the 
Pythagorean theorem in general does not hold in the 
small. That such a situation may actually arise was 
already recognized by Riemann himself, who in his; 
Habilitation Paper (1854), states that in the small an 
even more complicated situation may arise if the pre • 
sumed form of a line element through the square roo: 
of a quadratic differential does not take place. 

The Structure of the Gauge Function F 
We demand that apart from its dependence on the 

absolute velocity u = 3c, the gauge function F shall 
also depend on the fundamental length r0. For di­
mensional reasons, F can then only be a function of 
3 and r/r0. Furthermore, since F5 = 1, we can write 

To derive an expression for the function F((i, rlra}, 
we consider a rod of length r moving with the velocity 
u against the ether rest-frame system. According to 
Eq. (27) if seen from the I, system, its length r' is 

For electric point charges, Lorentz found thdt 
F = 1. For his derivation he used electrostatic inversd-



These commutation relations admit the Lorentz-in-
variant operator representation 

It is this representation that leads to wave equations 
where the probability amplitude is described by spher­
ical waves of the form (34), and that communicates 
the interaction between pointlike particles. 

The operator representation (40) of the commuta­
tion relations (39) is not the only one possible. It can 
also be satisfied by the generalized operator repre­
sentation proposed by Bagge (1962): 

where q„ and f0 are real constants.* (It would, of course, 
also be possible to put q —» q + q0, t —> f + f,„ but this 
would only mean an uninteresting shift in the origin 
of the coordinate system.) 

Furthermore, to reduce the two constants q„, r,„ to 
just one universal length constant, we put 

For the nonlinear generalization of special relativity, 
the unknown function F(B,r/r„) has to be determined. 
We now show how this unknown function can be 
derived from the generalized representation of the 
fundamental commutation relations. 

Making the substitution q —> q + iq„, t —> t + it0, 
and putting q — r, q0 = r0, transforms Eq. (34) into 

* Following Heisenberg's idea regarding a universal length con­
stant the representation (41) was discussed in the late 1930s 
within the inner circle of the Heisenberg Institute. The late H. 
Euler (known for his work with Heisenberg on the nonlinear 
electrodynamics) in particular was intrigued by this generali­
zation, because it opened a way for the universal introduction 
of a length constant into the laws of phvsics, but he did not 
find an answer to how these generalized representations of the 
commutation relations could be reconciled with relativity. (For 
this historical note, the author is indebted to E. Bagge.) 

Equation (43) changes the flux of the probability waves 
from the inverse square law given by Eq. (35) to 

If set into motion, the interaction is therefore again 
only changed by the factor (1 - B2), and instead of 
Eq. (37) we now have 

The nonsingular expression for the flux of the prob­
ability density shows how the generalized commu­
tation relations regularize the inverse square 
interaction law. According to Eq. (43) the probability 
waves can be understood to emerge from a pointlike 
particle positioned at r = - ira. Equation (44), on the 
other hand, shows that in real space this corresponds 
to an extended particle. Because of this extension in 
real space there can be no infinite self-energies. 

Figure 1. Quantum-mechanical explanation of Lorentz 
contraction. The interaction between pointlike particles 
leads to Lorentz contraction and therefore in the set of 
Poincare's axiom to special relativity theory. 
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which shows that 

From Eq. (45) it then follows that 

eralized, we consider the fundamental quantum-me­
chanical commutation relations (where t must be a "c 
number"): 



We can now complete the nonlinear transformation 
Eq. (21). We find 

tivistic Doppler-effect formula is obtained. This means 
that the Doppler-effect shift vlv0 = 1 ± p must (in 
the case of special relativity) be multiplied by the time-
dilation factor_fl_^ P2) 1/2, with the result that 
v/v0 = V ( l i P)/(l + P), which is the special relativistic 
formula for the Doppler effect. (A similar correction 
must be made in the nonlinear generalization of spe­
cial relativity.) The Doppler-effect formula used in Eq. 
(36) is the absolute Doppler effect, which could only 
be observed if the measuring apparatus would remain 
uncontracted. 

The Non-Euclidean Space-Time Structure 
The 1/r2 interaction law, valid for pointlike particles, 

is a fundamental expression for the Euclidean metric 
of the position space. Likewise, a force law of the form 
l^r2 + r0

2) is an expression for a non-Euclidean metric. 
It finds its expression through the finite difference 
line element (30) together with the expression of the 
gauge function given by Eq. (47). As pointed out above, 
it therefore represents a non-Riemannian metric, for 
which in general the line element cannot be expressed 
as a quadratic differential, even though this is still 
possible in certain cases. 

To obtain a line element for this non-Euclidean, 
non-Riemannian metric we write the invariant (30), 
using the expression for F given by Eq. (47): 

The lateral radial contraction for an absolute motion 
with the velocity u = pc against the substratum is 
finally given by 

If we introduce the relativistic specific impulse 
u0 = uy, furthermore, a specific velocity c„ = c(r/r(), 
the longitudinal and lateral rod-contraction factors a: re 
given by 

where ltl is the length parallel to the direction of motion 
and Z| is the length perpendicular to the direction of 
motion. These expressions show better than anything 
else why the generalized rod-contraction formulas ob­
tained make sense. 

It may superficially seem that in writing Eq. (36)j|v/s 
might have introduced an inconsistency by not using 
the relativistic formula for the Doppler effect. The 
contradiction is resolved if it is recognized that through 
the rod-contraction the measure of time is changed 
by the time-dilation equation. If the Doppler effect 
actually measured is corrected accordingly, the rela-
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For a coordinate system in absolute motion against 
the substratum with the velocity u, p = ulc = const, 
one has 

Along the radius vector one has 

Introducing spherical coordinates, we have 

The space part of Eq. (51) is given by 



and therefore 

The line element (57) can be seen as the expression 
of a curved space-time, which, however, in contrast 
to general relativity, also depends upon the absolute 
velocity u = pc of the reference system. The curved 
space-time metric is therefore different in reference 
systems having different absolute velocities. 

With the metric tensor given by Eq. (57), it is then 
possible to write any wave equation, like the Klein-
Gordon or Dirac equation, in a covariant form valid 
for a reference system in absolute motion against the 
substratum. 

In the weak field approximation of general relativ­
ity, which is also valid here, the time part of the metric 
tensor is related to a gravitational potential <}> by 

Unlike the Newtonian gravitational potential this is a 
short-range velocity-dependent potential. Whereas 
Newtonian gravity is caused by the gravitational cou­
pling constant, the short-range velocity-dependent 
gravitational potential given by Eq. (59) has its cause 
in the fundamental length constant ra. 

We remark that for zero-rest-mass particles the met­
ric (57) is not the only one possible. This can be most 
easily seen from Eq. (51), because for zero-rest-mass 
particles r2 - c2t2 = 0, and hence there also 

Zero-rest-mass particles therefore have two branches 
of solutions along which they can propagate. One 
branch corresponds to an always-free motion. It is 
determined by the line element (60). The other branch 
is determined by Eq. (57), putting ds2 = 0. It can even 
lead to trapped particle trajectories if r 5 $yr0, very 
much as it happens to photons trapped in a black 
hole. 

Consequences for High-Energy Physics 
Departures from Lorentz invariance can be expected 

at very high energies where the interaction distance 
becomes comparable to r0. The empirical velocity of 
- 390 km/sec of the Earth frame against the substra­
tum (assuming it is at rest with the microwave back­
ground) can be neglected at these energies, and the 
laboratory system approximated by an Js system. Ac­
cording to Eq. (49) (putting (3 — 1) non-Lorentz effects 
become predominant if 

Combining this with Heisenberg's uncertainty prin­
ciple, we see that this happens for energies 

At teraelectron volt particle energies, soon to be 
reached, effects of this kind could be observed if 
r0 — 10~17 cm. However, depending on the measure­
ment accuracy, violation of Lorentz invariance may 
be observable even if r is still much larger than r0. 

A direct way in which violation of Lorentz invari­
ance could be observed is through the comparison of 
cross sections for interactions with the same center of 
mass energy, but with a different energy of the col­
liding particles relative to the Js system. Experimen­
tally, this could be done with colliding beams of 
different velocities uA = $Ac and uB = f}Bc, which have 
approximately the same center of mass energy if 

where y0 - E^/mgC2, and Ecm is the center-of-mass 
energy for two colliding particles of rest mass m0. 

For the cross sections of the colliding particles we 
must take into account the lateral contraction effect 
given by Eq. (50). The total geometric cross section is 
given by 

where rA = rFA and rB = rFB, and where we have 
assumed that two identical particles of radius r collide. 
We further assume that r » r0 and can therefore put 
r — rA and r - rB into the expressions for FA and FB. 
At high energies one can also put $A — fJe — 1. Ex­
panding up to second order in rjr, we find 

where cr0 = 4-nr2. In combination with Eq. (63), we 
find that 
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a - a0[l - (V/8)(r(/r)
l(x» + x~% (66) 

where yA = xyJ2, -yB = (l/x)(y,J2). For x = 1 both 
beams have the same energy. Let us compare the 
value of a at x = 1 with some other value of x b' 
taking the difference 

In the context of our theory, this result is valid only 
in the distinguished reference system at rest with the 
substratum where F = Fs = 1. Integrating Eq. (70) 
up to the frequency w, one obtains the total ener| 
density: 

Present thinking is that the cutoff for the zero-point 
energy results from ordinary gravity. It requires put­
ting r0 — (Gh/c3)112 — 10~33 cm. Inserting this number 
into Eq. (73) one finds that p ~ 1095 g/cm3. This density 
is large enough to put the mass of the entire universe 
in a cube with a side length less than 1 fermi. This 
result is clearly nonsense, and it shows better than 
anything else that the present theory—and that means 
special relativity—must be wrong. 

Experiments so far suggest no measurable deviation 
from Lorentz invariance down to 10~15 cm. The zero-
point mass density should be therefore at least 1026 g/ 
cm3. Even this much smaller mass density appears 
still far too large, and if the principle of equivalence 
also holds for the zero-point energy, light should thus 
be appreciably deflected by this mass. A mechanism 
by which the gravitational effect of this large mass 
density can be compensated is therefore called for. It 
appears to be a very fortunate accident that our theory 
provides for just that mechanism through an attractive 
force, expressed by the velocity-dependent, short-
range gravitational potential, Eq. (59). 

A gravitational potential of the kind expressed by 
Eq. (59) exists only in the presence of a particle with 
nonvanishing rest mass. To make the compensation 
possible therefore requires the existence of a heavy 
massive particle. We then assume that two such heavy 
particles, each possessing the mass m0, can be pro­
duced in pairs, with the energy supplied by the zero-
point energy of the vacuum. For the compensation 
mechanism to work, it is only necessary that the two 
particles are continuously created and destroyed out 
of the vacuum. The particles thus produced form a 
two-body system. Each of the two particles moves 
with an absolute velocity around a common center of 
inertia. This absolute velocity u = fie can be estimated 
from Heisenberg's uncertainty principle. With mJ2 
the reduced mass of the two-body system, Heisen­
berg's relation gives 

In this equation r is the distance of separation in be­
tween both particles. A coordinate system at rest with 
one of these particles, moving with the absolute ve­
locity u = (Jc against the substratum, becomes, ac­
cording to Eq. (59), the source of a negative 
gravitational-like potential. 

To create two particles with the energy 2m0c
2 out of 

the vacuum, this energy must be balanced by the 
negative potential energy. One thus has 

2mj? = -m0<t) = (m^l2){^rjrf. (75) 

Furthermore, the rest mass m0 must be related to r0. 
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Putting (o - irc/r0, where r0 is a cut-off length below 
which the zero-point energy vanishes by some un­
known physical mechanism, one finds from Eq. (71) 
that 

It has the mass density given by 

For r0 - 10 ~17 cm and -ym„ - 103, one would find that 
ACT = 1.5 x 10 27 cm2. Of course, we do not know how 
small r0 is, and for this reason ACT can be much smaller. 
For energies of —100 GeV, which are presently avail­
able, and for the same r0, one would have ACT — 1J 5 
x 10"29 cm2. 

Compensation of the Zero-Point Energy 
The total zero-point energy of a field in vacuum is 

obtained by the summation of the zero-point energy 
for all modes. For a harmonic oscillator of frequency 
to the zero-point energy is Vihu. The volume in fre<-
quency space is (2irc)3. If there are two directions of 
polarization the spectrum of the density E of the zero-
point energy is given by 

If, for example, x = ¥i we find 



The only way this can be done is by putting where 

The physical interpretation of this result is that the 
non-Euclidean structure in the small leads to a grav­
itational-like short-range force, resulting in a pressure 
that compensates the zero-point energy. 

To this result we would like to add the remark that, 
instead of deriving the gauge function from quantum-
mechanical postulates, we could have also derived it 
from the requirement that the zero-point energy should 
be compensated by a pressure. 

The Structure of the Substratum 
According to our basic assumption, all interactions 

between elementary particles are communicated by 
probability waves propagating with the velocity of 
light through a substratum. This raises the question 
about the nature of this substratum. In 19th-century 
physics the substratum, called ether, was thought to 
be endowed with mechanical properties by which the 
observed nature of electromagnetic waves could be 
explained. In the quantum-mechanical view of the 
substratum, no such simple mechanical model is pos­
sible. Instead, the ether must be defined by a field 
equation. The postulate that the waves associated with 
this field have the character of probability waves mov­
ing with the velocity of light restricts the field equation 
of the substratum to a Dirac equation for spin-:/2, zero-
rest-mass particles. For zero-rest-mass particles, the 
Dirac equation degenerates into the two-component 
equations first studied by Weyl and used for the de­
scription of neutrinos. The Weyl equation describes 
two zero-rest-mass, spin-1^ particles with different 
helicity. This property means that the substratum is 
composed of two spin-Vi fields. Still both equations 
can be combined into one 4-component Dirac equation 
given by 

are the Dirac matrices. Equation (80) describes wave 
solutions in flat space for which the metric expressed 
by Eq. (60) is valid. 

However, the metric of the curved space-time, Eq. 
(57), with ds1 = 0, is also valid for zero-rest-mass 
particles. The Dirac equation in this metric is instead 
given by 

with g*v given by the line element (57). Note that the 
Dirac matrices in curved space-time determined by 
Eq. (83) have, in general, nonconstant elements, de­
pending on the coordinates. 

In Eq. (82) the ordinary differentiation is replaced 
by the covariant differentiation, where 

are the Fock- Ivanenko coefficients and T^" the Chris-
toffel symbols of the second kind. 

Comparing Eq. (82) with the Dirac equation for a 
massive particle 

we see that through the interaction with the short-
range gravitational-like field, described by the line 
element (57), the zero-mass, spin-1^ particles can ac­
quire an effective mass given by 

This, of course, requires that the particles are trapped 
by the curved space - time within a small volume. The 
trapping itself can be instead approximately described 
by the gravitational like potential, Eq. (59). The short-
range potential itself is set up by the two massive 
particles of mass m0 created out of the vacuum. With 
the value (3-/ = 2 given by Eq. (77), we have for the 
potential (59): 

With m& < m<b, it follows that the zero-rest-mass, 
spin-V2 particles can be trapped if 
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From Eqs. (74) through (76) we find 

Inserting the values for e and p given by Eq. (71) and 
(72) one finds 

If etot is the sum of the zero-point energy and its neg­
ative potential energy, one has 
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leads to a solution of the infinite vacuum energy prob­
lem, but also gives elementary particles a finite mass. 
Only an "absolute" theory is expected to predict ab­
solute values, like the self-energies. Special relativity 
that is a "relative" theory can only predict relative 
quantities, like the Lamb shift. It completely fails to 
determine absolute values, where it leads to non­
sense. Our theory has both elements in it combined. 
It contains both relative and absolute velocities, but 
also special relativity as a singular limit. The existence 
of a preferred reference system is also supported by 
the highly isotropic cosmic microwave radiation, which 
can be understood as a small temperature of the quan­
tum ether. No such isotropy has been observed with 
regard to the distribution of the galaxies. 

As the singular, linear limit of a more general non­
linear theoiy, special relativity is certainly simpler than 
the nonlinear theory we propose, but that does not 
mean that special relativity must be closer to reality. 
The introduction of a fundamental length into the 
proposed nonlinear theory breaks the space-time 
symmetry of special relativity. This should be of no 
surprise. Our theory is an attempt to derive relativity 
from quantum-theoretical principles, but these prin­
ciples, in the absence of a fundamental length, even 
deny the space-time symmetry of special relativity. 
In its most general representation, quantum mechan­
ics can do away with position space, unlike time, which 
always remains a parameter. 

The dogmatic adherence to the axioms of the special 
theory of relativity is not without historical precedent. 
In the Middle Ages, ecclesiastical doctrine dictated 
that the planetary orbits must be circles, a dogma even 
accepted by Copernicus. Circular orbits are mathe­
matically simpler than elliptic orbits, but elliptic orbits 
and not circles ultimately turned out to be true. Like­
wise, pointlike particles are certainly simpler than ex­
tended particles. The circular orbits in the theory of 
Ptolemy therefore remind us of the pointlike structure 
of elementary particles in the theory of relativity. The 
Ptolemaic theory was nevertheless quite successful, 
because circles are a fairly good approximation for the 
elliptic planetary orbits in the solar system. We may 
similarly expect that special relativity, even though 
an extremely good approximation for low energies, 
could ultimately turn out to be false for very high 
energies. The infinities of quantum field theory, which 
are clearly nonsense, are the best argument against 
the immutable truth of special relativity. 
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The mechanism thus described provides for the for­
mation of massive particles as bound states built from 
zero-rest-mass particles, very much like the mass of 
a black hole can be enlarged by the entrapment of 
photons. In its spirit, the mechanism is reminiscent 
of Heisenberg's nonlinear spinor theory. However, in 
contrast to Heisenberg's nonlinear spinor equation, 
there is no cubic interaction term. The interaction is 
rather caused by the non-Euclidean structure in the 
small, and is determined by the Fock-Ivanenko coef­
ficients, which in turn are determined by the metric 
tensor of the line element (57). 

Conclusion 
It was originally claimed by Einstein that the theoiy 

of relativity could do away with the ether. This nice 
idea, however, did not last very long because it was 
later found that through the quantum-mechanical vac­
uum fluctuations, a zero-point-energy ether of infinite 
energy is introduced having an u>3 spectrum, which 
is the only Lorentz invariant spectrum where the Dop-
pler and aberration effects cancel each other out under 
a Lorentz transformation. Furthermore, the require­
ment of causality led to the postulate that the ele­
mentary particles must be pointlike. Pointlike particles 
already lead in classical physics to infinite self-ener­
gies, in obvious contradiction to reality. Since no the­
ory of reality can have an infinite vacuum energy, at 
much less pointlike particles (with infinite self-encr-
gies), present thinking is that gravity must ultimately 
provide a natural cutoff at the Planck length df 
~10"33 cm. This idea, however, leads to the absurd 
vacuum mass density of 1095 g/cm3, corresponding to 
a density that would enable putting the mass of the 
entire universe in a cube of side length less than 1 
fermi. Furthermore, with a classical electron radius jof 
~10"13 cm, this would mean an overall structure of 
the electron of 20 orders of magnitude (like the ratio 
of —100 light years to — 1 cm), again an absurd con­
clusion. Most recently, SU5 gauge theories, predicting 
a cut-off length at ~10 -30 cm, have been found wrohg 
by the absence of the proton decay they predict. It is 
therefore more likely to think that the cut-off distance 
is much larger than the grand unification length of 
SU5 at ~10~3° cm or the Planck length. A much larger 
cut-off length had also been demanded by Heisenbdrg 
a long time ago, but Heisenberg failed in introducing 
such a length into the laws of physics because he did 
not question relativity. 

Generalizing the set of axioms used by Poincare 10 
derive special relativity, we have in combination with 
the fundamental laws of quantum mechanics suc­
ceeded in finding its natural nonlinear generalization: 
The proposed theory is an absolute theory. It not onjy 



Feynman, R. (1965) The Character of Physical Law (Boston: MIT 
Press), p. 168. 

Heisenberg, W. (1938) Ann. Phys. 32: 20. 

Landau, L.D., and E.M. Lifshitz (1975) The Classical Theory of 
Fields (New York: Pergamon), pp. 43ff. 

Lorentz, H.A. (1909) The Theory of Electrons (Leipzig: B.G. Teub-
ner). 

Pais, A. (1982) "Subtle is the Lord", The Science and Life of Albert 
Einstein (Oxford: Clarendon), p. 168. 

Prokhovnik, S.J. (1967) The Logic of Special Relativity (Cambridge, 
England: Cambridge Univ. Press). 

Poincare, H. (1905) C.R. Acad. Sci. Paris 140: 1504. 
Sommerfeld, A. (1952) Electrodynamics (New York: Academic 

Press), pp. 301ff. 
Winterberg, F. (1984) Atomkernenergie/Kerntechnik 44: 88; 44: 238. 

International journal of Fusion Energy, Vol. 3, No. 2, April 1985 21 



The Special Theory of Relativity 
in a Gravitational Field 

by Masayuki Note 

Department of Physics 
University of Missouri-Rolla 

Rolla, Missouri 65401 

Abstract—A theory is presented that generalizes the special theory of relativity to an acceleration field. The theory 
is based on the reinterpretation of linear motion as an acceleration field and is applied to a gravitational field. It 
is shown that the theory describes the precession of Mercury's perihelion and the deflection of light near the 
Sun. 

Introduction 
The general theory of relativity, which A. Einstein 

proposed in 1915, has fascinated physicists for many 
reasons. For example: 

(1) The theory is able to explain the precessional 
motion of Mercury's perihelion and gives 43 seconds 
of precession per century, which is in good agreement 
with the observations. 

(2) The theory predicts a deflection of light by the 
Sun, giving a deviation of 1.72 seconds of arc from a 
straight line. This is also observed. 

(3) The theory exhibits mathematical elegance and 
beauty. 

After the appearance of the theory of general rel­
ativity, however, some physicists made other at­
tempts to describe the above observed effects. Some 
of them were merely variations of a description of 
gravity by a symmetric tensor field in flat space-time 
(Misner et al. 1973). These efforts are characterized 
by a value of 4/3 of the observed value for the perih­
elion precession, and any attempt to rectify this leads 
to a generalization of the space-time continuum to 
that of general relativity. It has been shown that within 
a four-dimensional framework only the nonlinear terms 
unique to the general theory of relativity could lead 
to the observed value for the perihelion precession 
(Duff 1974). 

