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IN Jaxvary 1910 Max Planck sent a
- paper to Annalen dar Physik on the
theory of black-body radiation.! It was
iis first paper on this subject since the
epoch-making work in which he had
ced the concept of energy
almost a decade earlier.
had no new results to report,
1€ felt that it was time he ex-
d his views on what had been
on in the intervening vyears.

neither the problems of radi-
r Planck’s startling idea that
could sometimes vary only in
steps had yet seriously caught
tention of most of his colleagues.
k himself, of course, had thought
t deal about these things, as he
d in a letter to Walther
t a few months later:> “I can
thout exaggeration that for ten
. without interruption, nothing
fiysics has so stimulated me, agi-
- me, and excited me as these

Thermodynamics and
Quanta in Planck’s Work

Planck’s search for a deeper understanding of the second law of thermody-
namics led him to a strange and unexpected result—the concept of energy
quanta. His conservative attitude toward this revolutionary discovery expressed

itself in his attempts to reconcile the quantum with classical electrodynamics.

quanta of action.” But his approach
to the problems did not coincide with
those of the relatively few others who
had concerned the
theory of radiation, and Planck wanted
to point out the path that he consid-
ered most sensible and most promis-
ing for future success.

In his paper, Planck arranged the

themselves with

current views on radiation into a spec-
trum, placing his own in the solid cen-
tral position. The extreme right wing.
represented by James Jeans, was still
trying to maintain the soundness ol
Hamilton's equations and the equi-
partition theorem. The fact that the
equipartition theorem could not ac
count for the existence of the equi-
librium distribution of black-hody ra-
diation,
form, had to be explained, according
to Jeans, by the absence of true ther-
modynamic equilibrium in the racia-
tion. At the opposite end of the spec-

much less for its observed

trum of opinion were the radicals who

by Martin J. Klein

interpreted the failure of the equipar-
tition theorem as a sign that nine-
teenth-century physics, for all its great
needed  sweeping
changes. The most daring of their pro-
posals suggested that radiation be con-
sidered as a collection of independent
particles of energy—light quanta—
rather than as continuous electromag-

SLICCESSES, now

netic waves. This position was ad-
vanced most forcefully by Albert Ein-
stein, who supported it with a variety
ol arguments, drawing upon his un-
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PLANCK

matched into statistical me-
chanics.

Planck could not accept either of
these extreme viewpoints. Jeans' at-
tempts to salvage the equipartition
theorem left him unconvinced. Some-

thing in classical physics had to be

insight

given up. To that extent he could
agree with the radicals, but only to
that extent. For he was concerned that
they wanted to throw out too much.
He would not grant the cogency of
the arguments for a new corpuscular
theory of light, even though Einstein
claimed that his light quanta were 2
necessary consequence of the observed
form of the black-body radiation law,
Planck was not ready to give up the
whole development from Huygens to
Maxwell and Hertz which had estab-
lished the electromagnetic wave theory
of light, *all
belong to the proudest suc

those achievements
which
cesses of physics, of all science,” for
the sake of what he called a few highly
controversial arguments.

He was, however, ready to sacrifice
the equations of mechanics, and stated
that Hamilton's equa-

tions could no longer be taken as gen-

his assurance

erally valid. In that way the equipar-
unfortunate
avoided.

tition theorem and its

consequences  could  be
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Planck was sure ol something else:
The discontinuity expressed by his
quantum ol action was real and would
have to be reckoned with. He foresaw
a [uture theory that would somehow
reconcile the existence of the quantum
of action with electrodynamics, but in
the meantime he advocated caution:
“One should proceed as conservatively
as possible in introducing the quan-
tum of action into the theory, making
only those changes in existing theory
that have proved to be absolutely nec-

essary.”
Planck's stand amounted to this:
He had no doubts about the [unda-

mental importance of the quantum
of action itself, but he saw no need for
a real quantum theory of radiation
and matter of the kind that already
seemed inevitable to Einstein. I think
that this statement of Planck’s views
helps one to understand his work dur-
ing the next few years, in which he
seemed to retreat steadily
own radical step in 1900. I shall dis-
this work later on in

from his

cuss some of
this paper, but I want first to go back
and try to point out the way in which
the development of Planck’s ideas had
led him to adopt this attitude towards
the quantum and the quantum theory.

Second law as absolute

later Planck often ex-
pressed his deep conviction that “the
search for the was ‘“‘the
loftiest goal of all scientific activity.”3
The context of his remarks clearly in-
dicated that he saw the two laws of
thermodynamics as a prototype of that
“loftiest goal.” For Planck had formed
himself as a physicist by his self-study
of the writings of Rudolf Clausius, that
lucid but rather argumentative man
who first distinguished and formulated

In his years

absolute”

the two laws of thermodynamics, and
it was thermodynamics as seen by
Clausius  that set the pattern of
Planck’s scientific career. He devoted
the first fifteen so of that
career to clarifying, expounding and
applying the second law of thermo-
dynamics and especially the concept of
irreversibility. Planck’s solid and suc-
cessful work in this field did not bring

vears or

him all the satisfaction he might prop-
erly have expected. One reason was
that he learned, too late, that some of
his results had heen anticipated a few

years earlier in the memoirs of Wil-
lard Gibbs. More disturbing was the
rise of a powerful school of thought,
the “Energeticists,” led by Wilhelm
Ostwald and Georg Helm, which re-
jected the clear distinctions made by
Clausius, and offered a new master-
theory that would have replaced the
elegant mathematical structure of