Based on the special theory of relativity, E. Bagge 
assumed that the relativistic increase of a moving mass 

should influence the gravitational force (Bagge 1981). 
Thus he modified the Newtonian potential to: 

where m = mass of Mercury, M = mass of the Sun, 
r = Mercury's distance from the Sun, fJ = vie: Mer­
cury's velocity in units of the velocity of light, and 
G = gravitational constant. 

He concluded that the potential given by Eq. (1) 
gives the motion of Mercury's perihelion as 42.087 
seconds of arc per century, which is in good agree­
ment with observations. But the theory does not con­
sider the relativistic effect of the acceleration field, 
which was first studied by Einstein (Einstein 1911). 

On the other hand, Einstein's general theory has 
difficulty with the so-called rotating-disk problem. This 
problem, first discussed by P. Ehrenfest in 1909 (Eh-
renfest 1909), has caused disagreement among phy­
sicists because it seems that the theory violates a 
requirement of the theory of special relativity (Hill 
1946; Rosen 1942; Groen 1975). 

A good general theory of relativity must not only 
explain the two astronomical effects, but also give a 
relativistic interpretation of an acceleration field that 
does not conflict with Einstein's theory of special rel-
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the periods of A and B that are seen by an observer 
on C are, 

respectively. Here we have assumed that the speed 
of light, c, is much greater than v„ and v,,. 

From Eq. (2) and Eq. (3), we obtain 

Thus we have found the red shift resulting from a 
uniform or nearly uniform acceleration field. 

The above approach suggests a possible application 
of the special theory of relativity to a gravitational 

Figure 2. Accelerated clocks A and B. 

ativity. Such being the case, this paper first shows if 
is possible to generalize the special theory of relativity 
to an acceleration field. In this generalization it be^ 
comes clear that the mass in an acceleration field (grav­
itational field) changes as a function of position rather 

than velocity as in Bagge's theory. The proposed for­
mulation, when it is applied to the orbit of Mercury 
and the deflection of light by the Sun, yields results 
that are in agreement with observations. Black holes 
are also considered. 

Principle of Equivalence and the 
Gravitational Field 

It was first recognized by Einstein that the red shift 
can be explained by using the principle of equivalence 
and the special theory of relativity (1911). Consider 
two identically constructed clocks that are placed at 
rest, a distance h apart along the lines of force in i 
uniform gravitational field of acceleration g, as in Fig­
ure 1. In accordance with the principle of equivalence, 

Figure 1. Two identically constructed clocks, A and E'J 
in a gravitational field. 

any comparison of the periods of these clocks can be 
made as well in a gravitation-free region, in which 
they are accelerated upward with the acceleration £, 
as in Figure 2. To compare clocks A and B, we consider 
a third, identically constructed clock, C, which is it 
rest. Since C is at rest in a gravitation-free region, t 
makes a suitable standard for comparing A and B wit i 
each other. 

Suppose that A and B have upward speeds of v\ 
and vb, respectively, when they pass C. If the period 
of C is T, then, according to the theory of relativity,! 



Figure 3. Clocks A and C infinitely far from the gravi­
tating body. 

Figure 4. A moves toward the gravitating body. 

Figure 5. A and C in gravitation-free space 

General izat ion of the Special Theory of 
Relativity to an Acceleration Field 

In this section we consider a nonuniform gravita­
tional field. Consider two identically constructed 
clocks, C and A, which are placed in a gravitational 
field. If C is placed infinitely far from the gravitating 
body, there is no gravitational effect on C; that is, C 
is in a gravitation-free space. Therefore, C makes a 
suitable standard for measuring time. We want to 
compare the period T„ of A, with the period T of C. 
But we cannot use Eq. (4) for this comparison, because 
our gravitational field is not uniform in this case. For 
this reason, we must find a new method to compare 
these two clocks on the basis of the principle of equiv­
alence. 

Suppose there are two identically constructed clocks, 
A and C, infinitely far from a spherically symmetric 
gravitating body (Figure 3). If A moves with an infin­
itesimal velocity toward the gravitating body along a 
radial line, it experiences an acceleration field. If the 
velocity is kept constant, the acceleration is a function 
of r, the distance from the center of the body, such 
that a = air). At infinity, we assume a(=°) = 0. (See 
Figure 4.) 

Now, consider A and C in a gravitation-free space. 
Suppose A and C are placed infinitely far from the 
origin of a one-dimensional coordinate system (Figure 
5). We also suppose A and C are at rest with respect 
to the coordinate system. If A is accelerated toward 
the origin along the x-axis, the velocity of A is given 
by, at x = R (Figure 6) 

The potential d> is defined here as 

Figure 6. A is accelerated. C remains at infinity. where a(x) is the acceleration of A at x. Thus the factor 

field. In fact, in the same paper in which Eq. (4) was 
derived, Einstein attempted to calculate the deflection 
of light. However, he obtained half the correct value 
with his approach. The same kind of comparison can 
be made for measuring mass and length. This implies 
that relativistic mass and length must also be taken 
into account in a gravitational field theory. 

which plays an important role in the special theory 
of relativity, becomes 
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For the clock A in the gravitational field considered 
before, we can define <\> as 
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where T is the period of C, which is at infinity. Thus, 

Here, r = position vector, a = acceleration, and 
<j) (r) = potential at r = (x,y,z). 

We naturally define a relativistic factor in the three-
dimensional space as 

If a particle has a mass m0 at infinity ((j> = 0), the 
mass depends on its position and it increases as it is 
placed in a space with negative potential <i>(r): 

Similarly, if the same nonsimultaneous events are 
seen by two observers, one in a space with $ = 0, 
and another in a space with potential <$>(r), and the 
time interval of the events measured in the cb = 0 
space is Af, then the time interval At0 measured in the 
4> space is related to Af by 

It is obvious from our thought experiment that a 
rod that is laid along the field line appears shortened. 
Thus, an infinitesimal length A/0 in a space with <}> = 
0 appears shortened if it is placed in a space with a 
potential <$>(r) and it is parallel to the lines of force. 

where T is the period of C, which is infinitely far from 
the gravitating body, the Ta is the period of A, which 
is a distance r from the gravitating body. 

A result similar to Eq. (10) has been derived by 
considering rotational motion (Pauli 1958; Adler et aL 
1975). Let us take a reference system K, which rotates 
relative to the Galilean system K„ with angular velocity 
o). A clock A, say, at rest in K will then be slowed 
down. The time dilation is given by 

where T is the period of clock C, which is at rest m 
the Galilean system K0, and r is the distance of A from 
the rotating axis. But in K a gravitational field (field 
of the centrifugal force) exists with the potential giyen 
by 

Thus, the same result as before is obtained. 
As an application of the above result, Eq. (10), con­

sider clocks A and B, which are placed at distances ra 

and rb from the gravitating body, respectively. ThejJ 

where g is the acceleration, and h = ra — rb. This 
agrees with Eq. (4). 

From now on, we shall consider the three-dimen­
sional conservative acceleration field, that is, the path 
independent line integral 

If the gravitational field is uniform, it follows that 

Note that the clock in the gravitational field moved 
with a constant velocity, and the clock in the gravi­
tation-free space moved with a varying velocity. How­
ever, both clocks have experienced a force (acceleraticJn) 
field. Using the equivalence principle, the relativistic 
factor k for a gravitational field can be defined: 
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Thus, one has 

It is obvious that A/ = A/0 if the rod is laid perpen­
dicular to the field lines. 

Finally, we shall find the total energy of a mass m,,. 
From Eq. (20), we have 

where E(r) is the energy contained in the mass at 
r = (x,y,z). If the change in the energy content of m0 

is due to the field, the potential energy V of the mass 
becomes 

In Eq. (27), we have used the relativistic mass. This 
assumption is reasonable, because if a mass is placed 
in the space, its mass increases as was shown in Eq. 
(20). Thus, we get for small <j)/c2, 

This should be equal to the first approximation of V; 
namely, 

for small 4>/c2. We can estimate 4> by equating the 
lowest-order terms in <}> from the two expressions. 
Thus, we take 

Determination of (J) for a Gravitational Field 
The potential 4> must be determined to apply the 

theory to a gravitational field. Naturally to lowest or­
der we know that 

Note that we call V "potential energy" and 4> "poten­
tial." 

Substituting Eq. (25) for 4> in Eq. (24), however, gives 
a precession of Mercury's perihelion of only 28 sec­
onds of arc per century. This is much smaller than 
the observed value of 43 seconds.* 

Now, instead of taking the potential energy V as 

we assume that the first approximation of V is given 
by 

This gives a reasonable approximation for V if §lc2 is 
small. 

Note that the function <$> cannot be determined 
uniquely within the proposed theoretical framework. 
The first approximation for the potential energy as 
given in Eq. (27) is just a good guess as to the form 
of the potential energy. Further investigation is needed. 

* The calculation is shown below. 

Finally, we obtain for Eq. (24) 

It follows that 



We now easily infer, by means of Huygens's prin­
ciple, that a light ray propagated across a gravitational 
field undergoes deflection. If we calculate the angle 
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Bending of a Light Ray in a Gravitational 
Field 

The key to this problem is to realize that each poinl 
in a gravitational field corresponds to an inertial frame 
with a velocity v = V-2<f>. This "correspondence 
principle" implies that the velocity of light is constanl 
at each point of the field if the velocity is measurec 
locally. 

In a gravitational field, let c be the velocity of ligh: 
locally measured, and let c0 be the velocity of thai: 
same light as measured by an observer at infinity. Ar. 
observer B measuring the local velocity of light in thf 
field finds that the light pulse travels ds units of length 
during dt = dslc units of time. But an observer A a: 
infinity "knows" that B's unit of time is longer than 
A's. Thus the time interval that A must use in plotting 
the path of the light pulse is 

i i 

Applications r r T 
Since dz0 = dz, we get 

Using ds2 = dr2 + dz2 yields 

We have made use of the relation dr/ds = sir. 
From Eq. (31) and Eq. (33) we get 

Recall that 4>/c2 is small. Then this becomes 

We can express ds in terms of radial and tangential 
components, dr and dz, as in Figure 7. Then A "knows! 

Figure 7. Coordinate system for A. 

that B's unit of radial distance is shorter than A's, so 
A must use the radial interval 

Thus, the velocity of light is a function of the potential 
(Schiff 1960). Note that the velocity of light c0 in Eq. 
(34) is the value measured by an observer at infinity 
where the space is gravitation-free. Einstein was the 
first physicist who derived an equation for the velocity 
of light (but incorrectly), as a function of potential. 
His result was 



positively when the ray is bent toward the side of 
decreasing n, the angle of deflection per unit of path 
of the light is (Einstein 1911) 

Let M be the mass of the heavenly body, and D the 
distance of the ray from the center of the body. Then 
the deflection is given by 

term is due to the motion. It will be clear that the 
above Lagrangian gives a consistent energy equation. 

Lagrange's equations thus become 

From Eq. (40) we obtain the law of conservation of 
angular momentum 

A ray of light going past the Sun would accordingly 
undergo a deflection of 1.7 seconds of arc, which is 
in good agreement with the observations. 

If Eq. (35) is used for this calculation, only half the 
correct value is obtained. 

The Orbital Precess ion of Mercury 
It will be shown that the orbit of a planet, with the 

potential energy given by Eq. (30), undergoes a peri­
helion precession in the direction of motion. In the 
case of Mercury, the result is 43 seconds of precession 
per century, which is in agreement with the obser­
vations. 

In polar coordinates, the Lagrangian of a planet of 
mass m0 has the form: 

where V is the potential energy, and p2 = 
(r2 + r2^2)/^. The dot represents differentation with 
respect to time. Substituting Eq. (30) for V in Eq. (38), 
we have 

where a = 2(J>/c2. Note that the kinetic energy term 
is totally independent of the potential term; that is, 
the potential term is based purely on the relativistic 
effect due to the acceleration field, and the kinetic 

Multiplying Eq. (40) by 9 and Eq. (41) by r and adding, 
we find 

This is the law of conservation of energy. The kinetic 
energy is totally separated from the potential term. 

Introducing a new variable, u = Vr, simple calcu­
lations yield 

The above equation cannot be integrated by elemen­
tary means. 

Now consider the following series for small 
GMu/c2: 
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and 



where M is the mass of the Sun. Taking the first thre 
terms of the series, we have 

where k = GMm. Thus the solution for 6 is of the 
form: 

where P, Du D2, D3/ and 60 are constants. 
For some E, the orbit becomes elliptical, and thfe 

orbital ellipse undergoes a slow rotation by an amount 
A8 = 2-TTP - 2TT: 

Since k2 « Uc2 and \5E/2mc2\ « 6, we have 

2 

Let v be the average speed of the planet, and R 
the average distance from the Sun to the planet. The 

In the case of Mercury, A8 = 43.02 seconds of arc 
per century. 

Since V is an observable quantity, it cannot be an 
imaginary number. Thus, we demand that 

To solve this for the smallest r, set 

where 2GM/c2 is the Schwarzschild radius. Then we 
get 

Since rmin cannot be negative, we have to take the 
upper sign for 8. Therefore 

which is 36 6 percent larger than the Schwarzschild 
radius. 

The above calculation for the radius of a black hole 
is an approximation, because we have assumed a point 
mass M that is inside the black hole. In fact, we should 
consider the black hole as a system in which all the 
mass contributes to the energy of the field. Further 
investigation of this problem is needed. 

Conclusion 
the theory presented here in some calculations, and 
the mathematical and physical concepts of the theories 
are different, indeed. 

Einstein's theory of general relativity is based on 
Riemannian four-dimensional space-time geometry. 
In his theory, gravity is explained as a metric phe­
nomenon. For a spherically symmetric gravitating 
body, the solution of the field equation is known as 
the Schwarzschild solution. The Schwarzschild line 
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It has been shown that the three crucial tests 6f 
general relativity can be derived from the equivalence 
principle and special relativity without reference to 
the geodesic equation or the field equations. This at­
tempt is not totally new for the red shift and the 
deflection of light (Schiff 1960). However, the influ­
ence of the field on the mass was considered for the 
first time in this paper (Parthasarathy). 

The general theory of relativity does not agree with 
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element in polar coordinates r,0,v|; is given by 

where ds is the line element and dx° = cdt. 
To find the motion of a particle in a gravitational 

field, one must minimize the line element by solving 
the variational problem: 

Solving the above equation, Einstein successfully de­
rived Eq. (50). Further, he assumed the trajectory of 
a light ray in the field is a null-geodesic line; that is, 
a zero line element obtained by setting ds = 0, and 
again, Eq. (37) was derived. 

I would like to acknowledge the support and sug­
gestions of my advisor, Dr. Jerry L. Peacher, as well 
as Dr. Jack L. Rivers, Dr. Erich R. Bagge of West 

On the other hand, the proposed theory shows that 
the relativistic effects due to a gravitational field can 
be understood only by using the principle of special 
relativity and the principle of equivalence, both of 
which have been verified by experiments. 
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Theory and Applications of 
the Nonexistence of Simple 
Toroidal Plasma Equilibrium1 

b y H a r o l d Grad 

Courant Institute of Mathematical Sciences 
New York University 
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Abstract—The basis of the theory of electrically conducting plasma in pressure balance with a magnetic field is 
a mathematically composite system [curl B x B = V;;, div B = 0] with both real and imaginary characteristics. In 
1967, it was pointed out that in a hypothetical equilibrium of nested toroidal pressure surfaces, the presence of 
real characteristics leads to contradiction except in certain specific symmetric cases. The real characteristics rep­
resent the propagation along magnetic field lines of a number of physical properties. Thus the discovered lack 
of pressure balance is not a special consequence of one idealized model but carries over broadly to a variety of 
physical refinements and generalizations. Indeed, the mathematical result has profound physical consequences 
which have gradually entered the field in the context of rational rotation number resonances and multiple helicities, 
island formation, and turbulence. 

Introduction 
A not uncommon phenomenon in science is the 

rapid transition, without apparent cause, from one 
state in which a concept is almost universally disbe­
lieved and rejected to another state in which it is so 
transparent as to require no comment and exhibit no 
visible history. Sometimes there may be a transitional 
period during which both states coexist simultane­
ously (and schizoidally) in the scientific community. 
It is my view that the subject of this paper is either 
in the course of such a transition or close to it (but in 
which state it lies, preponderantly, I am not willing 
to guess). 

Much of the material discussed here has been pub­
lished in scattered form, some in physics journals, 
some in mathematics journals, some in not easily ac­
cessed conference proceedings and reports. The point 
of summarizing and unifying this material here is that, 
from its inception in Grad 1967b, this has been one 
of the most misunderstood topics in plasma physics, 
although it has achieved a position of great signifi­
cance in helping to understand plasma confinement, 
both qualitatively and quantitatively. The main phys­
ical and mathematical consequence is that a toroidal 
sheared plasma cannot sit still. 

One reason for the misunderstanding is that within 
part of the physics community, there is a taboo on 
the term "nonexistence." This requires the necessary 
manifestations of nonexistence to resurface in the form 
of more acceptable terminology (preserving mathe­
matical divergences, singularities, resonances, is­
lands, and so on) but with the logical implication of 
lack of existence arising from dense rational surfaces 
excised and simply not faced. It is frequently true that 
the statement by a mathematician that the solution to 
a physical problem does not exist is (a) irrelevant of 
(b) easily remedied by slightly altering the mathe­
matical formulation. In the present case, however, the 
cited nonexistence of solutions (1) has far-reaching 
physical consequences and (2) is not remedied by al­
tering the physical model (It is inherent to the physical 
p h e n o m e n o n , and is mathemat ica l ly s t ructural ly 
stable). 

Another reason (and one that is psychologically very 
appealing) for rejecting the entire body of nonexis­
tence theory is that it requires a total reformulation 
of the meaning of stability (Classically one requires 
an equilibrium or steady state as a starting point in 
order to observe the effects of a perturbation). A num­
ber of ways of avoiding this dilemma have emerged. 
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upon the boundary; these characteristics, therefore, 
have no direct way of exchanging information with 
the outside world. 

To begin, take the simplest example that starts with 
a harmonic field, 

but all these are more difficult than a start from a true 
steady state (Grad 1970, 1969). 

From the physical viewpoint, the microscopic {guid­
ing center) model offers the simplest interpretation. 
Mathematically,the macroscopic (scalar pressure 
MHD) model is the most natural. We shall attempt to 
maintain the connections between the two points of 
view while shuttling back and forth between them. 
As originally predicted (Grad 1967b), physical con­
sequences range from loss of microeauilibrium (a term 
that never took hold) with consequent fluctuations or 
"turbulence," to much larger scale motions such as 
the plasma turning itself inside out or moving to the 
wall. For these phenomena, entirely different from 
those in a particle accelerator with field errors, the 
relevant fields are usually produced by plasma cur­
rents, and the essential, nonremovable time depen­
dence is that of the plasma, even when the field exhibits 
no pathology at all. 

It is historically illuminating to view this theory as 
a direct continuation of the early discovery by Lyman 
Spitzer that equilibria did not exist in toroidal config­
urations that were too simple. The resolution, crudely 
put, was to correct the different (and unconfined) drift 
paths of electrons and ions by suitably twisting thej 
global magnetic configuration to cancel the drifts. The 
further discovery by the author was that the stellarator 
solution to this problem was only valid in some overall 
average sense, and no field manipulation could correct 
this imbalance of particle drifts locally (Grad 1967b). 

The original investigation in 1967 and following work 
(Grad 1969,1970) concentrated on a positive approach, 
not to destroy but to salvage the large body of equH 
Librium and stability literature by appropriate inter­
pretation of approximations to nonexistent equilibria. 
First and foremost, these studies point out that the 
phenomenon of nonexistence is frequently invisible 
because of the very nature of the most commonly used 
expansions and approximations; the studies then pro­
ceed to explore numerical and analytical means for 
studying "quasi"-equilibria, which, to some approx-l 
imation, can take the place of traditional exact time-! 
independent solutions of appropriately chosen model 
equations. One important approach, analytic and nu­
merical as well as conceptual, is to control the magnitude^ 
of the visible pathology, from invisibility (to allow "equiJ 
libria" to be found) to very high visibility (for diag^ 
nostic purposes). An analogy is with an asymptotic 
series for which there is an optimum number of terms. 
Analytical tools must be chosen so they are not toe 
precise; the same is true of numerical meshes. 

Characteristics: Qualitative Expectations 
The mathematical source of all the phenomena un­

der discussion is the presence in a toroidal domain of 
(degenerate) real characteristics that do not impinge 

The solution is not only smooth, it is analytic; and 
with homogeneous boundary condition, B„ = 0, it is 
uniquely determined in a torus by a single period, the 
transverse flux, /B • dS, or axial mmf, / B • dx. With 
a reasonably smooth boundary, there is no pathology 
no matter how contorted the domain may be. 

The question of flux surfaces introduces a real char­
acteristic in the third order composite system, 

Although the system in Eq. (2) is nonlinear and cou­
pled, its form allows B to be found first, then i|/ as the 
solution of a first order linear equation that has the 
magnetic lines as characteristics. The problem is to 
assign a value of 4* globally to "each" magnetic line. 
The pathology of the domain of dependence of Ap for 
a general toroidal domain is long known; it is the 
relatively "good" behavior on sets of positive measure 
that is the more recent contribution of KAM theory. 
We need only recall that 4* (insofar as it can be defined) 
takes constant values on surfaces of an infinite variety 
of different topologies, also (primarily from numerical 
evidence) on an infinite number of distinct ergodic 
regions, and more. 

The equations governing the static pressure balance 
between an isotropic conducting fluid and a magnetic 
field are similar to Eq. (2) in structure, except for loss 
of the simplifying sequential separation of B and i|/ in 
Eq. (2). 

The characteristics become visible upon introducing 
the current potential, £, introduced into the plasma 
physics context by the author in 1954, 

The system Eq. (3) is formally identical to 

It is convenient to consider the left pair as an elliptic 
system for B, given £ and p, and the right pair as 
(degenerate) hyperbolic for p and £, given B. In an 
open domain (Figure 1) the obvious iteration between 
B and (p, Q suggested by this separation of Eq. (5) 
can be shown to converge in simple cases (Schechter 



Figure 1. Tubular domain 

1959; Bineau 1972; and Lortz 1970); for example, in 
two dimensions the iteration reduces to Ai|i„^, = /WO-
Many qualitative and quantitative implications with 
regard to well-posed problems suggested by observ­
ing characteristics have emerged. A help in assessing 
qualitative properties of solutions is that within a p-
surface the vector field B is a surface harmonic; it sat­
isfies a two-dimensional elliptic equation on each sur­
face and, in a toroidal domain, B is uniquely 
determined by two periods (Grad and Rubin 1958). 
Globally, the solution to Eq. (5) in a toroidal domain 
is therefore uniquely determined by the assignment 
of two profiles; for example, i|),(p),i|j2(p), the two fluxes 
given as functions of p (Grad and Rubin 1958). 

In a toroidal domain with boundary condition 
B„ = 0, both p and £ are carried along magnetic lines 
that constitute the domain of dependence of (p, Q given 
B. Because of the essential nonlinear coupling be­
tween B and £, no immediate rigorous conclusion can 
be drawn. Even so, the mathematical structure leads 
strongly to the presumption of pathological behavior 
of toroidal solutions, if they exist at all. Note that any 
pathology of p and £ is carried over to J, and therefore 
to B, in contrast to Eq. (2), where B is smooth despite 
the pathology of i|>. 

There are exactly four known types of symmetry in 
which it is immediately evident that the pathological 
conclusion does not follow, and in each of these four 
symmetries existence theorems have been proved. In 
three cases (two dimensions, axial symmetry, helical 
symmetry), a flux function \\i exists by virtue of the 
essential two-dimensionality, and the real character­
istics integrate out [with two "arbitrary integration 
constants" /,(I|J), f2(<l>)] t o yield a second order elliptic 
equation for ij;. The theory in these cases, if not com­
plete (the elliptic equation is nonlinear), is at least very 
familiar. The fourth case, symmetry under reflection 
in a plane, implies closed magnetic lines, and also 
admits certain existence results (Lortz 1970). A fifth 
exception is with anisotropic pressure, again with a 

classical existence theorem. No additional exceptions 
have arisen since 1967, when it was conjectured that 
toroidal existence (certainly existence of smooth so­
lutions) with simple nested p-surfaces admits only 
these five exceptions [the anisotropic example reduces 
to the harmonic field Eq. (1) when it is isotropic]. 

It is virtually impossible to eliminate the possibility 
(which also has no practical interest) that for some 
isolated special domain and choice of constraints a 
solution may exist (with no others in its neighbor­
hood). The proper formulation of the nonexistence 
statement is that, other than the stated symmetric 
exceptions, there are no families of solutions depend­
ing smoothly on a parameter. Three specific examples 
of such nonexistence theorems are given below, and 
the possibility of weak solutions will also be discussed. 
Here we continue with the qualitative implications of 
real characteristics in a torus for existence of toroidal 
solutions. 

The pathology associated with flux surfaces in Eq. 
(2) is associated with the real characteristic B • Vi|i = 
0. Similarly we expect pathological behavior associ­
ated with both pressure surfaces, B • Vp = 0, and 
current potential, B • V£ = 1, in Eq. (5). More spe­
cifically, taking B as given, there is a difficulty in com­
puting £ from B • V£ = 1. We recall that £ is a current 
potential JJ • rfS = fdt,dp. In an open-ended (nonto-
roidal) system (Figure 1), a nonconducting boundary 
condition /„ = 0 at the ends implies that ff. dt, = f(p). 
In a toroidal system with closed lines, §dl, = ftp) also. 
Qualitatively, the freedom of closed magnetic lines to 
move relative to one another allows them to readjust 
so that <pdl/B = const may correspond to p = const. 
On the other hand, in a general toroidal system with 
shear and nested magnetic surfaces (containing sur­
faces with irrational rotation number which have er-
godic field lines, and interleaved dense surfaces with 
rational rotation number which have closed lines), the 
dense set of closed lines is more rigid and less sus­
ceptible to readjustment. The condition in a sheared 
equilibrium, that fdt, = §dllB = const for all closed 
lines on a rational surface is evident when there is 
appropriate symmetry, and is clearly unlikely other­
wise. This condition will be seen to be related to par­
ticle orbits (see concluding section) through its 
equivalence to the condition that J be single-valued 
across a cut to prevent buildup of electric charge 
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It may seem mathematically illogical to discuss sep­
arately two mechanisms for nonexistence when one 
is enough to eliminate all useful discussion. We shall 
see, however, that there is a constructive approach 
emphasizing approximate resolution of the physical 
problem in which case one of the difficulties may dom-



can be seen to be a composite system with a single 
real characteristic. The alternative formulation 

The multivalued potential £ can be expressed in terms 
of the potential £ of Eq. (5). (See the next section, "An 
Ergodic Lemma.") 
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The various theoretical rationalizations and experi­
mental justifications are all without merit. 

A n Ergodic Lemma and Its Appl icat ions 3 

Consider the real function with period normalized 
t o l 

for all irrational values of a. It is evident that the limit 
is not necessarily zero for rational a (the translations 
o f / a r e periodic). A refinement of this ergodic result 
is to ask for what values of a the partial sums 

remain uniformly bounded for large n. The answer is 
contained in the trigonometric identity 

to obtain 

reveals the single real characteristic and the pathology 
in a torus as being related to existence of flux surface;.. 
The second condition, that Jdl/B be constant on re-
tional surfaces does not appear; it affects only the 
component of current perpendicular to B, which doejs 
not enter. 

On the other hand, to consider the limit p —> II, 
introduce into Eq. (5) the current potential £ given by 

II i l l 

inate practically or might be taken care of separately 
from the other. 

The limiting case of a force-free field, p = 0, or p -» 
0, is of particular interest since many astrophysical 
applications fall into this category (as do tokamaks, 
to a good approximation). Taking p - 0, 

It is a classical result that, if / is continuous, 

which can be rearranged as 

provided that 

where 9, a magnetic field potential (6 is a solution of 
the homogeneous equation B • V9 = 0) satisfies 

converges. The most striking feature is that the sum 
f") depends only on the difference in the values of g 
at the endpoints of the sum. 

If/is sufficiently smooth then g will also be smooth 
(to a lesser degree) on a set of a of positive measure 
that includes somewhat less than the irrationals; spe­
cifically, at all points of a Cantor set that excludes 
intervals covering the rationals. There are many ex­
plicit theorems. As an example, if, for large r, 

and for some e>0 and all (m,n) 

then Eq. (17) will converge to a continuous function 

We see now that a force-free field that is the limit of 
scalar pressure equilibria must satisfy the additional con­
straint involving fdllB; this special case of force free 
fields has two real characteristics. 

More generally, for limiting cases of very weak an­
isotropic pressure equilibria, entirely different con­
straints are imposed on the force-free field limit. The 
limit is therefore nonuniform and is not uniquely de­
termined without a knowledge of the properties cf 
the plasma pressure which is no longer there!2 

The special case of a force-free field in which \ is 
postulated to be a constant has received much atten­
tion (Chandrasekhar 1956; Taylor 1974). The legiti­
mate reason to do so is that the equation is purely 
elliptic and linear and therefore allows easy solution. 

and mean value zero 



g(8). The proof is elementary, and follows from the 
fact that the denominators in Eq. (17) can be small 
only for large r at which a, is small. If e is small, the 
"good" set consisting of a for which g(6) exists ap­
proaches measure one. 

A much more sophisticated use of this type of ar­
gument gives the proof of KAM-type results (Moser 
1962). But the elementary example quoted here is suf­
ficiently sophisticated to exhibit part of the essential 
pathology of KAM theory, in particular the need to 
distinguish "approximate" rationals from "approxi­
mate" irrationals (defined by the specific covering of 
the rationals). 

In the more general case in which the mean value 
of/is not zero, jfdQ = a„, the result is trivially modified 
(for simplicity, take a < 1), 

The next step is to apply this ergodic refinement of 
Eq. (13) to solve the magnetic differential equation 

for a torus (that is, on a toroidal surface or in a domain 
covered by nested tori). The direction field B and in-
homogeneous term v are given. Take a cut C, the short 
way around the torus S (Figure 2). Let a be the rotation 

Figure 2. Integration along a field line 

number of B on S. Let A be the segment of a magnetic 
line originating at the point 8 on Q and proceeding 
once around until it intersects C, at 8 + a (recall that 
B = V6 x V\\i and 8 is the magnetic coordinate con­
jugate to \\i). Write the increment of u along A from 8 
to 8 + a as 

and we can use the first form of the lemma to construct 

a function g(9) from which 

where the integral is extended from the point P along 
A backward to the cut C, (Figure 2). The solution u is 
single-valued and unique within an added constant 
(and the integral can be extended back to intersect Q 
any number of times). 

All the above is predicated on a "good" value of a 
for which g(8) can be obtained as in Eq. (17) from /(8). 
Taking a family of surfaces \\i = const on which a'(»)») 
+ 0, we can solve for u(P,a) for a set of positive 
measure of a (a is used to parametrize \\>). 

If the restrictions Eq. (23) and Eq. (24) are not made, 
define 

integrating over the entire surface S of the torus, and 
form the mean value 

The solution u will now not be single valued, but we 
can require that Vu (restricted to the toroidal surface) 
be single valued so that the periods 

are path independent (C2 is a cut the long way round 
the torus). It is easy to see that for "good" a, a mul­
tivalued solution for u exists which is unique provided 
that one of the periods [u], is fixed (Grad 1967b, see 
Appendix). Alternatively, if u0 is any special solution, 
the general solution is 

International Journal of Fusion Energy, Vol. 3, No. 2, April 1985 

_ 

37 

The solution to the general inhomogeneous equation 
Eq. (21) can be expressed in terms of the solution of 
the special equation 

by noting that u (as in Eq. (21)) can be written 

where v0 = (v) and u is the single-valued solution to 

The periods of u are not arbitrary (only one can be 
specified) and they are related by 
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p = const, B = 0; the region intervening between the 
plasma boundary and the fixed walls is a vacuum with 
p = 0, curl B = 0. The interface supports the boundary 
condition B„ = 0 and the classical free boundary con­
dition |B| = const. In two dimensions, this problem 
is classical and admits many methods of solution, in­
cluding conformal mapping (Berkowitz et al. 1958; 
Kadish and Stevens 1974; and Gilbarg 1960). One 
method is that of the inverse problem, to start with 
a given, analytic free boundary, leaving the external 
fixed boundary to be determined. The method is to 
use the Cauchy-Kovalevsky theorem to expand the 
analytic solution to the harmonic problem in a neigh­
borhood, taking ty = 0, dfy/dn = 1 as Cauchy initial 
data. To implement this method in three dimensions 
requires use of the potential, B = V<(>, A<|> = 0, since 
there is no flux function. The boundary (Cauchy ini­
tial) conditions are: 

If such analytic <& can be found on the initial manifold, 
then we are ready to use Cauchy-Kovalevsky to solve 
for B = Vm in a neighborhood. 

The structure of Eq. (34) on a toroidal surface is 
similar to a Hamilton-Jacobi system. Starting from a 
cross-cut, we follow wave fronts, <$> = const and hope 
that they return to the original wave front after passing 
around the torus. Fortunately this can be recognized 
as a previously solved problem. On a free boundary, 
|B| = 1, the magnetic lines are geodesies.5 The problem 
of fields of geodesies smoothly covering a torus re­
duces to the Moser twist mapping theorem (KAM 
theory) (Arnold and Avez 1968). The annulus being 
mapped has as angle coordinate an angle around the 
cross-cut on the torus; the radial coordinate in the 
mapped annulus represents the initial angle that the 
geodesic makes with the cross-cut. The theorem states 
that if we start with a configuration known to have a 
complete set of geodesies (that is, a smooth direction 
field for each value a of the geodesic rotation number), 
then in a perturbed neighborhood of the original to­
roidal surface there will be geodesic fields for a set of 
a of positive measure, excluding neighborhoods of 
rational a. In the positive (irrational) case, an admis­
sible set of initial data Eq. (34) is supplied for use in 
Cauchy-Kovalevsky. A second use of the twist map­
ping theorem gives a set of positive measure, near the 
free boundary, of locations for the fixed boundary 
with B„ = 0. 

The result is more complete than promised (for the 
inverse problem). It gives positive results (existence) 
as well as negative (nonexistence). But no standard 
methods of perturbational or numerical analysis can 
make use of the pathological result. 

The obvious conjecture for the direct problem would 
be to expect a pathological set of plasma free bound-

The mathematical distinction between rationals aijid 
irrationals or the separation out of "good" irrationals 
(excluding the rational covering) in the above theory 
or in the more sophisticated KAM theory requires 
interpretation before it can be considered to be rele­
vant to any physical problem. Mathematical terms aie 
used that demand arbitrarily precise distinctions that 
can have no physical meaning, per se. The mathe­
matical pathology arises from the compression into a 
single expression, as in the Moser twist mapping theo­
rem, of what are, in principle, an infinite number of 
physically useful results. It is conventional in mathe­
matics (pure or applied) to simplify a problem in which 
a large parameter occurs by allowing the parameter 
to approach infinity. Unfortunately, this process is not 
always a simplification. To be specific, consider the 
confinement of a single particle in an accelerator Or 
storage ring. The practical question is whether the 
particle is confined within a certain error for a specific 
number, n, of circuits. The mathematical theory says 
there is one answer if n — 104 (say, three important 
resonances), another answer if n = 106, still another 
if n = 108, and so on. There is no simplification, only 
complication, in the physical and mathematical prob­
lems as n becomes larger. The mathematically path­
ological theorem results from the possibility of 
combining all these results in a single mathematics II 
statement applying to n = x. 

Explicit Examples of Nonexistence 

(A) The Vacuum Field Limit 
Consider a toroidal domain with a smooth, perfectly 

conducting boundary. We postulate the existence of all 
smooth family of equilibria with nested p-surfaces, 
J x B = Vp, where 

The two profiles are p and / (toroidal current) given 
as functions of the toroidal flux vj» and the parameter 
E. It is easily shown that curl B —> 0 uniformly W Pill 
further, the unique limiting vacuum field curl B = 0 
has nested flux surfaces i)/ = const (we postulate what­
ever smoothness this requires of the family of solu­
tions). This gives a contradiction for many (most) 
domains, since the vacuum field properties are known 
and usually do not have nested surfaces. 
. This counterexample is extremely important, since: I 

most equilibrium expansions in the literature take (3 := 
plW as an expansion parameter and expand smoothly 
in the neighborhood of a vacuum. 

(B) The Field-Excluded Domain with Free 
Boundary4 

Consider a toroidal domain with a perfectly con­
ducting boundary enclosing a toroidal plasma wiih 



aries of positive measure. In three dimensions we 
cannot expect a simple continuum of free boundary 
solutions as in two dimensions!. 

(C) The Screw Pinch: An Incomplete Example6 

The two previous examples were somewhat ab­
stract. The present example is strictly computational, 
Fourier series plus expansion in a parameter, and the 
results are essentially explicit. The interpretation of 
the results is not obvious. The linear expansion is 
inherently unreliable; it does not easily distinguish 
pathology (nonexistence) from the mere inadequacy 
of linear representation for an essential nonlineariry 
such as a helical island. The appearance of a singu­
larity in a linear solution, in principle, casts doubt on 
the linearization only. 

The screw pinch geometry is a straight circular cyl­
inder with two ignorable coordinates and therefore 
allows explicit expansion of a linear perturbation in 
Fourier series. Let (r,9,z) be cylindrical coordinates, 
with B = (Br,Be,Bz) dependent on r only. From div B 
= 0, B, = 0. The pressure balance Eq. 3 takes the 
form 

Figure 3. Tilted volcano 

(Appendix) a pair of coupled first-order ordinary dif­
ferential equations in r for p\ and B/ results, with each 
first derivative multiplied by the factor 

A singularity (resonance) occurs at a radius where 
k • B°(r) = 0. For the continuous spectrum to extend 
to the origin, making a linear perturbation singular, 
it is necessary and sufficient that k • B = 0. Both p, 
and Br, behave at least as badly as xyl where x = 
r - r0 is the distance from the resonance and, for B,e 

and Bx\ at least as X-*4. The singularity can also be 
infinitely oscillatory, depending on the sign of p'. 

A dense set of singularities can be generated in two 
ways: first, in the linear problem Eq. (36) by summing 
over Fourier components (as for a general perturba­
tion of the boundary); second, if E is a finite parameter 
(no matter how small), and a formal power series in 
e is taken with two or more first order terms incom­
mensurable in (k,m). 

One difficulty in interpretation arises from the dou­
ble ignorable coordinate. Removing only one, for ex­
ample, as in axial symmetry where only 9 is ignorable, 
or in helical symmetry where 6 - fa (for some fixed 
k) is ignorable, still leaves an ignorable coordinate, 
therefore a solvable equilibrium problem. The sin­
gularity exhibited by the linear perturbation has an 
"ordinary" interpretation, failure to approximate a 
nonlinear effect linearly. To be more precise, to every 
choice of ignorable helical coordinate, 6 - fa, there 
corresponds a unique flux function fy. Because of the 
degeneracy of the cylinder, any of these serves as a 
flux function for the cylinder, but only one remains 
after the choice of a helical coordinate. The resonance 
condition k • B = 0 is equivalent to d\\>/dr = 0 where 
i|; is the flux function that corresponds to klm. Figure 
3 ("tilted volcano") shows how a resonant perturba­
tion gives a change of topology (island) which is seen 
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(' = d/dr). Given two of the three profiles of Be,Bz, p 
the third is essentially determined. 

In a linear perturbation, 

Here B, (three components) and p, take the form 

The Fourier modes are left uncoupled (depending, of 
course, on boundary conditions). After elimination 



also the velocity V, along a field line, and the magnetic 
moment, [L = xhmVv

 2/B (an adiabatic invariant arising 
from the rapid circulatory motion around a field line). 
In equilibrium, (s, V) is replaced by e, the total particle 
energy 

For present purposes, we postulate a time-indepen­
dent particle distribution function in the form 
/(<xk,e,|x). 

The "drift" velocity of a guiding center perpendic­
ular to a magnetic line is given in Grad 1961: 

In a closed line (or open-ended) system the net drift 
across lines can be shown to take the form 
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This determines drift surfaces } = const that contain 
particle drift orbits for circulating particles in closed 
line systems or for trapped particles in general. This 
second adiabatic invariant J cannot be used in the large 
for trapped particles except in the simplest systems. 
As a particle drifts, it can change its drift state (Figure 
4), which changes the definition of /. If in the course 
of its motion it returns to its original drift state, the 
new value of / will, in general, have no relation to the 
original value. The result is an ergodic drift path in a 

by the linear perturbation as a singularity. It is possible 
that under certain circumstances even a single helical 
resonance can destroy the existence of a solution to 
the particular perturbation. 

A nonlinear helical (legitimate) solution with change 
in topology corresponds to a strict Fourier series, in 
multiples n(m% + kz) of the fundamental m0 + kz. Jf 
we insist on a solution with nested surfaces (that is, 
the topology of the original cylinder) and remove every 
Fourier coefficient with a singularity, or alter the pro­
files B°(r), p°(f) to remove every singularity, then we 
end up with either a strictly helical perturbation with­
out islands or p = 0. 

The question of weak solutions, with dense island 
pathology and worse, was raised in two previously 
cited works (Grad 1967b; 1970). The answer has not 
yet been given. It is a simple matter to make the Four­
ier coefficients approach zero fast enough so that the 
individual islands that arise from each linear term do 
not overlap and cover a set of small measure. The step 
from this result to a proof of existence with dense 
resonances for finite e, no matter how small, is at least 
as great as from the proof of the lemma in the previous 
section to the proof of the Moser twist map theorem. 

Island creation is only one consequence of loss of 
symmetry in an equilibrium, as emphasized in 1967b,: 

but this failure has gradually dominated the scene at 
the expense of public awareness of the totality of path­
ological possibilities. 

Guiding Center Equilibrium 
Guiding center theory derives many distinct math­

ematical models for the plasma from guiding center 
kinetic orbit theory. We mention only two: lowest 
order (macroscopic) guiding center fluid theory, and 
a version of drift kinetic theory. For our purposes, the 
essential similarity between guiding center fluid the­
ory and MHD resides in the composite structure with 
magnetic lines as doubly counted real characteristics. 
(In addition, guiding center fluid theory contains more 
conventional cases of nonexistence which are less in­
trinsic and can be remedied by including more sof-
phisticated physics in the model; see Grad 1961; 1967a). 

For the drift theory we shall be concerned only with 
the equations of motion of the particle orbits (more 
precisely of the particle guiding centers). No complete 
equilibrium theory has been carried out, but any such 
formulation would certainly include this problem: 
given a field configuration, to assign a time-indepen­
dent particle distribution (that is, density in phase 
space) on each magnetic line; in other words, to find 
a time-independent solution of Liouville's equation. 
To complete the theory, it would have to be made 
self-consistent so that the charges and currents in-j 
duced by the particle flow generate the hypothesized| 
fields. To demonstrate nonexistence, the second (self-
consistent) half of this program is not necessary. The 

principle purpose of this demonstration is to show 
that one should not expect to be able to find particle dis­
tributions that are time-independent. It is a historical ac­
cident (though a very valuable one) that so many 
classical mathematical models of physical systems do 
allow static equilibria and steady flows. 

The coordinates of a guiding center are the geo­
metrical coordinates (a, (3, s), where s is arclength 
along a field line, and (a, (3) are the field line coor­
dinates 

where K is the curvature of the field line, arising from 
B • VB. The motion across a and p is given by 



Figure 4. Change of Trapped State 

certain volume of phase space, with / = const on this 
region (Grad 1968). In principle this presents no in­
surmountable difficulties, but in practice the compli­
cations are very formidable and have not been dealt 
with. There are similarly no difficulties in principle 
with closed line systems, but very great difficulties in 
practice. 

A difficulty, even in principle, occurs in a sheared 
system with dense sets of closed line surfaces. For a 
circulating particle on an irrational surface, the net 
drift velocity off the surface is zero (Grad 1961; 1967b). 
On a rational surface the net velocity on each closed 
line is 

where 8 is the flux coordinate conjugate to J;. For a 
time independent equilibrium, / must have the same 
value on each closed line of the rational i|/-surface for 
every pair e and u.. For example, for particles with e 
very large compared to u.B, this implies that the geo­
metrical length of all closed lines on a rational surface 
must be equal. For some other E and |x, the relation 
will be different. For this reason, unless there is sym­
metry, it is too much to expect a particle distribution 
to be time independent for each E and ^. There is no 
a priori reason to expect such a miracle. The best that 
can be hoped for is that by adjusting the electrostatic 
potential, the net charge (current) will not accumulate. 
That even this cannot be arranged is shown by the 
macroscopic analysis. Considering the wide variety 
of orbits, what the present microscopic analysis shows, 

even without taking self-consistency into account, is the 
impossibility of finding a particle distribution which 
will not fluctuate. 

For specialists in plasma confinement we add the 
note that except in very special cases, the formulation 
of guiding center equilibrium in terms of f(z,ix,,j) or 
in terms of omnigenity is overly naive; each concept 
adds to the nonexistence difficulties. 

Anholonomic Linear Instability 
The nonexistence of equilibria without very special 

symmetry raises an obvious question with regard to 
stability: What is the effect of nonexistence of equilib­
rium on the time evolution of small asymmetric per­
turbations in the neighborhood of a legitimate, 
symmetric, equilibrium? The answer is unambiguous: 
Any perturbation that is not accessible to the sym­
metric equilibrium by a smooth displacement (that is, 
which is anholonomic) is unstable. Furthermore, all such 
(anholonomic) perturbations are excluded by the stan­
dard (8W) treatment of MHD stability!7 The last state­
ment is apparent, since the 6W construction is premised 
on the existence of a smooth Lagrangian displace­
ment, which is generally believed to imply that there 
is no change in the field line or magnetic surface to­
pology.8 We see then that the conventional Lagran­
gian displacement (holonomic) stability theory is 
unduly restrictive with regard to the class of admitted 
perturbations, since it is easily verified that the mag­
netic topology can be altered by an arbitrarily small 
perturbation of B(x) (which does not arise from a dis­
placement, £). The essential point is that all pertur­
bations that destroy the topology are unstable. 

Another peculiarity of the conventional variational, 
5VV, theory, is that the natural norm, Jp0£?<x with 
suitable L2 restrictions on derivatives of £,, does admit 
£, which can change the topology (for example, a 
cusped perturbation £). We shall see, however, that 
the particular unstable, anholonomic perturbations that 
we consider are not included by this completion of 
the space of allowable | (and are as smooth as desired). 
First, we establish the nonexponential instability of 

anholonomic perturbations of a given sheared toroidal 
equilibrium with nested p-surfaces. Then we show 
that this instability does not correspond to an isolated 
point eigenvalue. 

A flux surface is defined as a global, single-valued 
solution of 
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Given a field B0 and associated family of flux surfaces 
i|»0 = const., B0 • V\\i0 = 0, by perturbing, B = B0 + 
B„ we get the linearly perturbed equation for \\iu 



In other words, C = a + bt with b =£ 0 if the pertur­
bation B, changes the topology and b = 0 if it does 
not. It is easily verified that there is no double eigen­
value at the origin, (p17u,Bi) = linear in t, except for 
certain very special cases. Therefore, the anholonomic 
perturbation is associated with a part of the essential 
spectrum that includes the origin, oo = 0. The per­
turbation is unstable, and a certain property of the 
appropriate generalized eigenfunction (but not the ei-
genfunction itself) is linear in time. This part of the 
spectrum is not contained in the self-adjoint spectrurn 
that belongs to 8W. 

Although discovered in 1971, there appears to be 
no further work concerning this anholonomic insta­
bility. The fact that the growth is linear, not expo­
nential, has no great practical significance when one 
recalls that the noise level in most plasmas is on the 
order of 1 to 10 percent. 
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The first order linearized MHD equations take the 
form 

where u is the velocity and v = (p,B); the symmetric 
hyperbolicity implies that the differential parts of LY 

and L2 are formally adjoint. The standard second order 
self-adjoint form (which then leads to bW) can be de­
rived by differentiation, 

where L^ is formally self-adjoint. This is not the con­
ventional derivation. Rather, £ is introduced as 

We drop the integration constant in the second equa­
tion Eq. (52): 

from which 

These elementary operations look trivial, but they are 
not. For example, if there is a solution u ~ f ^ of Eq. 
(53) (stable), it corresponds to £ ~ tl/2 [unstable for Eq. 
(56)]. The relation of either £ or u to the original (and 
correct) variables (u,v) is not so trivial as mere differ­
entiation. Comparing sets of initial values for Eqs. 
(52), (53), and (56), 

we see that for a given norm applied uniformly to all 
three equations, the spaces are related by 

The two outer sets are formally self-adjoint; the orig­
inal one (u, v) appears not to be. The exponential 
spectra and eigenfunctions are identical, but the spec­
tra associated with w = 0 are not. The initial values 
also differ; for example, (u, v) includes anholonomic, 
unstable initial values that are not included in (£, ij,) 
and are not unstable in (u, ut). 

The (physically correct) first order system in (u, v) 
can be related to the more restricted Lagrangian ij 
formulation by keeping the integration "constant" in 
Eq. (55): 

where the (indefinite) integral is taken along unper­
turbed field lines B0. The theory of this equatio]i i:5 
discussed above in the section "An Ergodic Lemma." 
The necessary and sufficient condition that v(/1 be sin­
gle-valued is that 

for every closed line on a rational surface. 
Next, consider the classical circulation 

on each closed line of a rational surface in a sheared 
equilibrium with dpi city + 0. A linearized calculation 
gives (after some manipulation) 

Thus dCldt = 0 if and only if the field perturbation 
due to B, allows flux surfaces to first order. Contin-
uing, 



which implies 

The anholonomic terms are contained in the inhomo-
geneous term L-J which generalizes Eq. (56) (Lortz and 
Rebhan 1971). To obtain a solution growing in time 
as a result of the inclusion of LJ clearly depends on 
a nontrivial nullspace of L^L2. 

The special nullspace which leads to anholonomic 
instability arises from the elementary (linearly) neutral 
perturbation of the homogeneous equation 

where a and p are arbitrary functions of \\i. This is a 
doubly infinite degeneracy at co = 0. This displace­
ment, which is neutral for 8W, becomes unstable for 
the original, first order, MHD formulation. The in­
stability can be considered to be a resonance (u> = 0) 
with the initial disturbance Liflfis expressed in terms 
of initial values of v and £ in Eq. (59)]. 

Discussion 
It has already been mentioned that, from the first 

discovery of the impossibility of exactly balancing 
plasma by magnetic pressure (Grad 1967b), the em­
phasis was on what positive steps to take in order to 
salvage the large, but somewhat ambiguous literature 
on equilibrium and stability. One attitude (though 
unconstructive) is immediate: Since all the mathe­
matical models are known to be only crude approxi­
mations to the real world, crude answers should 
suffice. To this, there are several immediate objec­
tions: (1) crude "answers" to what questions? (2) the 
physical consequences of lack of pressure balance are 
observable and frequently important; (3) the classical, 
almost universal technique (and the only one, if math­
ematics is to be used as a tool) is to replace the "real" 
imprecisely formulated problem by a precise model 
(or many precise models) from which precise conclu­
sions are drawn and then interpreted in the real world; 
(4) the nonexistence results in equilibrium theory are 
mimicked by instabilities (anholonomic); (5) there 
should be structural stability, that is, invariance of the 
conclusions with respect to the choice of model. Non­
existence of solutions for the equilibrium equations, 
in the face of an urgent psychological need for them, 
has evoked strong aversion within the plasma physics 
community toward the conclusions presented here. 
Yet, most concepts spawned by nonexistence have 
gained wide acceptance under other names while the 
central result, that solutions do not exist, is sidestepped. 

Consider the question of plasma stability. The ques­
tion is almost impossible to formulate except in terms 

of the time-dependent behavior of solutions that are 
initially perturbed from an equilibrium or steady state.9 

This problem was reformulated by the author in 1970 
(Grad 1970). For example, given a formal power series 
that is to some order a "solution" of the desired equa­
tions, truncate the series, assign a value to the ex­
pansion parameter, and take the resulting expression 
as an initial value for the equations of motion. The 
initial value problem (certainly in MHD and, in most 
cases, in guiding center fluid theory) is well posed. If 
this initial state does not change too much in an ap­
propriate amount of time, then the "equilibrium" is 
stable. No such procedure has been followed, but it 
could be, in principle. This formulation is evidently 
fuzzy. The answer may very well depend on the num­
ber of terms in the series, the value of the expansion 
parameters, and the duration of observation. We are 
led to a formulation which bears a resemblance to the 
rather imprecise physical interpretation of the path­
ological KAM theory described in the section on an 
"Ergodic Lemma." 

Another way of approaching the problem of nonex­
istence is familiar from the theory of asymptotic series: 
Don't ask for too much accuracy, and don't take too 
many terms. The situation is somewhat different, 
however, since there is no solution to which the series 
which is used is asymptotic. 

The same advice would be relevant to a numerical 
calculation. Refining the mesh and otherwise "im­
proving" the accuracy may be a mistake beyond some 
point. Fortunately, since all the relevant problems are 
fully three-dimensional, this concern is, at the present 
level of computational power, usually unnecessary. 

There are a number of papers that bear on the ques­
tion (in Horton et al. 1983). In one, a selection is made 
of a few "important" resonances; this selection is clearly 
a matter of judgment (but our attitude is that this is 
unavoidable). Another employs an ad hoc weak sto­
chastic mechanism; this serves to mask most of the 
KAM pathology; of course, the pathology will reap­
pear if the amount of stochasticity is made arbitrarily 
small—again unavoidably a matter of judgment. Still 
another paper eliminates resonances one by one; the 
claim is made (empirical) that the procedure is con­
vergent. It almost certainly is not; nevertheless the 
procedure remains very useful, but only up to a point. 
Another common procedure which may be useful is 
to consider only two pathologies: islands and ergodic 
regions. This is an oversimplification, but the true 
picture may be too complex for practical application. 

A psychological block to the easy acceptance of this 
theory is the very large analytic literature (for example, 
stellarators, perturbations of tokamaks, use of non­
existent Hamada coordinates, and so on) in which the 
formalism gives no hint of trouble. The reason is al­
most always that one of the small parameters is the 
rotation number (or rotation number per period). In 
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Figure 5. Poincare map with small rotation number 

tative by P since two people would (generally) compute 
the same coefficients; the estimate would be consid­
ered qualitative by P since a second person could con­
clude (also rigorously), x < b. Turn now to the rigorous 
KAM theory and the sometimes related "asymptotic" 
(but unproved) series. In practice, the rigorous (there­
fore quantitative) KAM theory is used to obtain a qual­
itative picture of what phenomena might arise; the 
qualitative (incorrect) series is the only practical way 
(other than numerical) to obtain actual numbers; it is 
therefore quantitative! A practical example is the use 
of the Birkhoff technique of successively removing 
resonances to obtain what is claimed (empirically) to 
be a convergent, pathology-free answer (Horton et al. 
1983). As we have said, the procedure is not conver­
gent but, up to a point, it is useful. 

We close with a few suggestions (out of very many) 
for relatively elementary studies in this field. The first 
concerns the simplified force-free field, curl B = X.B, 
with constant X. This has the enormous advantage of 
being linear and strictly elliptic. One can superpose two 
finite explicit solutions (for the same value of A) and 
study (1) flux surfaces; and (2) fdl/B on rational sur­
faces. Explicit solutions are available with any of the 
usual symmetries. 

The second problem is that of small nonlinear per­
turbations of the cylindrical screw pinch. The question 
here is: What do the singularities of the linear solu­
tions (explicit from the Appendix) imply with regard 
to weakly nonlinear perturbations? 

It has been conjectured that many non-MHD in­
stabilities in which the growth rate vanishes with a 
parameter as one approaches ideal MHD (for example, 
resistive, drift) should leave a detectable residue of 
the spectrum near the origin in ideal MHD (Grad 1973). 
The study of anholonomic instabilities which arise 
from the vast assortment of ideal spectra which extend 
to the origin may provide a fertile ground to find such 
connections. 

To sum up this summary: The most important point 
is to recognize that there are inherent limitations in 
obtaining accurate equilibria balancing plasma and 
field. Quantitative techniques for recognizing and 
handling these phenomena are beginning to be de­
veloped analytically and numerically. An occasional 
obfuscation arises from a sloppy solution that may be 
only careless, or may serendipitously be ingenious. 
The interpretation of techniques and solutions is par­
amount. 
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a Poincare map with small a (Figure 5), an obvioup 
first aproximation is to replace the discrete difference 
equation by a differential equation. Almost any such 
approximation has the property that if it is continuous i 
to first order, it is continuous to all orders. Also, as 
is easily shown, an incompressible flow in two ci-
mensions with approximately closed streamlines hi? 
exactly closed lines. Both the discreteness and the correct 
pathology of the map are invisible as a consequence of the 
mathematical technique. On the other hand, once one! 
is sensitized to the possibility, one can find intrusions 
of pathology in the analytical literature (for example, 
stellarator expansion near the magnetic axis), and in 
the numerical literature (evidence of islands, once the 
possibility is pointed out). Once the question is raised, 
it becomes clear that there is a choice of analytic tech­
niques; some oblivious to all pathology, others that 
give "resonances" one at a time (with succeeding 
terms); and the most accurate (and most difficult) that 
give all the pathology at once. One can take advantage 
of this choice of the degree of blindness of analylij; 
procedures. Similarly there are numerical techniques 
for either obscuring or emphasizing the pathology); 
the first to allow one to obtain an equilibrium, and 
the second to study its limitations (Bayliss et al. 1981). 

The suggestion has been made that true mathe­
matical solutions may exist in some weak sense (Grad 
1967b). This cannot be ruled out, and a step toward 
formulating such a theory variationally has been mai 1 2 
(Grad 1970). But it must be remarked that there is mi 
evidence at all for such a conclusion. The classical 
theory of distributions is not available since it is stricllV 
linear. Also, there would be very little practical con­
sequence of such a theory (beyond the reduction c fi 
psychological tension) since the mathematical meth­
ods involved of necessity would be abstract. There is 
certainly no experimental evidence for quiescent cof­
fined plasma behavior, nor is it needed for successft 1 
operation of experiments (only for successful opere-: 
tion of theoretical tools). 

A paradoxical question of interpretation arises itnii 
tween what we could term prototypes of matherm-
tician (M) and physicist (P). A formal series, withe lit 
error estimate, would be considered qualitative by t\\; 
a rigorous estimate, x < a, would be considered qual­
itative by P. The series would be considered quanti-



Appendix: Cylindrical Perturbation 

Consider the original, unperturbed cylinder 0 < r 
< a, 0 < z < 2JT with given B„(r), B:(r), p(r) satisfying 

Equations 66 and 67 for the cylindrical perturbation 
have a number of interesting properties (including the 
fact that the trace of the coefficient matrix on the right 
is 8' and the determinant has the sign of p' (near 8 = 
0). A constraint, such as adiabatic or p(vt») = given, 
and so on, will be observed only in the k = m = 0 
mode for which the equations take a different form. 
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Perturb, making the following substitutions, 

to obtain 

and set 

Some manipulation (including algebraic elimination 
of (3e and P=, which are not differentiated) yields (for 

where 
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we see that the principle normal to a field line is normal to 
the surface; hence the line is a geodesic. 

'This example is unpublished in the equilibrium context, but it 
is inherent in the stability literature. 

TThe material in this section was derived by the author in 1971 
and was, at that time, discussed with D. Lortz and E. Rebhan 
who had independently obtained and published related re­

sults (Lortz and Rebhan 1971). Their interpretation and em­
phasis are different; they treat the insufficiency of 8W for 
stability rather than the topological or equilibrium-related con­
sequences. Moreover, the class of counter-examples is not the 
same. 

"For a counter-argument, see the author's 1978 work. 
'An exception (the result of another type of nonexistence) is 

described in Grad 1967a. Here nonexistence defines instability 
in a general, nonsteady flow, without perturbing from equi­
librium. 



Reports 

is a phenomenological parameter. This London equa­
tion plus the second London equation 

put forth in 1935, describes the two foregoing basic 
electrodynamic properties that give superconductivity 
its unique interest. The value of magnetic flux density 
on a microscopic scale is denoted by h. The second 
London equation, when combined with the Maxwell 
equation, 

gives the equation 

and \L is the penetration depth in centimeters; h (and 
B) thus decays exponentially with distance into the 
superconductor with a mean distance 

where m is the electron mass, e its charge, ns the su­
perconducting electron density per cubic centimeter 

and is expelled (except for the surface) in a type of 
"dc skin effect." In 1935 there was no explicit involve­
ment of Planck's constant in Eq. (3) and no attempt 
was made to derive Eq. (3) from any fundamental 
theory of superconductivity: None existed at that time. 
It was always recognized, however, that the justifi­
cation of Eq. (3) was imbedded in quantum mechanics 
which somehow imparted a rigidity to the overall wave-
function of the superconducting electrons. This rec­
ognition was justified with the Bardeen, Cooper, 
Schrieffer theory of superconductivity, which showed 
that for the Type I superconductors, when the free 
energy released in the formation of a superconduc­
tivity blanket of Cooper-paired electrons was greater 
than the energy of the expelled magnetic field, the 
Meissner-Ochsenfeld effect would occur. 

The Edwards Argument 
There has been a series of papers during the last 

three years on the subject of whether these originally 
phenomenologically theorized but now quantum-me-
chanically canonized London equations can be given 
a purely classical derivation. W. Farrell Edwards (Ed­
wards 1981), the first speaker for the affirmative in 
this recent debate, claims to show that the London 
equations do indeed have a classical derivation that 
applies to superconductors and to some collisionless 
plasmas as well (for example, filamentation of the 
current sheath of the plasma focus and the magnetic 
flux ropes in the Venerian ionosphere). Edwards leads 
off with transforming well-accepted, classical Lagran-
gian actions into Eulerian notation for collisionless 
fluids at absolute zero temperature and then applies 
the principle of least action to obtain the equations of 
motion. Energy is assumed to remain constant; as a 
result the system is assumed to be dissipationless, 
which means that collision times are long, compared 
with the persistence times of the phenomena under 
scrutiny. The appropriate-current-density variation of 
the Euler-Lagrange equations (4-vector notation, which 
is very complicated) yields the important equation 

International Journal of Fusion Energy, Vol. 3, No. 2, April 1985 47 

where A is a temperature-dependent constant of the 
material with dimensions of time and where s denotes 
the superconducting part, and where 

(except at the surface). In a Type I (soft) supercon­
ductor, if the applied magnetic field is below a certain 
critical value Bc, the magnetic field is expelled and 
B = 0 except at the surface. In a perfect conductor in 
which electrons are freely accelerated by the electric 
field E, the rate of change of current density J! carried 
by those electrons is 

On the Controversy over Whether 
Classical Systems Like Plasmas Can 

Behave Like Superconductors 
(Which Have Heretofore Been Supposed 

to Be Strictly Quantum-Mechanically 
Dominated) 

by Winston Bostick 

The Meissner-Ochsenfeld effect is one of the crucial 
distinctions between a perfect conductor (zero resis­
tance) and a superconductor. In a perfect conductor 
the magnetic field is frozen in so that 

where m is the electron mass, c\ the charge, «„ the 



which differs from Eq. (Edwards's 7) by the presence 
of \ „ . The solution \„ = 0 gives zero flux, which wipuld 
make Eq. (Henyey's 5) the same as Eq. (Edwards's 7). 
However, the general solution requires only the :bn-
stancy of A.,, along particle trajectories, not the van­
ishing. The more general solution, Henyey declares, 
is the well-known freezing of magnetic field lines into 
the plasma. 

The next players up to bat form a triumvirate: B. 
Segall, L.L. Foldy, and R.W. Brown (Segall, Fcldy, 
and Brown 1982). They assert that if Edwards's ap­
proach were valid it should lead to correct results 
when it is applied to a system of neutral noninteracting 
particles. Thus with the charge q = 0 the variation 
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and 

appropriate fluid velocity component, A„ the appro­
priate vector potential component. In using Eq. ffid-
wards's 7) to eliminate A„ from the electromagnetic 
tensor the three-dimensional, low-velocity Lonipn 
equations become 

Edwards points out that free-energy considerations 
predict that plasmas 

(that is, high beta) should exhibit the Meissner effect, 
but low-beta plasmas should show the familiar frozen-
in fields. Edwards's work has not gone unnoticed: his 
claim is so unusual that the sacred columns of The 
Times directed their attention in his direction (The Times 
1982). And the following artillery-barrage response 
has been so intense as to blow almost anyone off the 
map. 

The Opposition 
The first man up to bat for the opposition is Fnink 

S. Henyey, who states that the result Edwards has 
derived is that for an ideal plasma where the flux ivill 
be frozen in (Henyey 1982). And if the initial flux is 
zero, the flux will be frozen out. Henyey asserts that 
Edwards treated the action as if it is a quantity with 
equality implying equivalence, whereas, in fact, the 
action is a function of the dynamical variables, and 
equivalence requires more than equality at the !ex-
trema. Henyey proceeds to carry out the variation of 
the action integrals the "proper way according to 
Courant and Hilbert" and comes up with the corrected 
equation which should replace Eq. (Edwards's |7): 

with respect to the velocity u (since the correct density 
j = 0) leads to u = 0 instead of the correct Euler 
equation. They further state that Edwards's equations 
#7 and #10 can be shown to be not valid classically, 
by taking their curl and then the limit a goes to zero. 
The result, independent of gauge, is that curl u = 0. 
But there are many systems that violate this condition. 
They caution against attempting to obtain a proper 
action principle with u a variational coordinate simply 
by naively transforming a particle Lagrangian to a 
corresponding density. This caveat is suggested by 
the verifiable fact that v„ cannot be used as a variational 
coordinate in the particle description. To obtain a valid 
Hamilton's principle for the continuum, one can in­
troduce constraints such as the continuity condition 
with the use of Lagrangian multipliers, or appropri­
ately modify the Lagrangian density. In addition, they 
state that any simple generalization of Edwards's pro­
cedure involving only the fluid velocity (and p) in the 
Lagrange density cannot account for the contribution 
to the stress tensor term on the right-hand side of 
Euler's equation, which appears even for a system of 
noninteracting particles. This procedure requires 
knowledge of the local deviation of particle velocities 
from their local mean value (the fluid velocity) and 
that is absent in Edwards's formulation. 

More Opposition 
The next man up to bat (for the opposition), who 

apparently hits a homerun, is Paul G.N. deVegvar, 
who notes that Edwards's four-current vector (his Eq. 
#5) involving the worldline of the i-th particle is a 
highly singular object, vanishing off worldlines and 
being 83-like on them. To get the usual Euler-Lagrange 
equations by setting [•••] = 0, all terms must exist 
and be continuous. This criterion fails when applied 
to Edwards's work. The current densities in the Lon­
don equations are smoothed, and not the delta-func­
tion variety, which Edwards has constrained his 
solutions to be. Finally, deVegvar points out that Ed­
wards's Eq. #7, even if justifiable, could not describe 
a superconductor, because it is a local relationship 
between currents and fields. As is well known, the 
current response of an electron gas to a field is non­
local: i^ at a point depends upon the spatial average 
of extent ~/ and a time average of ~llvf (/ is the mean 
free path, vr the Fermi velocity). Thus even if one 
could use Eq. (Edwards's 7) at all in superconductors, 
it would be restricted to the case of static uniform 
fields, precluding its application to penetration phe­
nomena. 

After the spine-jolting shocks of this artillery bar­
rage, Edwards bounces back (Edwards 1982) for his 
next inning, proving himself to be tough, resourceful, 
and not nearly so naive as some of his opposition 
might have assumed him to be: 

Edwards recollects that treatments of collections of 



particles as continuous systems are common, and lit­
erature covering action-integral approaches using Eu-
lerian variables, where variations are taken with respect 
to the velocity fields, is extensive. In fact, without 
suggesting that the derivation is classical or that there 
might be classical applications, Geurst (Geurst 1980) 
recently used an action principle very similar to Ed­
wards's 12 to derive the Ginzburg-Landau equations 
as well as the London equations. Edwards apologizes 
for not being aware of Geurst's paper when he wrote 
his earlier paper. Geurst's work apparently avoided 
the ferocious fire of the opposition, probably because 
he did not claim that his derivation was classical. 

Edwards asserts that the key question is whether 
his Eulerian action I2 properly describes certain clas­
sical systems, and he says that his adversaries who 
have attempted to negate this possibility have actually 
aided in the understanding of the physical systems 
to which his I2 applies. 

Considering deVegvar's comments about the sin­
gularities which arise, Edwards uses a proof of con­
vergence based on the Schwartz distribution theory: 
he approximates the worldlines of each particle i by 
a tube extending a small radius 8, from the worldline 
and he approximates ;„ by a smooth function /„, which 
is nonzero within the tube, falls to zero quickly and 
smoothly immediately outside the tube, and remains 
zero beyond the radius £, where g, > £. Within the 
tube where I2 is differentiable with respect to /„, the 
Euler-Lagrange equations are satisfied, and conse­
quently 

where T) is an undetermined multiplier. 
However, as Segal, Foldy, and Brown point out, 

even that result is unacceptable for a neutral fluid 
because the curl of the velocity is zero. The apparent 
dilemma has been extensively discussed in the liter­
ature and has resulted in the introduction of the Lin 
constraint (Lin 1963), which removes the contradic­
tion, and when applied to I2 for a charged fluid leads 
directly to the Lorentz force equations without the 
London equation restrictions. 

Then Edwards raises the unanswered question: "But 
does the neglect of the Lin constraint necessarily lead 
to absurdities and, if not, under what circumstances 
can it be neglected?" Thus, Edwards has really held 
his own against the adversary criticism of Messrs Se­
gal, Foldy, and Brown. 

Concerning Henyey's comments, Edwards grate­
fully points out that Henyey's derivation clarifies the 
differences between I2 (unconstrained) and I,. Using 
I2 without the Lin constraint (as Edwards did) is the 
same as \„ = 0 in Henyey's equation of motion. The 
result is the London equations, the solutions of which 
are a subset of the solutions of the Lorentz force re­
lation. 

Edwards now attempts, and successfully this au­
thor believes, to advise when to neglect the Lin con­
straint: the Lin constraint refers to the ability to follow 
the path of a fluid element from one position to an­
other. For most fluids this is possible; hence, the con­
straint applies. However, because of the Heisenberg 
uncertainty principle, one is unable to follow the tra­
jectory of a quantum fluid as discussed in a recent 
paper by Putterman (Putterman 1982). Thus, at least 
for such fluids, the Lin constraint cannot be imposed. 
Putterman agrees that I2 in Edwards's paper is classical 
and that the steps of the derivation from it, including 
the neglect of the Lin constraint, are permitted. How­
ever, Putterman maintains that neglecting the Lin con­
straint is a subtle but crucial quantum-mechanical 
assumption in an otherwise classical derivation. 

Edwards proceeds to sketch the reasons why col-
lisionless classical fluids require that the Lin constraint 
be neglected and consequently are also governed by 
the London equations: For a charged fluid whose par­
ticles are in collective motion but whose collision cross-
sections are small, the momentum transferred by a 
photon to an element of volume would remove it from 
the collective system and hence its path could not be 
followed. The Lin constraint would not apply, but the 
London equations would. This argument can be ex­
tended to collisionless plasmas where the particle en­
ergy is high and the organizing magnetic fields are 
high. 

where 

As we shrink the tube by letting £, become small, /„ 
approaches /„, and U„ approaches u„, the velocity of 
the particles. 

Concerning the nonlocal nature of the response of 
an electron gas, Edwards points out that the London 
theory is a local description and is valid to first order 
whether one considers its derivation to be classical or 
quantum mechanical. The nonlocal theory of Pippard, 
later derived from the Bardeen, Cooper, Schrieffer 
theory, is a refinement yet to be investigated. So much 
for Mr. deVegvar's comments. 

Edwards's Reply 
Now here is Edwards's reply concerning Segal, 

Foldy, and Brown's attempt to demonstrate that the 
results from 12 are invalid unless one introduces con­
straints, because when q = 0, the variation in l2 with 
respect to u„ results in (JL„ = 0. Edwards argues that 
with q = 0, conservation of mass is lost and must be 
inserted as a constraint; consequently, no longer do 
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there now?!" This author earnestly encourages Taylor 
to step forward with the details of such explanations, 
which will undoubtedly provide a particularly suc­
culent appeal for some of the relativistic electron beam 
and plasma focus physicists who have never them­
selves observed vortex structures with their apparatus 
or found these structures in their computer simula­
tions or faced them in their theoretical analyses. Prof. 
Taylor, who has already captured single-handedly the 
cheering sections of the spheromak and field-reverse-
pinch community (apparently without giving refer­
ence to or being slowed down by the competition from 
the prior work of Beltrami, Chandrasekhar and Wol-
jer, Nardi, Wells, and Norwood) could now consid­
erably enlarge his clientele into these electron beam 
and plasma focus communities. We urge him not to 
pass up such a golden personal opportunity, while at 
the same time he could be enlightening us all about 
the proper explanations for the experimental effects 
discussed in the last chapter of The Morphology and 
Cosmology of the Electron (Bostick 1985a) and in the 
references contained in that chapter, and in the recent 
article "Comments on the Experimental Results of the 
Plasma Focus Group at Darmstadt, FRG" (Bostick 
1985b). In particular we are interested in J.B. Taylor's 
explanation for the filaments observed in the current 
sheath of the plasma focus and the "vacuum" diode 
of a relativistic electron beam machine, and for the 
damage patterns produced on witness plates when a 
relativistic electron beam passes through gas at about 
1 torr pressure. 

The Author's Hypothesis 
The author and his colleague at Stevens, V. Nardi, 

believe that the paired filaments observed in the cur­
rent sheaths of the plasma focus and "vacuum" diodes 
and the structures form by propagating relativistic 
electron beams through gas at ~ 1 torr are actually 
paired Beltrami-morphology vortex structures that are 
carrying a current far in excess of the Alfven limit, 
because collectively they have created a magnetic 
structure where everywhere the electrons are flowing 
parallel to the local magnetic field. We claim that these 
vortices display the paired flux-tube morphology of 
Type II superconductors. We do not claim that the 
current in these vortices will flow dissipationless for 1010 

years as they might in an ideal Kamerlingh Onnes 
experiment, but these vortices have less resistance than 
any other morphology and they spring into life in a 
picosecond time scale and live to do the job for many 
microseconds if necessary. 

Indeed, when they all suddenly chop each other 
off, like a meat-cleaver action, at one value of z (where 
z is the coordinate parallel to their axes) we have the 
"plasma focus." It is equivalent to a Type II super­
conductor going suddenly to normal conduction: This 
action suddenly (on a picosecond time scale) vastly 
increases the resistance across the cloven gap left by 

Edwards calls upon us all to study the extensive 
work on collective motion by Pines and Bohm (1952) 
in order to develop quantitative criteria for systems 
to which the Lin criteria would not apply. Now, here 
is where Edwards lands a high-scoring swat! 

The possibility that there exist classical systehis 
which require the London equations, as I have 
suggested, justifies considerable effort to exper­
imentally establish or disconfirm the idea, be­
cause, if such systems do exist, e.g., thera(\o-
nuclear plasmas, attempts to explain or con rol 
their behavior without using the London equa­
tions would be as contrived and ultimately un­
successful as were early efforts to explain 
superconductivity without the London theory.: In 
addition, the classical explanation of effects in 
superconductors and superfluids would contrib­
ute to our understanding of the foundations of 
quantum theory. 

Positive experimental evidence is accumulating 
including flux ropes in the Venus ionosphere, 
Saturn's ring structure [Edwards, to be pub­
lished], and filamentation in the plasma focus 
[Vahala, to be published]. It is hoped that a direct 
laboratory test will soon be made. 

There appears yet another criticism, by J.B. Tayjor 
(Taylor 1982), who briefly reviews work of Edwards 
and is not satisfied with Edwards's handling of the 
Lin constraint. Of Edwards's reference to the existence 
of magnetic structures in laboratory-produced plas­
mas (as occur in Type II superconductors), Taylor 
states, "There are several other explanations for these 
structures." This reviewer will return to this point 
soon. 

Now Prof. V. Nardi, a colleague of this reviewer, 
has called attention to the 1965 paper by H. Frohlich 
(Frohlich 1966). This paper is so short and sweet that 
it should be read in its entirety by all interested parties. 
Frohlich shows that the hydrodynamic equations;of 
compressible fluids together with the London equa­
tions lead to the macroscopic Ginzburg-Landau equa­
tion, and that in the presence of many fluxons, all 
relevant equations can be expressed with the aid of 
the velocity potential <J> and the macroscopic param­
eter [x, (= electric charge density/mass density) with­
out involving either phase or microscopic constants. 
Thus, while in the 1980s Edwards and his adversaries 
have been vigorously engaged in the battle to decide 
theoretically how many angels can dance on the head 
of a pin, Frohlich had already settled the question 
theoretically in 1965. Nardi discusses this matter at 
some length (Nardi 1983). 

Now, to return to the remarks of J.B. Taylor that 
"there are several other explanations for these struc­
tures" (that is, the paired flux tubes that are seen m 
plasmas carrying a high current): this reviewer cannot 
restrain himself from making the remark, "Oh, are 



the "meat cleaver" through the instrumentality of the 
magnetic insulation produced by the large displace­
ment current that takes the place of the conduction 
current. The voltage across the gap can go up to 
15 MeV and accelerate deuterons to 15 MeV through 
this "electromagnetic ram" action. 

This text also suggests that the damage patterns 
produced by a relativistic electron beam traversing a 
gas at 1 torr or traveling next to a dielectric guide tube 
surface are the result of vortex structures (similar to 
Type II superconductor morphology) that can travel 
for several meters without completely losing their 
properties. 

This author further hypothesizes that the diamag-
netic vortices (whose axes line up parallel to the back­
ground magnetic field) are the macroscopic 
embodiment of a Type I superconductor: If there is 
rotational free energy available, the plasma will con­
dense into rigid-body, minimum-free-energy, rotat­
ing, islandlike vortices that expel some of the magnetic 
field from their own volume into the vacuum region 
which has been created between the vortices by the 
condensation of the plasma into vortices. If the avail­
able change in free energy associated with the con­
densation of the plasma into rigid-body, minimum-
free-energy vortices is great enough a plasma vortex 
can expel a large part (if not all) of the magnetic energy 
contained within its volume. 

It is asserted that the plasma vortex structures are 
able to simulate the morphology of Type I and Type 
II superconductors because the "organized energy" 
of the ions and electrons in these structures far exceeds 
the "disorganized" or thermal energy, and that the 
transition from disorganized turbulence to organized 
vortex structures is a phase transition involving con­
densation without the rise of temperature. 

With the foregoing interpretation of the experi­
mental observations, this text claims that the experi­
mental effects are a justification of the concept that 
superconductivity in macroscopic, classical physics can 
essentially exist even though quantum effects have 
not been invoked to canonize the process. This author 
welcomes the opportunity for dialogue on competitive 
interpretations of the experimental observations. 
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The Electromagnetic-Ram Action of the 
Plasma Focus As a Paradigm for the 

Production of Gigantic Galactic Jets and 
Cosmic Rays 

by Winston Bostick 

An article appears in the January 1985 issue of the 
International Journal of Fusion Energy titled "Recent Ex­
perimental Results of the Plasma-Focus Group at 
Darmstadt, West Germany: A Review and Critique," 
in which this author sets forth a rationale for explain­
ing the electron beams and ion beams produced by 
the plasma focus in terms of a stuttering electromag­
netic ram. The author further points out that the mea­
sured energy spectrum of the deuterons in the deuteron 
beam produced by the Stevens plasma focus can be 
approximately represented by N(E) ~ E"27 between 
1 MeV < E < 13 MeV. This is of the same form as 
the measured energy spectrum of the primary of the 
cosmic rays between 1 GeV < E < 106 GeV. The mea­
sured energy spectrum of the electrons accelerated in 
Raudorf's "electronic ram" (a somewhat different kind 
of electromagnetic ram from that of the plasma focus) 
in the range 1 MeV < E < 14 MeV is N(E) ~ E"3 

(Raudorf 1951, 1974). 
The article in the IJFE explains the operation of the 

plasma-focus electromagnetic ram in terms of a sud­
den interruption of a column of current that was oth­
erwise peacefully flowing in pairs of force-free, 
Beltrami-like, vortex filaments: The bursting of one 
filament leads to a rapid burst of all the filaments in 
a cincture around the column. The electrons in this 
cloven region where the filaments have been severed 
must now face the Alfven limit of 17,000p-y A: The 
gap becomes magnetically insulated by the displace­
ment current Jd'spl within the gap and can conduct 
current only near the geometrical axis where the mag­
netic field 69 —) 0. The gap becomes a "plasma ca­
pacitor" that is charged to —15 MeV by Jdispl in a matter 
of a few picoseconds. At the peak of the voltage across 
this plasma capacitor, the displacement current re­
verses sign; the electron and ion beams are accelerated 
by the voltage across the capacitor and discharge the 
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capacitor with a kind of RC decay, where R is rapidly 
decreasing as a result of the rapid enlargement of the 
beam diameters as the reverse displacement current 
increases in magnitude. The result is an energy spec­
trum of the form N(E) ~ E~\ When the capacitor is 
discharged, an interruption of the current again occurs 
and the cycle repeats a number of times, with a spac­
ing between pulses of about 25 psec and a duration 
of the individual electron beam pulses of about 4 psec. 

The author, who has been known for many years 
through his attempts to explain astrophysical and geo­
physical phenomena on the basis of paradigms that 
he observes nature to reveal in laboratory-produced 
plasma structures, quite expectedly comes forward 
with the suggestion that the electromagnetic-ram ac­
tion of the plasma focus is trying to tell us how cosmic 
rays acquire their energy. It will be only natural for 
those theoretical astrophysicists who are steeped in 
statistical mechanics and turbulent processes, and who 
are now having a love affair with the black hole, to 
scoff at such a suggestion. But this author, undaunted, 
plunges even further into this cosmical question: He 
has the audacity to suggest further that the gigantic 
galactic jets in the active galaxies such as are now 
being observed by the computer-synthesized data of 
the radio signals at a number of wavelengths with the 
Very Large Array radio telescope in New Mexico, from 
radio galaxies like Cygnus A and Centaurus A (NGC 
5128) (Burns and Price 1983, Burns et al. 1984), ate 
being produced by an electromagnetic-ram action sim­
ilar to that of the plasma focus; and further, that this 
action is producing not only these spectacular jets, 
but also the acceleration of the cosmic ray onta at the 
same time in the same accelerating gap. (See Figure 

1.) 
This author, at the risk of affronting both fusion 

plasma theoreticians and astrophysical theoreticians, 
is suggesting that the concept of the "stuttering elec­
tromagnetic ram" packs a triple whammy! 

(1) The stuttering electromagnetic ram accounts for 
the beam-producing features of the plasma focus and 
for a large fraction of the neutrons it generates with 
the D-D reaction. 

(2) The stuttering electromagnetic ram generates the 
gigantic jets observed in galaxies like Cygnus A. 

(3) The stuttering electromagnetic ram accelerates 
onta (mostly protons) to cosmic-ray-spectrum ener­
gies in the same gap where it is accelerating the gigantic 
jets. And, of course, the stuttering electromagnetic 
ram simultaneously accelerates electrons to high ener­
gies and these high-energy electrons produce cosmic 
gamma radiation. 

To justify and quantify these suggestions it is nec­
essary to understand something about the genesis and 
morphology of galaxies. To this end, the author refers 
the reader to an article titled "Possible Hydromagnetic 
Simulation of Cosmical Phenomenon in the Labora-

tory" (Bostick 1958). This paper describes, among other 
things, how "barred-spiral" plasma configurations can 
be produced in the laboratory and how such results 
can suggest a hypothesis for astronomical galaxy gen­
esis and dynamo action. The paper also suggests that 
magnetic repulsion between galaxies can account for 
the "expanding universe," in this respect rendering 
the "big bang" doctrine unnecessary. Although the 
paper is ancient and should be brought up to date in 
a few details, in this author's opinion it is the only 
seminal and acceptable hypothesis for the genesis of 
barred-spiral galaxies that has yet been advanced. The 
author has listened to some attempts by astrophysical 
theoreticians to explain the genesis of barred-spiral 
galaxies and the genesis of the gigantic galactic jets. 
Most of these attempts would remind a witness of the 
efforts of a mariner in a boat without a rudder, without 
charts, and without a compass. The mariner does not 
know how to get where he wants to go. This author 
is making the point that the plasma physics experi­
ments in the laboratory will frequently point the way 
toward the winning hypotheses that will save the 
"mariner" a great deal of time and effort (perhaps an 
infinite amount of time and hence his very life) in 
achieving his goals. The experience of the great as­
trophysicist Birkeland should be noted in this con­
nection (Peratt 1985). The Birkeland current filaments 
are the same as the Beltrami-type of vortex filaments 
we have been studying in the plasma focus for the 
last 20 years. 

This article in the Review of Modern Physics (Bostick 
1958) should, however, be brought up to date in one 
important respect: We have now achieved magnetic 
fields in the laboratory of the order of a gigagauss 
and, therefore, we can more properly scale magnetic 
fields, as well as time and distance in going from the 
laboratory to the cosmos. 

There are, in addition, two important features of 
the "galaxies" produced in the laboratory that are not 
mentioned in the above paper. 

First, stereo pictures show that the plasma jets that 
are fired across a magnetic field through a conducting 
medium are helical in shape. As a result, the "barred-
spiral" galactic configuration formed by the jets com­
ing together, head-to-head, exhibits spiral arms whose 
tips do not lie in the galactic plane but are deflected 
out of the galactic plane. An examination of astro­
nomical photos of galaxies shows this also to be the 
case as it certainly is for Centaurus A in Figure 1. 

Second, the laboratory-produced barred-spiral gal­
axies have spiral arms that are forked at the tips. On 
the photos of astronomical barred-spiral galaxies a 
filamentary forking of each arm into two tips is fre­
quently observed. 

Anthony Peratt has, 25 years later, produced in the 
laboratory in collaboration with Oscar Buneman and 
with computer simulation, barred-spiral configura-
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Figure 1. Map of radio emissions from the central region of Centaurus A is superimposed on a photo of the galaxy. 
A disk-shaped dust lane bisects the galaxy. The radio structure emerges from the center of the dust lane, more or less 
along its axis of rotation. 
SOURCE: Jack O. Burns and R. Marcus Price, "Centaurus A: The Nearest Active Galaxy," Scientific American, Nov. 1983, p. 58. 

tions similar to the author 's (Peratt 1980, 1983, 1984, 
1985). These three-dimensional computer simulations 
replicate the astronomical morphologies of barred-spi­
ral galaxies with incredible fidelity, including the del­
icate features of helical spiral arms and forked tails. 
This author is deeply indebted to Peratt and Bune-
mann, whose high-fidelity simulations have resur­
rected, confirmed, and validated the 30-year-old 
galactic genesis hypothesis that appears in the 1958 
paper. 

As already stated, this hypothesis can explain, 
among other things, the expansion of the universe 
without the ad hoc invocation of the "big bang." Peratt 
et al. with their three-dimensional code also explain 
quantitatively the 3° K. background cosmic microwave 
radiation in terms of continuous synchrotron radiation 
by electrons. With these master strokes of their three-
dimensional code, they have brought into question 
the Aristotelian logic of the "big bang" hypothesis. 
They are shaking the astrophysical scientific com­
munity with a shock wave as potent as the "big bang" 
itself. They can rightfully take their place among the 
foremost astrophysicists and cosmologists of all time! 

With their three-dimensional code, Peratt et al. (1985) 
can explain the anomalously large red shift of quasars 
by the entraining of gas into the Birkeland current 
filaments: As the gas flows inward toward the center 
of the filament, it will always produce a red shift to 
the observer, if radiation from the far side of the fil­
ament is obscured by dust. This entrapment of gas 

into the vortex filaments (Birkeland-Beltrami fila­
ments) of the plasma focus (the filaments act like vac­
uum cleaners) has been known for the past 20 years 
to occur in the plasma focus. 

Figure 2 [Figure 8(d) of the author 's 1958 paper] 
shows only the top hemisphere of the galaxy. The 
lower hemisphere would be a replication of the top 
hemisphere, and each hemisphere will have a column 
of current along the galactic axis near the plane of the 
galaxy. These currents will be in opposite directions 
in the two hemispheres, and will far exceed the 
17,000p-y-A Alfven limit. The current in these columns 
will be carried by large clusters of paired, force-free 
Beltrami-like vortex filaments (as in the plasma focus). 
The columns of current will be most highly concen­
trated near the galactic plane. It is there that each 
current column (one on each side of the plane) will 
undergo the action of the stuttering electromagnetic 
ram effect. Each one will project positive ions (mostly 
protons) in one direction and electrons in the other 
direction. Since the current columns are flowing in 
opposite directions, the beams of protons will be 
ejected in opposite directions along the galactic axis. 
The same is true of the electron beams. Both electron 
beams and proton beams are expected to be seg­
mented by the cyclical, stuttering action of the ram, 
as in the plasma focus. The gigantic galactic jets are 
observed to have "beams" that are divided into seg­
ments, as does the plasma focus. The electron energy 
spectrum of the gigantic jets (as inferred from the 
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Figure 2. A suggested configuration for how regenerative dynamo action can occur in the galaxy to produce a galactic 
magnetic field that increases as time goes on. Electric current flow from galactic center to periphery via the galactic 
halo is indicated to show how the initial magnetic field H can be reinforced. 

synchrotron radiation) is of the form N(E) ~ E~3, and 
this is approximately the same as that for the ions and 
electrons from ram effect in the plasma focus, and for 
the electrons in Raudorf's ram. 

The galactic jets apparently extend to much higher 
energy levels for protons than the ram effect is pro­
ducing in the plasma focus: In the electron beams from 
the plasma focus the electron energies are relativistic 
for electrons but the ion beam energies (<15 MeV) 
are not relativistic for the ions. In the galactic jets 
apparently some of the ions as well are relativistic 
(y —> 4), but an average speed of the jets corresponds 
to a 3 = 0.02. 

We would expect the same general type of orga­
nized force-free vortex structures to appear in the seg­
ments of the galactic jets as are observed in the electron 
beams from the plasma focus (Nardi 1980). 

The energy for generating the galactic jets (if the 
ram effect is responsible) comes from the magnetic 
energy stored in the vast columns composed of paired, 
force-free, Beltrami-like vortex filaments. Most astro­
physicists a priori prefer a more fashionable, exotic 
energy source, such as a stuttering, belching black 
hole. This author would prudently caution that no 
one has ever seen a belching black hole, or even a 
quiescent black hole, but we have observed the stut­
tering electromagnetic ram in the laboratory. Also, the 
Birkeland-Beltrami filaments are observed in the lab­
oratory and appear in the three-dimensional simula­
tions. 
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The author concedes that numbers must be applied 
to this ram hypothesis in the astrophysical context 
and he invites the collaboration of astrophysicists in 
this endeavor. It would be unfortunate if the astro-
physical profession should choose to ignore the ram 
hypothesis, as apparently they have ignored the gal­
actic genesis hypothesis in the 1958 Bostick paper. It 
would be dimaying, indeed, to this author to witness 
professional astrophysical mariners losing their very 
lives without achieving their goals because they would 
not pay heed to a hypothesis flashed to them by a 
foreign (but friendly), ancient mariner in an unregis­
tered boat, but nevertheless a mariner who has seen 
the plasma physics laboratory paradigms of solar flares, 
galaxies, solar prominences, convection rolls of sun-
spot penumbras, striated tails of comets, density fluc­
tuations in the ionosphere due to diamagnetic plasma 
vortices that cause the twinkling of radio stars, pairs 
of diamagnetic vortices produced by exploding bar­
ium canisters or a nuclear weapon at high altitudes 
in the Earth's magnetic fields, the paired flux tube 
structures of Type II superconductors, and the "CP" 
conservation of beta ray decay. 

The stuttering electromagnetic ram model for the 
gigantic jets fits very well for the general geometric 
configurations observed. The crucial question is, where 
does the energy come from? Again, the plasma focus 
can be the paradigm for the answer to this question: 
The energy for accelerating the positive ions and elec­
tron beams in the plasma focus comes from the mag-



netic energy stored in the force-free current (—0.5 MA) 
column, in the electrodes and in the capacitors in 
which all the energy was originally stored. The kinetic 
energy of the electrons in the ionized current column 
is about 10 eV and the kinetic energy of the deuterons 
about 50 eV. When an electron or ion enters the ac­
celerating gap of the ram it can, in a picosecond time 
frame, jump into an N(£) ~ E~2J energy spectrum that 
extends to 15 MeV. For the ions and electrons that 
end up toward the top of this spectrum, there is a 
x 106 factor in their energy increase! The energy for 
the many cycles of ion and electron acceleration at the 
gap is drawn from the "electrical power grid," the 
magnetic energy stored in the plasma current column, 
the electrodes, and the storage capacitors. 

The energy for accelerating the protons and elec­
trons in the galactic jets (in the stuttering electromag­
netic ram model) comes from the "electric power grid" 
involving the enormous flywheel-kinetic-energy of the 
rotating barred spiral, which is a homopolar generator 
that is storing magnetic energy in the countless Bel-
trami-like, force-free, current-carrying filaments that 
compose the pattern of current circulation suggested 
in Figure 2. The original source of this electric-power-
grid energy was accumulated over perhaps 1010 years 
while the self-gravitational process of attracting a dis­
persed mass of M = 3 x 10° solar masses = 6 x 1046 

g from a large volume to a smaller volume of radius 
r = 20 psec = 20 x 0.6 x 1019 cm. The energy made 
available for storage in the electrical grid and flywheel 
by this gravitational transition is £ = GM2/r = 2 x 1066 

ergs. 
Now the electromagnetic energy radiated by an or­

dinary galaxy of M = 3 x 10" solar masses is about 
1041 ergs/sec. An active galaxy like Centaurus A with 
the large jets radiates 10" times as much or 1047 ergs/ 
sec. At this rate of radiation of energy (even with no 
further gross gravitational condensation), Centaurus 
A would be able to sustain this rate for 1019 sec = 
3 x 10" years, which is an order of magnitude greater 
than the age of the universe. Indeed, the percentage 
drain of this radiation on the resources of the galactic 
electrical grid (it should really be called a magnetic 
grid because homopolar generators are naturally low 
impedance devices) could be compared to the effect 
of one camel taking a drink on the flow of the Nile 
(that is, before the construction of the high Aswan 
dam). 

The fact that the high-energy electrons—which are 
producing the synchrotron radiation that makes the 
gigantic galactic jets "visible" to the radio telescopes— 
are constantly being reenergized as they proceed out­
ward with the segments of these jets should be no 
mystery to physicists who have worked with the 
plasma focus. The plasma focus is observed to man­
ufacture plasmoids, which contain magnetic energy 
produced by circulating currents that are flowing in 

Beltrami-type, force-free filaments. These plasmoids 
are projected through space and connect this magnetic 
energy that can be released gradually or suddenly to 
the electrons and positive ions of which the plasmoid 
structures are composed (Nardi 1980). The same pro­
cess is very likely occurring in the galactic jets. 

The laboratory experiments with colliding plasma 
jets, discussed in the author's 1958 paper, also yield 
an explanation that accounts for the observed fact 
(both astrophysical and laboratory-produced) that the 
"bar" in the barred spiral has the morphology of a 
straight, taut cable: The two jets as they draw close 
to one another with their two induced electromagnetic 
frequencies start driving a current pattern that flows 
through self-organized Beltrami-type vortex filaments 
that have tensile strength. It is these tensile filaments 
under tension that are stretched into a straight line 
as they provide the centripetal force to hold the lead­
ing ends of the two spiral arms in orbit. This bar then 
becomes a major part of the armature of the homo-
polar generator, which supplies the electromagnetic 
frequency for the galactic current pattern. This current 
pattern requires a confluence of the current filaments 
at the center of the bar, where they turn 90°, some 
going north along the galactic axis and some going 
south. At this 90° turn, the filaments very likely are 
locked together in some kind of twist so that the entire 
diameter (that is, the entire length of the bar) has 
tensile strength. It is to be expected that there would 
be some clumping of the plasma and magnetic fields 
at the position of the 90° turn as well as the twisting, 
something like a knot in a rope. Such knots or nodules 
are frequently seen in the centers of the bars in as­
tronomical galaxies and in Peratt's simulations. 
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Nonlinear Pumping for X-ray Lasers: 
The Rhodes Experiments 

by Charles B. Stevens 

A totally new possibility involving nonlinear pump 
ing processes for the X-ray laser is being explored by 
Dr. Charles Rhodes of the University of Illinois at 
Chicago to produce efficient X-ray lasers. Rhodes has 
attained inner shell excitations in atoms and molecules 
in a manner that seems to contradict all existing tMv 
oretical models of the atom and quantum physics. 
According to Dr. James Ionson of the Strategic de­
fense Initiative Office Division of Innovative Science 
and Technology, the Rhodes nonlinear pumping 
method could be demonstrated before the end of 19»ij>. 

Rhodes's experimental success opens up new vistas 
for X-ray lasers, but at the same time underscores toe 
present dearth of knowledge on how these processes 
actually work. Normally, efficient pumping of the high 
energy level, inner atomic electrons needed for X-rayf 
lasing is limited to energy inputs that are qualitatively 
comparable to the output. Utilizing longer wavelength 
inputs, such as radiation at wavelengths longer than 
that of X-rays, leads to large wastage. This is becai.se 
the outer electron energy levels interact most strongly 
with the longer wavelengths and emit radiation in tr e 
longer wavelengths that escapes the lasing mediu:n. 
That is, only a small portion, if any, of the input will 
end up pumping the required inner electron orbitah. 
One way around this is to ionize the atoms so that 
only the inner electrons remain. But this involves a 
lot of energy and makes X-ray lasing quite inefficieiq 

In a number of simple experiments, Rhodes showed 
that contrary to accepted theory, long-wavelength ta-
diation could efficiently pump inner electron levels. 
Recent developments in producing high-power, ex* 
tremely short pulses of extreme ultraviolet laser light 
(0.193-micron) provided the key technology lor 
Rhodes's experiments. Once these experiments es­
tablished the new phenomenon at this wavelength, 
it could then be shown that similar processes were 
occurring at longer, 1.06- and 0.53-micron wave­
lengths. 

Rhodes irradiated various gases with 5-picosecoi i<8!j 
3-billion-watt pulses of 0.193-micron argon-fluoride 
laser light. The pulses were focused to intensities of 
1,000 trillion to 100,000 trillion watts per square cen| 
timeter in the experimental volume of the gas. Stim­
ulated emission from the irradiated gas at wavelenglhs 
shorter than 0.193 micron was measured. More than 
1 percent of the input energy was measured in each 
of the stimulated emission wavelengths. This means 
that this pumping method could be 100 million tines 
more efficient than the Livermore collisional pumping 
method, where less than 1 0 " of the input optical 
light ended up as X-ray laser output. 

A wide range of elements were irradiated, dem­
onstrating that the absorption-emission was highly 
dependent on the atomic shell structure. 

The Failure of Existing Theory 
According to Rhodes, the data show that the atomic 

outer shells are absorbing many photons and con­
veying this input to inner shells in a manner appar­
ently in contradiction to present theoretical models. 
Rhodes noted that: 

The data strongly indicate that an organized 
motion of an entire shell, or a major fraction 
thereof, is directly involved in the nonlinear cou­
pling. With this picture, the outer atomic sub-
shells lare envisaged as being driven in coherent 
oscillation by the intense ultraviolet wave. An 
immediate consequence of this motion is an in­
crease in multiphoton coupling resulting directly 
from the larger magnitude of the effective charge 
involved in the interaction. In this way, a mul-
tielectron atom undergoing a nonlinear interac­
tion responds in a fundamentally different fashion 
from that of a single electron counterpart. The 
strong highly nonlinear coupling which develops 
between the radiation field and the atom can re­
sult in the transfer of energy by a direct intra-
atomic process to inner-shell excitations. . . . Al­
though all standard theoretical approaches fail to 
provide a description of the observed phenom­
ena, a relatively simple model, valid at sufficiently 
high intensity, can be contemplated. 

How is the phenomenon explained? First, the time 
scale of the interaction is such that interatomic pro­
cesses like; collisions must be excluded. Next, it ap­
pears that the interaction between the outer shell 
electrons and the ultraviolet laser light is like that 
found in plasmas, where the electrons are not bound 
to atomic shells but are free electrons, with the stip­
ulation that the electrons are forced to follow a re­
stricted path defined by the shell's orbit! The result, 
according to Rhodes's "simple model," is that the mo­
tions of the outer electrons produce giant current 
densities in the range of 100 to 1,000 trillion amps per 
square centimeter. These nonquantum outer-shell 
electron currents apparently produce the efficient ex­
citation of the inner electron orbitals. 

Higher Levels of Interaction 
Another possibility is that the Rhodes experiments 

are also revealing a new level of energy transfer on 
an atomic scale. Specifically, spectroscopic analysis of 
his findings shows that three excited levels of xenon 
gas coalesce to form another level that has a different 
spectroscopic line. This violates the Pauli exclusion 
principle, which holds that three electrons cannot have 
the same orbit. Apparently, however, three levels of 
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xenon at outer orbits form a new orbit together at a 
higher energy level. With the increase in energy, this 
new, unstable orbit gets closer to the nucleus. 

In particular, the high current, plasma-pinch-like 
atomic processes that Rhodes has derived from his 
experimental results may be taking place in all lasers, 
but the time scale for this process may have been too 
short to readily detect it. 

One explanation suggested at a recent Fusion En­
ergy Foundation seminar on astrophysics by Lyndon 
H. LaRouche, Jr., was that this higher level of elec­
tromagnetic interaction could be responsible for all 
lasing, and that the quantum processes, previously 
thought to be determinate, may be only acting as a 
medium to retard the evolution of this higher level of 
electrodynamic action. 

Rhodes points out that when intensity levels of 1019-
1020 watts per square centimeter become available in 
the near future with the development of femtosecond 
rare gas halogen lasers, the irradiated electrons would 
act as completely free particles accelerated in the in­
tense electric field of the incident laser beam. This 
could make possible the efficient pumping of a range 
of X-ray laser wavelength inner energy levels. Fur­
thermore, Rhodes notes, this new process could be 
very important in providing a picture of how rotating 
neutron stars accelerate cosmic rays. 
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Major Beam Advances Announced at 
University of Rochester Conference 

by Charles B. Stevens 

The University of Rochester Laboratory for Laser 
Energetics (LLE) hosted a conference April 17-19, 
"Lasers and Particle Beams for Fusion and Strategic 
Defense," which drew 300 scientists and engineers. 
The conference was the occasion for the announce­
ment of major advances across the full spectrum of 
directed energy technologies: Researchers from Los 
Alamos National Laboratory reported major successes 
with their White Horse neutral particle beam program, 
their Aurora krypton fluoride excimer laser, and their 
free electron laser facility. From Lawrence Livermore 
National Laboratory significant results on both the 
Experimental Test Accelerator and Advanced Test Ac­

celerator electron beam accelerators were reviewed 
together with free electron laser experiments on the 
Experimental Test Reactor. From Sandia National Lab­
oratories, major breakthroughs with light ion beam 
focusing were reported. 

Los Alamos KrF 
Dr. Damon Giovanielli announced that the Los Ala­

mos National Lab krypton fluoride Aurora laser had 
achieved a record output of 10,500 joules at a power 
level of 20-billion watts. This provides the key step 
toward demonstrating the technology for multime-
gajoule, 100-terawatt systems needed for inertial con­
finement fusion. Giovanielli outlined how the recent 
Los Alamos work showed that krypton fluoride could 
attain 10 percent efficiency levels. He also reviewed 
Los Alamos experiments with the Antares carbon-
dioxide laser on beam-defense-related damage exper­
iments and microwave generation. In addition, Dr. 
Robert Hunter of Wester Research Corporation re­
viewed developments in optical multiplexing that will 
be used to bring the krypton fluoride laser up to laser 
fusion-power levels. 

Sandia Light Ion Beam 
Dr. J. Pace VanDevender, director of the Sandia 

Pulsed Power Sciences, and Professor Ravindra N. 
Sudan, director of the Cornell University Laboratory 
of Plasma Studies, detailed the experimental and the­
oretical status of the light ion beam program. Exper­
iments on the Proto I and Particle Beam Fusion 
Accelerator or PBFA I indicate that the Sandia PBFA 
II will be able to develop 10,000 terawatts per sq cm 
of lithium ion pulses with several megajoules total 
energy when it is completed in early 1986. Actual 
fusion experiments are scheduled for 1988. 

In May 1984, Proto I achieved 1.5 trillion watts per 
sq cm. In 1985, PBFA I delivered 8 trillion watts to a 
4.0- to 4.5-mm diameter spot. Proto I has a 1.4 MV 
and .4 Mamp output, while PBFA I has 2 MV and 4 
Mamp output. PBFA II will demonstrate voltage scal­
ing when 30 MeV lithium ions are used. The recent 
success with focusing, which does not appear to have 
any theoretical explanation, strongly indicates that 
PBFA II will come at a power density 100 times that 
originally expected for the machine. 

A Unique Combination 
An open house together with the presentation of 

poster papers was held at the laboratory just prior to 
the conference, providing a unique opportunity to 
obtain an overview of the work of this national user 
laser facility. 

The University of Rochester Laboratory for Laser 
Energetics (LLE) was initiated by the combined efforts 
of the university, New York state, and private indus­
try in the early 1970s. Its unique capabilities were 
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recognized when the federal goverment designated 
LLE as a national laboratory of the Department of 
Energy's controlled fusion research effort and the only 
one open to nongovernmental users. In fact, LLE is 
the most powerful and versatile laser research facility 
readily available to scientists throughout the world. 

The 24-beam Omega laser puts out more than 12 
trillion watts of laser light. Recently it has been con­
verted to the short wavelength, ultraviolet 0.351 mi­
cron—a laser wavelength that is called blue, ijhe 
advanced laser and optical technology developed at 
the university has allowed the Omega to have among 
the highest repetition rates in the world for high-power 
lasers. The laser can be fired every 30 minutes. Other 
facilities, such as the 130-trillion watt, 10-beam Nojva 
at Lawrence Livermore National Laboratory in Cali­
fornia, generally are capable of only a couple of laser 
shots per day. 

This makes the Omega very productive for research. 
And as the National Laser Users Facility, it has been 
made available to the entire scientific community, in­
cluding researchers from academic and medical in­
stitutions, industry, and government laboratories. 
Over the past three years more than 21 user experi­
mental programs have been carried out on the Omega. 

Although it is primarily directed toward harnessing 
the unlimited energy potentials of laser fusion, the 
Rochester LLE has explored the full range of scientific 
and industrial applications of powerful lasers. Spe­
cifically, the lab's charter dedicates it "to investigate 
the interaction of intense radiation with matter!" 

Current Work 
The breadth of the LLE work can seen from these 

examples: 
• Generation of bursts of radiation lasting less than 

a trillionth of a second (a picosecond) and rangihg 
from the long wavelength microwave (inches) to the 
short wavelength X-ray (1 Angstrom ~ an atomic ra­
dius) region of the electromagnetic spectrum. When 
combined and synchronized with picosecond laser 
pulses, this provides a unique means for the exami­
nation and recording of fast, microscopic processes. 
This imaging diagnostic is utilized in observing solid-
state physics processes—the science of computer mi­
crochips, imaging of biological specimens and metab­
olisms, and chemical reaction dynamics. 

• Generation of picosecond electron beams arid 
electric pulse detection, which provides a new way 
of imaging fast processes and resolving microscopic 
resonances in the structure of various materials. 

• Development and application of ultra-high-spe ;d 
(trillion times a second, trillion hertz) sampling sys­
tems. 

• Creation of new types of optical materials and 
coatings for high-power, short-wavelength laser light 
and radiation. 

• Short pulse, subnanosecond, high-resolution X-
ray diffraction and crystallography. 

• X-ray laser development and application. 
• Demonstration of high-resolution X-ray lithog­

raphy to print microchips. 
• Development of high-repetition-rate, high-effi­

ciency, high-power glass lasers. 
• Applications of solid-state switching technology 

to picosecond, time-resolved spectroscopy for both 
biology and chemistry. 

Rochester Firsts 
LLE has accomplished pioneering research in laser 

fusion itself: 
• Early experiments demonstrating the presence of 

nonlinear "parametric" processes in the interaction of 
laser light and matter. 

• First direct measurement of compressed fuel den­
sity in laser-driven targets. 
I • The first comprehensive measurements of har­
monic and subharmonic emission from spherical laser 
fusion targets. 

• Pioneering work on high-gain, low nonlinear in­
dex of refraction of phosphate glass for high-power 
lasers. 

• Development of efficient nonlinear methods for 
upshifting laser light frequencies—making shorter 
wavelengths out of longer ones. 

The Biology of Light: 
New Insights into Life Processes 

by Wolfgang Lillge, M.D. 

Dr. Fritz A. Popp, a biological physicist from the 
University of Kaiserslautern, West Germany, pub­
lished the book Biology of Light, the Basis of Ultra-weak 
Cell Radiation, in 1984 (Popp 1984). In it, he reviews 
specific experiments that he and other scientists around 
the world have conducted in the biology of light in 
the last 60 years. 

Popp's view of biological processes differs signifi­
cantly from that of most of his colleagues, who are 
mainly concerned with molecular phenomena; he 
stresses instead the importance of coherent electro­
magnetic radiation as a key regulating force inside 
and between the cells. His approach is interesting 
because it focuses on the developmental process of 
living matter and how this process changes, rather 
than narrowing the understanding of nature to simple 
molecular interactions, which at most roughly describe 
reality but cannot explain how the universe works. 

Popp's work in this field lends new features to James 
Frazer's article, "New Frontiers in Biophysics" (IJFE, 
3: 63), if Popp's experimental results are put into the 
correct focus. Frazer demonstrated that the absorption 
and emission spectra of a variety of biological surfaces 



can be associated with longe-range coherence in nu­
merous biological processes, especially membrane and 
DNA processes, and he proposed to study apparent 
complementarities (as in the DNA molecule) from the 
standpoint of logarithmic spiral work-function-type 
geometries. 

In the effort to explain life on Earth as a process of 
achieving higher and higher states of order (negen-
tropy) mediated by singularities at any branching point 
reached, simple mechanistic models cannot be relied 
on, as they are known from solid-body physics, quan­
tum mechanics, or information theory. Thus, Popp's 
results—presented in this book and other earlier pa­
pers—are valuable exactly in so far as he avoids inter­
pretation by means of that simplistic, misleading 
information theory of which I. Prigogine is a leading 
representative. 

This article will review new insights into biological 
processes that represent highly structured, coherent 
biological work—the basis for life on our planet. Sev­
eral other researchers have made valuable contribu­
tions to broadening knowledge about, as yet 
unexplainable phenomena in nature, including Prof. 
Philip Callahan of the Insect Attractants, Behavior, 
and Basic Biology Research Laboratory in Gainesville, 
Fla., and J.P. Biscar, Department of Physics, Univer­
sity of Wyoming. In their fields, these scientists have 
elaborated details of the broader reality that living 
processes are based on highly nonlinear resonance 
effects in narrow-band frequencies over a broad range 
of the electromagnetic spectrum. 

The Historical Perspective 
One of the first experiments from which the hy­

potheses of specific light emission by plants resulted 
was conducted by the Russian biophysicist Alexander 
G. Gurvich in 1922. (Popp, p. 34). Gurvich observed 
a significant increase in cell divisions of an onion root 
when he brought a second onion root near to the first. 
He concluded that only ultraviolet emission could be 
the trigger for the increase, for this "mitogenic" effect 
could be stopped by ordinary ultraviolet-proof win­
dow glass, but not by quartz glass, which does not 
absorb in the ultraviolet. 

Only after World War II were sufficiently sensitive 
photon counters developed for detecting the ex­
tremely weak emissions from animal and plant tissue. 
In laboratory work mainly plant seedlings such as 
wheat, beans, and corn were used. Apart from some 
Italian efforts, Russian researchers first recognized the 
significance of "ultraweak luminescence." In the 1960s 
and 1970s, Soviet science magazines regularly pub­
lished reports of experiments with bioradiation. One 
of the experiments employed two cell cultures in sep­
arate quartz glass containers, one of which was either 
infected with a virus or poisoned with strong ultra­
violet radiation or sublimate. In every case, the cells 

in the neighboring container showed the same symp­
toms of sickness soon afterward. When normal win­
dow glass was used, the transmission of the disease 
was not observed, which suggested the involvement 
of ultraviolet radiation in the process. 

One Russian report on these experiments states 
(Popp, pp. 38-39): "The radiation of cells was mea­
sured with a photon multiplier. Normal living cells 
emit a steady flow of photons. This flow changes ab­
ruptly, when a virus enters the cell: explosion of ra­
diation—silence—another explosion—slow decrease 
of emission in several waves, until the death of the 
cell . . . ." 

Another field of intense Russian research was the 
effects of low intensity microwaves on biological 
samples (Soviet Physics 1974). Specific frequencies in 
the millimeter band were found to increase cell di­
visions in cell cultures by an order of magnitude, pro­
vided a specific threshold of intensity was reached. 
Characteristically, the low intensity radiation did not 
heat up the cells, and an increase in intensity beyond 
the threshold level did not result in a still higher yield. 
In West Germany, researchers associated with Prof. 
Genzel of the Max Planck Institute for Solid Body 
Physics confirmed these findings (Popp, p. 29). They 
observed drastic changes in the growth of yeast cul­
tures irradiated with microwaves of specific frequen­
cies. They concluded that nonthermal effects— 
biological resonances with unusually high resolution, 
that is, coherent electromagnetic couplings—were re­
sponsible for these effects. 

These findings allowed a first, rough understanding 
of resonance effects in living matter because the mi­
crowaves absorbed by the cells induced molecules in 
some way to increase their specific internal vibration 
(resonance) and thus their ability to perform biological 
work. 

Popp's Biology of Light 
In 1976, Popp and his coworkers began their own 

experiments in measuring the photon emissions of 
living plant cells, using chiefly cucumber seedlings 
(Popp, pp. 45-49). With an extremely sensible pho-
tomultiplier—which could detect a "fire-fly" at a dis­
tance of 7 miles—they essentially confirmed the 
findings of the Russian experiments. They poisoned 
the seedlings with heparin, for example, and found 
the same characteristic photon eruptions before the 
cell ceased to emit altogether. When, in the same ex­
periment, the heparin antidote protamine was added, 
photon emission soon returned to its previous values. 

Another experiment demonstrated the temperature 
dependence of the photon emission, showing that the 
photon intensity increased in the same way as other 
functions in the cell—membrane permeability, me­
tabolism, and so on—with rising temperatures. Popp 
also irradiated seedlings with monochromatic light 
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Figure 2. In contrast to what happens with dead matter, 
the intensity of emission after light excitation often shows 
a marked increase in biological objects. This seems to be 
also one of the most striking differences between normal 
and tumor cells of corresponding kinds. Tumor cells, 
besides showing a much faster decrease, are character­
ized by an almost total loss of resurgence of emission. 

magnetic fields align the spins of hydrogen protons 
of water and other substances in the cells, and a char­
acteristic oscillation of these protons is recorded when 
radio frequency beams are sent through the tissue. 
Generally speaking, the more regularly periodic the 
arrangement of protons, the more rapid the emission 
of radiation. Therefore, NMR measures something akin 
to long-range coherence of water and other substances 
present in living tissue. Frazer found that tumor tissue 
absorbs and emits at frequencies and with time dis­
tributions slightly different from normal tissue. He 
also seeks to use this same difference of absorption 
and emission for treating cancer by selectively gen­
erating hyperthermia in the tumor tissue. 

Popp also studied the carcinogen 3,4-benzpyrene 
and noted that 1,2-benzpyrene, which differs from 
the former only through the arrangement of one ben­
zene ring, shows no carcinogenic effect at all. Ac­
cording to "classical" theory, 3,4-benzpyrene damages 
DNA by way of a highly reactive intermediate prod­
uct, an epoxide, which then somehow reacts with one 
of the bases in the DNA molecule and destroys the 
genetic code. It has never been demonstrated conclu­
sively why the harmless 1,2-benzpyrene should not 
also function in this way. Popp and others reported 
another, much more fundamental difference between 
the two molecules: 3,4-benzpyrene exhibits a highly 
unusual energetic coincidence of its three lowest ul­
traviolet excitation states, while 1,2-benzpyrene does 
not. Other carcinogenic molecules are said to have 
similar properties. 

3,4-BP may interfere with the ability of the cell to 
repair genetic damage. When cells are treated with 
weak ultraviolet radiation of a specific frequency, they 
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and found that the stored radiation was reemitted owe* 
a period of hours. He put his seedlings into a dark 
container, waited for two hours to allow any stored 
light photons to disappear, and then irradiated the 
sample for one hour with weak monochromatic l i tht 
of varying frequencies (626, 695, 550 nm, and so on). 
The photomultiplier showed a decreasing curve whose 
half-life increased continuously over time. On aver­
age, photon emissions lasted for about two hours (Fig­
ure 1). 

Figure 1. When cucumber seedlings, which are stoj-ed 
in a dark chamber, are then irradiated for two hours with 
weak monochromatic light (626 nm), the stored radiation 
decreases in a way that the half time becomes inert a sJ 
ingly longer. This effect is also observed for different 
wavelengths (for example, 695 and 550 nm). 

Popp compared the photon storage capability of :he 
seedling to a Hohlraum resonator with efficiency 
(number of reflections) increased by a factor of 10 
billion. Hohlraum resonators in microwave technol­
ogy, according to Popp, may have half-lives of sotne 
milliseconds at most, which generally decrease ex­
ponentially. Assuming this kind of comparison f o m 
solid body physics really holds for living matter, this 
is an astounding phenomenon, which may be the 
basis for addressing several other questions. 

With the same method of photon detection, Pcpp 
found a striking difference between normal and tumor 
tissue (Figure 2). After being irradiated with lighl of 
a specific wavelength, the tumor tissue not only ex­
hibited a much faster decrease of photon emission 
than normal tissue over time, but also lost the ability 
of normal tissue to increase its rate of emission again 
after a second input of light of the same wavelength. 
Does tumor tissue then lack the ability to resonate 
coherent electromagnetic waves with the same effi­
ciency as normal cells? 

Frazer described a parallel phenomenon (IJFE, 3:63) 
when he reported that tumor tissue can be clearly 
differentiated from normal tissue, using Nuclear Mag­
netic Resonance technology or NMR. In NMR, strong 



themselves tend to repair DNA damage. If the cell 
itself has a similar kind of internal trigger for self-
repair of DNA damage—perhaps much more efficient 
than crude external ultraviolet irradiation—it is pos­
sible that carcinogenic substances simply absorb the 
cells's internally produced ultraviolet light and block 
the self-repair of DNA damage. 

Popp also studied the spectral pattern of ultraweak 
emissions from his cucumber seedlings over the vis­
ible light range, finding a nearly continuous band sys­
tem with several species-specific maxima and minima 
(Figure 3). Even when the cells were manipulated with 

Figure 3. Ultra-weak cell emission shows an almost con-
tinous band system in the optical region of the spectrum, 
with several maxima and minima that seem to be species-
specific. The lowest curve is untreated cucumber seed­
lings ("Chinese snakes"). It is notable that after appli­
cation of cell poisons (middle curve Cialith, upper curve 
acetone) the intensity increases by up to the factor 1,000. 
However, the spectral distribution stays almost the same. 

different substances, this characteristic band system 
remained, and just shifted up in intensity. This result, 
according to Popp, points to a large molecule (poly­
mer) as the source of the photon emission that has 
strictly coupled spectral bands ("modes") and there­
fore has the same excitation energy and time of decay 
for all frequencies. 

Popp and the theoretical physicist K.H. Li report 
that the curve of decrease of photon emission from 
tissue is hyberbolic rather than exponential, which can 
only be explained if oscillations can stabilize them­

selves on the basis of eigenfrequencies and store pho­
tons actively in a coherent way. Such a system, whose 
major component is suggested to be the DNA mole­
cule and other macromolecules (proteins), is therefore 
able to perform work, using coherent electromagnetic 
waves (photons). 

The ability to store photons and reemit them in a 
coherent way, proves to be one of the primary pre­
conditions of life processes. The multitude of meta­
bolic reactions requires a highly coherent flow of 
photons that provides the activation energy for these 
reactions at the exact location and point in time when 
they are needed. Such a biological photon field is 
superior to any thermal field in chemical reactions by 
the factor of 1040, according to Popp's calculations. 
These calculations are essentially based on the fact 
that in biological systems, the orbits of relevant mol­
ecules are always occupied with the same number of 
electrons each, regardless of their energy; that is, the 
occupation number is nearly independent of the 
wavelength. In this way, chemical reactions in the cell 
may be started and controlled on the basis of what is 
called the least action principle. 

The Russian biologist Inyuschin even speaks of a 
bioplasma in the context of controlling photon fields 
(Popp, p . 62); in effect, this may be only a different 
way of describing the efficiency of the continuous 
transformation process taking place in living tissue. 
The loss of energy in biological matter is minimized 
to a point that, for example, light can be transported 
in plant tissue with an efficiency comparable to su­
perconductivity in supercooled metallic fibers. 

Another expression for such a work function is the 
observation made by various researchers that both 
chlorophyll and DNA molecules are capable of up-
shifting frequency by several orders of magnitude. A 
similar observation is reported by Popp: sometimes 
photons of shorter wavelength (that is, higher energy) 
were emitted by the cucumber seedlings than were 
used during the irradiation (Popp, p . 73). 

The Chal lenge of D N A 
DNA, with its t remendous properties and geome­

tries, is a natural object of interest in uncovering the 
actual processes of life. Not only has DNA the double-
helical form—with sugars and phosphates constitut­
ing the two strands and the bases adenin, guanine, 
cytosin and thymin constituting the steps—but this 
threadlike molecule again is intertwined into other 
superstructures, super-helices, super-super-helices, 
and so forth, occupying a volume of only a billionth 
of a cubic centimeter in each human cell. If one were 
to unravel this structure, the DNA content of one cell 
would amount to approximately 2 meters in length, 
and the DNA of the human body would correspond 
to the diameter of our planetary system—about 10 
billion kilometers. 
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Effects of DNA Explored," Ned Rosinsky, M.D., IJFE, 
3:1, p . 84). "Storing" photons and making them avail­
able for life processes in a coherent way is one aspect 
of the role of DNA in the organism. 

Popp and his collaborator M. Rattemeyer demon­
strated this feature of DNA by means of a simple 
experiment: They correlated the unwinding and re­
winding of DNA with a parallel increase and decrease 
of photon emission from DNA (Popp, pp . 86-89). 
Ethidium bromide, a red dye, is known to intercalate 
itself into the DNA molecule thereby unwinding its 
superstructure. This process depends on the concen­
tration of the dye and does not lead to the total dis­
solution of DNA; rather, when a definite concentration 
is reached, DNA starts to rewind itself but with the 
opposite spin of its superspirals. In fact, the photon 
emission curve registered by Popp and Rattemeyer 
showed the same typical profile of that of the rate of 
DNA unwinding and rewinding effected by ethidium 
bromide (Figure 4). 

The storing and emitting of light may have a definite 
physiochemical basis in the DNA molecule (Popp, pp . 
91-93). It has been demonstrated that in DNA so-called 
exciplexes, or excited molecule complexes, are created 
when one of the molecules constituting the complex 
takes in a photon and stores it in a relatively long-
living "metastable" state of excitation. This process 
was also described as an "excitation energy trap." As 
the first step, one of two neighboring molecules (one 
of the four bases in DNA) absorbs a photon and is 
transformed by that into an excited state. But rather 
than emitting the photon again, molecule Mj reacts 
with neighboring molecule M2 by emitting only a frac­
tion of its excitation energy, forming a relatively stable 
complex. Only after a certain time period, the complex 
itself may decompose, emitting the rest of the energy 
it has stored. 

This local exciplex formation is responsible not only 
for efficiently storing photons but also for stabilizing 
the DNA structure, since the attracting forces of the 
two excited molecules condense the bases of the whole 
macromolecule. 

Not only DNA bases are capable of transforming 
themselves into exciplexes. The same is true also for 
RNA, proteins, chlorophyll, ATP, organic ring com­
pounds and perhaps even oxygen and cell water. Given 
such a complex potential of coherent storage and emis­
sion of photons, it has been established by Li that 
transitions into exciplex states are synchronized and 
are thus capable of coherent photon emissions (Popp, 
p . 94). Popp and Li think the cell actually resembles 
a laser of very specific qualities, which continuously 
operates either just over, at, or below the so-called 
laser threshold. 

Popp admits that there are strong counterargu­
ments to this cell laser conception, yet in a simple 
experiment he demonstrates that biophotons at least 

Figure 4(a). With growing concentration of ethidium 
bromide solutions more and more EB molecules are irW 
tercalated between the DNA base pairs. This intercalation 
leads to the unwinding of the helical DNA superstruc­
tures. Experimentally this can be established by DNA 
sedimentation. After the complete unwinding of DNA^ 
a continuing intercalation does not lead to further dis­
solution of the DNA polymer, but to a renewed rewind­
ing of the DNA helix structure; however the rewound 
structure has opposite spin. 

Figure 4(b). When you observe ultra-weak cell emission 
after treatment with EB solutions, the total amount of 
emitted photons shows already after one hour (lower 
curve) indications of the same concentration dependehcy 
as in (a). This typical profile of (a) becomes even clearer 
after a longer time of registration (three and five hours), 
an indication that ultra weak cell emission depends ori 
DNA conformation. 

The significance of the helical arrangement of DNA 
and its striking geometrical proportions in accordance 
with the golden mean, which give it the potential to 
mediate coherent electromagnetic action into biolog­
ical work, has earlier been demonstrated ("Coherient 



have a high degree of coherence, the precondition for 
laser action. If sunlight hits a very small area on Earth, 
about 1 0 6 square centimeters—which roughly cor­
responds to the surface of a cell—this light becomes 
virtually coherent. To allow sunlight of the same in­
tensity as that observed in photon emissions of bio­
logical samples to enter into the dark chamber of the 
photon multiplier, Popp cut a small slit in the chamber 
wall, not larger than the surface of a cell. The illu­
mination of the interior space of the chamber thus 
amounts to illumination with laser light. Measure­
ments showed that the biophotons from cucumber 
seedlings have at least the same—if not a greater co­
herence—than the relatively coherent incident light 
from the Sun (Popp, p. 141). 

While the idea of a cell operating like a laser is 
fascinating, the complexity of organization on the mi­
croscopic scale of living processes may require a "tech­
nology" more sophisticated than a mere laser, even 
if one imagines it to work on the low-intensity level 
of biophotons. 

A key aspect for the effectiveness of this highly 
coherent radiation, even if of very low intensity, is its 
spectral specificity, as Philip S. Callahan has dem­
onstrated for the attraction of night-flying moths to a 
pheromone, candle light, or other substances that emit 
electromagnetic waves at a narrow-band frequency in 
the infra red. By some means, the organism must be 
able to perceive coherent electromagnetic waves and 
transform them into active work. Callahan found in 
insects highly specialized antenna sensillas, which 
function as receiving instruments for narrow-band in­
frared radiation emitted from scents (pheromones) of 
female insects. 

Popp proposes a similar idea concerning the role of 
DNA. Assuming sunlight to be coherent when it hits 
an area of the size of a normal cell—based on the van 
Cittert/Zernike theorem—it is conceivable that the 
helical structure of DNA represents the unique ge­
ometry to act as a "receiver," or waveguide, for these 
coherent photons. Furthermore, such a "helix an­
tenna" is able to self-adjust to specific frequencies and 
thereby might play a mediating role between coherent 
radiation and the nonlinear development of living 
matter. 

Although Popp presents his conception of the role 
of DNA in a "quantum logic" form, he is on the right 
track when he looks for correlations between the ev­
olution of matter and the role of electromagnetic en­
ergy. Two key parameters in the geometry of DNA 
conform to the geometry of power supply for life. 
First, the distance between two DNA base pairs in the 
helix structure is about 0.4 nm, which is also the "res­
olution power" of sunlight; that is, the smallest dis­
tance over which a photon can be released. Second, 
one full rotation of the DNA spiral has the distance 
of about 3.4 nm, which is an important measure if the 

spiral geometry is to work as an efficient antenna 
(Popp, p. 141). 

These two parameters may be only suggestive. Yet 
the search for evidence of how life processes contin­
uously generate new singularities will eventually lead 
to discoveries of more fundamental principles gov­
erning the evolution of life on Earth. 
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The Gifts of Louis de Broglie to Science 
by Robert J. Moon 

A review of Quantum, Space and Time—The Quest 
Continues,1 Part 1,14 essays prepared in honor ofde Brog-
lie's 90th birthday anniversary (Aug. 15,1982) by 18 well-
known scientists. 

These studies and essays yield a wealth of insight, 
not only into the way scientists think, and much of 
the historical aspect of the development of scientific 
thought, but more important, into the conception of 
ideas from the spirit within a scientist. This always 
takes poetic form, with many facets that yield entrees 
into a more perfect description of God's creation. In­
deed de Broglie described his discovery of wave me­
chanics in this way: "A great light suddenly appeared 
in my mind." 

Ideas are buried within the individual's spirit and 
burst forth when the individual's freedom is not sup­
pressed by worldly materialism and dogmatism. Ideas 
do not come from conscious mentation or reading, 
since ideas are part of the individual's spiritual makeup 
and must be searched for from within in order to be 
discovered. Ideas may flow contrary to the prevailing 
stream of human thought. The individual will most 
likely have to navigate upstream and avoid aimless 
drift, in order to find fertile soil in which to plant an 
idea for the benefit of mankind. 

Such a navigator was de Broglie. Kind and gentle 
to all, but firm with his concepts, he "attempted to 
develop the most promising alternative to the ortho­
dox version of quantum mechanics." He started with 
a model that involved a pilot wave or guiding wave 
vibrating within a particle, much like a radar on an 
airplane sees the entire topology ahead, and this in 
turn guides the plane by means of actions by the pilot. 
This pilot wave calls for a double solution to the equa­
tions of quantum mechanics. 

De Broglie was pounced upon by members of the 
Fifth Solvay Physics Conference in 1927. The Congress 
did not like his concept of the pilot wave associated 
with a particle and the consequent double solution. 
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random jumps in the velocity of light. This ether is 
not the old ether-at-rest model, but is a "new descrip­
tion of nature's 'vacuum' that implies a Copernican 
revolution against the world vision of Newton and 
Laplace, since it organically combines causal motions 
with permanent randomness. It interprets quantum 
mechanics as a Markov process at the velocity of light," 
Vigier writes. 

(3) The third set concerns "the physical origin of 
the laws of nature themselves." The Copenhagen 
School, according to Vigier, "regards Quantum The­
ory as a general form of knowledge that is final in its 
essence. If this is true, knowledge of nature will never 
change again but only eventually develop through the 
introduction of new elementary particles, new La-
grangians, new quantum numbers, and new forms of 
interaction." 

De Broglie and Einstein's approach to theory is ba­
sically different, Vigier says. Reality is immense, and 
no description of the universe by means of a theory 
and experimental proof will ever be a total and final 
one. Rather, each new theory proved by experiment 
is just another thin layer of insight into the nature of 
the real world. 

(4) The fourth set of problems deals with "the ex­
istence of causality in nature and covers the present 
controversy raised by the, now very probable, con­
firmation of the nonlocal character of quantum me­
chanical predictions, discovered by John Bell in the 
Einstein-Podolsky-Rosen type of experiment." 

Bohm Rediscovers the Pilot Wave 
John S. Bell's contribution, "On the Impossible Pilot 

Wave," attempts to present the essential idea "so com­
pactly, so lucidly, that even some of those who know 
they will dislike it may go on reading. . . ."Referring 
to the von Neumann impossibility proof, Bell "saw 
the impossible done" in David Bohm's papers (1952, 
1952a) demonstrating "how parameters could indeed 
be introduced into nonrelativistic wave mechanics, 
with the help of which the indeterministic description 
could be transformed into a deterministic one." The 
pilot wave, ignored by Born and von Neumann, was 
not impossible. David Bohm had rediscovered the pi­
lot wave! 

Bell sets up a simple model of a system whose wave 
function is ^(a, x, t) with one discrete argument, a = 
1, 2 . . . N, one continuous argument, x, of position, 
where — °° < x < + o° as well as a continuous argument 
of time, r. 

He then considers a particle with an "intrinsic spin" 
free to move in one dimension, and finds a solution 
of the Schrodinger equation that yields various wave 
packets $ that "move apart from one another, and 
after a sufficiently long time, . . . overlap very little." 
This model is similar to that of a Stern-Gerlach ex­
periment. 

Wolfgang Pauli made important objections to de Brog-
lie's concept and felt that it did not provide a conl-
sistent account of the many-body system or, ip { 
particular, a two-body scattering process. De Broglie 
felt that his idea had at least a germ of an answtrt. 
This was not appreciated by those present at the Sol-
vay Conference, and de Broglie's friend Einstein did 
not speak up for the theory. These two rejections led 
to rejection by the Congress, which in turn caused de 
Broglie to close his books on this theory, giving up 
further work on it. 

Einstein had in fact written to H. A. Lorentz on Dec. 
16, 1924: 

A younger brother of de Broglie (the one we 
know) has undertaken a very interesting inves­
tigation (Paris Dissertation, 1924) to interpret Bolir-
Sommerfeld quantum rules. I believe this is a first 
weak ray to illuminate this most serious of our 
physical riddles. I have also found something th ât 
speaks for his construction, (p. 41) 

De Broglie learned of the letter only after Einsteir 's 
death in 1955. 

In the introductory paper titled "Louis de Broglie— 
Physicist and Thinker," Jean-Pierre Vigier opens with 
a statement very characteristic of de Broglie, "Grdat 
physicists fight great battles." These essays, Vigier 
says, underline "his present position as forerunner, 
inspirer, and leader of a trend of research which:is 
rooted in his dissent with the overwhelming majority 
of theoretical physicists—and his solidarity with Ein­
stein in the famous Bohr-Einstein controversy." His 
scientific observations and interpretations opened neV 
areas particularly on the "meaning and value of sci­
entific knowledge itself." 

There are four essential groups of problems vfith' 
which these essays are concerned and in which de 
Broglie fought great battles. 

(1) The first set is concerned with Heisenberg's dic­
tum that microphenomena exist if and only if they are 
observable. De Broglie, on the contrary, held to his 
concept of the pilot wave, ^—a real microphenorn-
enon wave that guided particles. 

(2) The second set of problems has to do with Bohr s 
concept that quantum probabilities represent an ul­
timate limit to human knowledge. Contrary to thjsLl 
de Broglie conceived of a random set of subquantali 
hidden variables in a real vacuum with which particle^ 
interact and exchange energy; that is, a vacuum alive 
with subquantal distributions of violent motions, so 
that particle energy changes when moving from one 
point to another, in accordance with the principle >̂f 
least action. These new quantum forces reflect the 
"wholeness" of the surrounding universe. This con­
cept is that of a new ether model. The vacuum state 
is the state of "empty space," vibrant with a covariaht 
distribution of covariant spinning oscillators and with 



Then, by means of the ideas of de Broglie and Bohm, 
Bell adds to the wave function, ty, a particle position, 
X(t). A particle always has a definite position, and the 
time evolution of the particle position after many rep­
etitions of the experiment yields a probability distri­
bution of p(X(f),f) dX(t), which is the conventional 
quantum distribution for position. Thus the conven­
tional predictions for the result of the Stern-Gerlach 
experiment obtain. The result is a position observa­
tion. Bell writes, "probability enters once only, in con­
nection with initial conditions. . . . Thereafter the joint 
evolution of W and X is perfectly deterministic." Thus 
in accordance with Bohr, the results are products of 
the complete experimental set-up, "system" plus ex­
perimental "apparatus" and are not to be regarded as 
"measurements" of preexisting properties of the "sys­
tem" alone. 

Bell concludes with these precepts so clearly em­
phasized in the de Broglie-Bohm picture: 

(1) "Always test your reasoning against simple 
models." 

(2) The only observations that must be considered 
in physics are position observations. 

(3) In using the word "measurement" it is easy to 
expect that" 'the results of measurement' should obey 
some simple logic in which the apparatus is not men­
tioned." "System and apparatus" are inseparable in 
probing the nature of God's creation. Bell favors ban­
ning the word "measurement" in favor of "experi­
ment." 

In order to best understand how an idea of de Brog-
lie's had been shelved in 1927, forgotten, and then 
rediscovered by David Bohm in 1951, Bohm's own 
testimony of the sequence of events is most apropos. 
It is reproduced here in full, for it has many facets 
that should help any physicist to go forward in spite 
of the many vicissitudes that may intervene. 

David Bohm is quoted (pp. 90-91) as follows: 

I wrote a book from Bohr's point of view, mainly 
in order to understand the quantum theory. But 
after I had written the book, I felt that I still didn't 
really understand the quantum theory, and so I 
began to look for new approaches. Meanwhile, I 
had sent copies of the book to Bohr, Pauli, Ein­
stein, and other scientists. Bohr did not respond, 
but Pauli sent an enthusiastic reply, saying he 
liked the book very much. Einstein also got in 
touch with me, saying that though the book ex­
plained the quantum theory about as well as would 
ever be possible, he still was not convinced but 
wanted to discuss the subject with me. 

We had several discussions, the net result of 
which was that I was considerably strengthened 
in my feeling that there was something funda­
mental that was missing in quantum theory. This 
may perhaps have made me work with greater 

energy, but Y. Ne'eman's statement that I was 
"shaken" by my conversation with Einstein and 
"had not recovered to this day" is entirely false. 
In any case, what actually happened was that I 
soon came upon the trajectories-interpretation, 
and prepared a preprint, copies of which were 
sent to many physicists including de Broglie, Pauli, 
and Einstein. I learnt shortly thereafter from de 
Broglie that he had developed this idea much 
earlier and so, in later versions of the paper, I 
acknowledged this fact. Pauli was very negative 
in reply, saying also that de Broglie had devel­
oped the same model many years earlier, and that 
it had been shown by him to be wrong at the 
Solvay Congress. 

As a result of Pauli's letter, I developed a theory 
of the manv-body problem answering his objec­
tions, which was incorporated in a second paper 
[(1952) Phys. Rev. 85: 180]. I had several further 
discussions with Einstein, but he was not at all 
enthusiastic about the idea, probably mainly be­
cause of the feature of nonlocality of the quantum 
potential, which conflicted with his basic notion 
that connections had to be universally in the fun­
damental laws of physics. 

While I can understand Einstein's objections 
fully, I feel that it may have been a tactical error 
on his part to dismiss such ideas because they 
conflicted with his own notions as to the nature 
of reality. For though perhaps unsatisfactory in 
many respects, they made possible, as explained 
in the present paper [by Bohm and B.J. Hiley, 
pp. 77-92 of the work reviewed here; see below] 
certain important insights into the meaning of the 
quantum theory. I feel that a correct approach 
might have been to encourage such work as a 
purely provisional approach, but recognizing that 
it was not likely in itself to be a fundamental 
theory, without further radically new ideas. The 
result of not doing this sort of thing was that, for 
the most part, fundamental physics was reduced 
to its present state of relying almost exclusively 
on formulae and recipes constituting algorithms 
for the prediction of experimental results, with 
only the vaguest notions of what these algorithms 
might mean physically. 

Bohm and B.J. Hiley ("The de Broglie Pilot Wave 
Theory and the Further Development of New Insights 
Arising Out of It") discuss de Broglie's approach in 
which he assumed a double-solution model to quan­
tum mechanics. That is, (1) a real physical wave which 
satisfied Schrodinger's equation, (2) a particle follow­
ing a well-defined trajectory, (3) the momentum, p, 
of this particle was related to the wave through the 
equation: 
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where $ is the phase of the wave function. The particle 
is being guided by the wave ("pilot wave"). (4) Inside 
the particle there is a periodic process (a "clock") which, 
when at rest has a frequency w0 = m^m, and the 
condition for the clock to stay in phase with the pilot 
wave was derived to be 

They conclude from this that "each particle will be acted 
on, not only by the classical potential, V, but also by the 
additional quantum potential Q" (emphasis added): 

(5) The locking in phase, he suggested, is a nonlinear 
interaction, which is crucial in order to obey Schro-
dinger's equation, and this double solution described 
the guidance condition. De Broglie's model "provides 
at least a conceptual connection between quantum 
mechanics and Einstein's attempt at a unified field 
theory, in which the particle is also treated as a non­
linear singularity that merges with the backgrouia 
f i e l d . " j I' 

Members of the Fifth Solvay Congress in 1927 ob­
jected to this idea, in particular Pauli, and not even 
Einstein spoke up for the theory. Twenty-five years 
after de Broglie cast the idea aside, David Bohm ;w| 
discovered the "double solution" with its pilot wave 
and showed it to be a consistent account of a one** 
body system. In a second paper he extended it tq> a 
many-body system in answer to Pauli's objection and 
this led to new insights as to the meaning of quantiim 
mechanics. Bohm's exchange of ideas with de Broglie 
led the latter—then 60 years of age—to again take up 
his old ideas after 25 years, although his approach :.s 
not accepted by most physicists. 

The Trajectory Interpretation 
Bohm and Hiley develop the trajectory interpreta­

tion for a many-body system as an extension of ie 
Broglie's ideas. Their contribution here (pp. 80-87) is 
so significant that it merits a detailed account. Theŷ  
start with the N-body wave function as 

i 

and define the momentum of the nth particle (as c i i 
de Broglie) as: 

Equation (2) is substituted into the many-body Schc(d-
inger equation which yields the conservation equation 
in configuration space: 

The conservation equation also apparently splits into 
two independent parts. 

Bohm and Hiley note that "the one-body equation 
(as treated by de Broglie) arises as an abstraction and 
a simplification of that of the two-body system, and 
eventually of the N-body system. (It is clear moreover 
that ultimately these N-bodies must be extended to 
include the whole universe.)" 

Note that quantum mechanics and classical me­
chanics are expressed in terms of the same language. 

[T]he quantum potential, Q, is not altered when 
the wave function is multiplied by a constant, so 
that it does not fall to zero at long distances, 
where the wave intensity becomes negligible. 
However, the classical notion of analyzability of 
a system into independent parts depends criti­
cally on the assumption that whenever the parts 
are sufficiently far removed from each other, they 
do not significantly interact. This means that the 
quantum theory implies a new kind of wholeness, 
in which the behavior of a particle may depend 
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(where P = y*V, the probability density in this spade), 
and the modified Hamilton-Jacobi equation 

The quantum potential, Q, is the sum of two inde­
pendent functions. If the classical potential, V, is likewise 
a sum, VA(Xi) + VB(x2) then the Hamilton-Jacobi equation 
reduces to two separate parts: 

This interpretation shows that new features of quan­
tum mechanics arise basically from the quantum poten­
tial Q. 

As an illustrative example they consider the case of a 
two-body system with a product wave function: 

Thus: 

where 



Figure 1. Quantum potential for a pair of Gaussian slits. 
The slits can be seen in the background. The fringes are 
formed in the foreground, the dark bands coinciding with 
the valleys of the quantum potential. 

significantly on distant features of the over-all 
environment. This dependence produces conse­
quences similar to those implied by Bohr's notion 
of unanalyzable wholeness, but different in that 
the universe can be understood as a unique and 
in principle well defined reality. 

To illustrate in more detail what is meant here, 
. . . consider an interference experiment, in which 
a beam of electrons of definite momentum is sent 
through a two slit system. In Figure 1, we show 
the results of a computation of the quantum po­
tential [C. Philippidis, C. Dewdney, and B.J. Hiley 
(1979) Nuovo Cimento 52B: 15]; and in Figure 2, 
we show the trajectories resulting from the po­
tential. 

What is especially significant in Figure 1 is that 
the quantum potential remains large at long dis­
tances from the slits, taking the form of a set of 
valleys and high ridges, which latter gradually 
flatten out into broad plateaux. In Figure 2, one 
sees how the trajectories are ultimately bunched 
into these plateaux by the overall effect of the 
potential, and that this brings about the interfer­
ence pattern. (So that, for example, if one of the 
slits had been closed, the quantum potential would 
have been a smooth parabolic function, which 
would produce no pattern of fringes). The fact 
that the quantum potential does not in general 
fall off with the distance is thus what explains 
interference and diffraction patterns, and this is 
clearly also what implies the kind of wholeness 

Figure 2. The particle trajectories emanating from the 
Gaussian slits at the bottom of the figure. The fringes at 
the top result from the bunching of the trajectories. 

Source: D.J. Bohm and B.J. Hiley, "The de Broglie Pilot Wave 
Theory and the Further Development of New Insights Arising 
Out of It" in A.O. Barut et ah, eds., Quantum, Space and Time— 
The Quest Continues (Cambridge: Cambridge University Press, 
1984), pp. 82-3. 

of particle and environment to which we have 
referred above. 

One may return here to the analogy of the air­
plane guided by radar waves. Evidently, it is not 
a case of mechanical pressure of these waves on 
the airplane, but rather, the information con­
cerning the whole environment is enfolded by 
the waves, and carried into each region of space. 
The airplane thus responds actively to the form 
of the waves, and this form is not altered as the 
intensity falls off with distance. A similar re­
sponse to the form of the quantum potential is 
seen to be characteristic of the behavior of the 
electron. This means that in the microworld the 
concept of active information is relevant (see Bohm 
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The Fifth Solvay Physics Conference, held in Brussels, Oct. 23-29, 1927, sponsored by the Solvay International 
Institute of Physics. Among the 30 scientists who attended the conference were E. Schrodinger, W. Pauli, W. 
Heisenberg, W.L. Bragg, P.A.M. Dirac, A.H. Compton, L. de Broglie (middle row, third from right), M. Born, N. 
Bohr (middle row, far right), I. Langmuir, M. Planck, M. Curie, H.A. Lorentz, and A. Einstein. 

Let us take, as an example, the hypothetical 
experiment of Einstein, Podolsky, and Rosen [A. 
Einstein, B. Podolsky, and N. Rosen (1935) Phys. 
Rev. 47: 777]. We consider there the original form 
of the experiment, in which we start with a quan­
tum state of a two-particle system in which (x, — 
x2) and (p, + p2) are both determined. This is given 
by 

where /(x, - x2 - a) is a packet function sharply 
peaked at x, — x2 = a, while Ct is its Fourier 
coefficient. Evidently, in this state p, + p2 = 0 
while x, - x2 can be made as well defined as we 
please. 

In this experiment, one can measure x, and 
immediately know that x2 = x, + a (to an arbi­
trarily high degree of accuracy). Alternatively, we 
can measure p, and immediately know that p2 = 
— p, . In both cases, the first particle is disturbed 
in the process of measurement and, of course, 
the disturbances can account for the Heisenberg 
uncertainty relations as applied to the particle 
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and Hiley [(1975) Found. Phys. 5: 93] for more 
detail). 

What has been said thus far about the new kin i 
of wholeness implied by the quantum theory fcr 
the one-body system is further strengthened by 
a consideration of the many-body system. For 
here one finds that when the wave function is no 
longer separable as a product of functions of the 
coordinates of each particle, the quantum poten­
tial leads to a strong interaction between all par­
ticles of the system, that does not in general fall 
off to zero when the particles are distant from 
each other. This is evidently an extension of the 
dependence of the particle on its overall environ­
ment that characterizes the one-body system. But 
in addition, there is a yet more thoroughgoing 
breakdown of the possibility of analysis, because 
the force acting on each particle is no longer ex­
pressible as a predetermined function of the po­
sition of the other particles. Rather, the functional 
form of the force depends on the whole set of 
conditions in which the wave function is define i 
and determined (so that, for example, the form 
changes whenever this quantum state of the whole 
changes). 



Ap,Ax, S5 h. But since the second particle is as­
sumed not to interact with the first in any way 
at all, it follows that we are able to find its prop­
erties without its having undergone any disturb­
ance whatsoever. Nevertheless, according to the 
quantum theory, the uncertainty principle, Ap2Ax2 

5s h, must still apply. So Heisenberg's explanation 
of this uncertainty as due to a disturbance re­
sulting from measurement can no longer be used. 
It was this which indeed led Einstein, Podolsky, 
and Rosen [1935] to argue that since both x2 and 
p2 were in principle measurable to arbitrary ac­
curacy without a disturbance, they must have 
already existed independently in particle 2 as 
"elements" of reality with well-defined values be­
fore the measurement took place. And so, they 
concluded that quantum mechanics is an abstrac­
tion giving only an incomplete and fragmentary 
description of the underlying reality (as insurance 
statistics are abstractions that similarly yield an 
incomplete and fragmentary description of the 
people to whom they are applied). 

As is well known, Bohr [N. Bohr (1935) Phys. 
Rev. 48: 696] answered this argument by means 
of a further development of his notion that the 
measurement process is an unanalyzable whole, 
which led in this case to the conclusion that there 
is no meaning to the attempt to give a detailed 
description of how correlations of position and 
momentum are carried along by the movements 
of the parts of a many-body system. It is inter­
esting, however, to go carefully into how the tra­
jectory interpretation differs from that of Bohr, 
and yet comes to a similar notion of unanalyzable 
wholeness, though, of course, in another way. 
For this case, writing / = Re's \ we obtain for the 
quantum potential 

with Ax = x, - x2. This function evidently re­
mains large, even when the distance, a, separat­
ing the particles is not small. Therefore, when the 
properties of the first particle are measured, the 
quantum potential brings about a corresponding 
disturbance of the second particle. And from this, 
it can be shown [D. Bohm (1952) Phys. Rev. 85: 
180] that in a statistical ensemble of similar mea­
surements, Heisenberg's uncertainty solutions, 
Ap2Ax2 s= /; will still be obtained. 

Karl Popper on Bohr and de Broglie 
"The new gospel of irrationality," Karl Popper writes, 

"was first publicly preached by Bohr in Como at the 
International Congress of Physics 1927; and a few 
weeks later, in Brussels, at the [Fifth] Solvay Con­
gress." Popper's contribution is "A Critical Note on 
the Greatest Days of Quantum Theory." He reports 
young physicists thinking Einstein had become pre­
maturely old at the age of 48! Bohr became the favorite 
of the young brilliant physicists led by Heisenberg, 
Pauli, and Max Born into what the young considered 
a greater revolution than Relativity. Some thought 
Einstein an antediluvian. Popper thinks "the real break 
was . . . between a radical and dogmatic empiricism 
. . . and a critical realism." This empiricism was hid­
den under the "general usage of the almost incredible 
term 'observable'. . . . There are, in fact, no observables 
in atomic physics." There are only indirect observations, 
that is, traces of the effects of particles on the envi­
ronment through which the particles pass. 

The de Broglie waves made Bohr's atom under­
standable. The advent of recording Geiger counters 
and photographic Wilson cloud chambers began the 
death of the "observer." 

A new term, "hidden variable," arose to offset "ob­
servable," Popper writes. "In fact. . .all physical 'var­
iables' are hidden." Hidden variables are a consequence 
of Heisenberg's interpretation of his indeterminacy 
formulae. 

The Copenhagen school interprets Heisenberg's in­
determinacy principle as excluding: 

(a) all measurements which would be better than 
the product of the change of momentum with the 
change of position, AprAx s* h; 

(b) as well as all subjective knowledge better than 
this; and 

(c) the existence of all particles that possess position 
and momentum to a greater precision than (a). 

On the other hand, "a realist interpretation of quan­
tum mechanics would interpret" (a) above "neither 
speaking about measurements nor about our knowl­
edge," but rather "as speaking about the preparation 
of particles, and their position and momenta," inde­
pendent of whether they are being observed or mea­
sured, though the realists recognize that the particles 
of course will respond to fluctuation in the environ­
ment mostly in a partially unpredictable fashion. 

Einstein, Podolsky, and Rosen published their fa­
mous paper, "Can Quantum Mechanical Description 
of Physical Reality Be Considered Complete?" in 1935 
"to show that a particle possesses both a precise po­
sition and a precise momentum." Popper considers 
the argument valid. 
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ring the Garden, the Snake, Eve, the Tree—and what 
followed therefrom. Well, again de Broglie agreed. 
And we spent the rest of the evening reading and 
commenting on the wonderful poem, which finally 
has to do with the irresistible growth of knowledge 
from roots in the darkness beneath, to leaves in the 
brilliance above. . . . So it seems to me that there is 
some Leibnizian preharmony between Valery and sci­
entists." 

As John Bell proclaims, "Long may Louis de Broglie 
continue to inspire those who suspect that what is 
proved by impossibility proofs is lack of imagination." 

Notes 
1. Quantum, Space and Time—The Quest Continues, Asim O. Barut 
et al., eds. (Cambridge: Cambridge University Press, 1984, 680 
pp. , $49.50, paperbound). The 14 essays in Part 1, covering 245 
pages, are by the following authors: Jean-Pierre Vigier, Georges 
Lochak, Alwyn van der Merwe, O. Costa de Beauregard, Karl 
Popper, J. Andrade e Silva, J.S. Bell, D.J. Bohm and B.J. Hiley, 
L. de la Peha and A.M. Cetto, Stanley P. Gudder, Ph. Gueret 
and J.-P. Vigier, Mioara Mugur-Schachter, F. Selleri, and 
H.-H. v. Borzeszkowski and H.-J. Treder. 

Part II is a collection of essays dedicated to Eugene Paul Wigner 
on the occasion of his 80th birthday, Nov. 17, 1982. Part III, in 
like manner, is dedicated to Paul Adrien Maurice Dirac on the 
occasion of his 80th birthday, Aug. 8, 1982. 
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Book Review 

The author reviews the current state of reversal theory, that is, the theory 
of how the magnetic field of the Earth reverses and on what basis we know 
that the field does in fact reverse. 

The basic problem the author faces, and to which he readily admits in the 
introduction, is that there exists no satisfactory theory of the Earth's magnetic 
field—a theory that explains not only how the field reverses but how the 
field came into being and continues to exist. Such a theory is, in fact, one 
of the greatest outstanding problems of the work of Riemann and Gauss. 

The difficulty involved is mostly that nothing is known about the com­
position of the Earth beyond a depth of 20 km or so. We "guess" that it 
must be composed of some material with ferric properties. We also know 
that as we go deeper into the Earth, it grows warmer and, as is easily 
calculated, the pressure gets greater. This indicates that the material in the 
core of the Earth is hot and fluid. This idea agrees well with the material 
seen coming out of volcanos. Thus it seems that the inner parts of the Earth 
are made of fluid stuff with magnetic properties. 

Fluid stuff with magnetic properties is also known as plasma, and what 
author J. A. Jacobs does not seem to understand is that he is dealing with a 
plasma under immense pressure. Therefore, one must turn away from me­
chanical models of the Earth's field and look at plasmas, the best sort of 
plasmas being those that are self-confining or confined under a high external 
field. The plasmas that fill this bill are z-pinches and Mather-type focuses. 
In the case of z-pinch, the best example is the Los Alamos ZT-40, which has 
intense field reversals at a semiregular rate. With the laboratory plasma 
focus, Winston Bostick et al. have demonstrated plasma conditions of the 
sort that occur on the astrophysical scale. The question as to how the field 
reversals occur should become a matter of what is the proper plasma model. 

If the generator of the field is taken to be a plasma, one would expect 
reversal of the magnetic fields, shifts in structure, and even very short-term 
changes in strength and direction. It seems clear, although this is not the 
perspective of the author, that the core of the Earth is a very complex 
magnetohydrodynamic system. 

—Robert B. McLaughlin, Jr. 
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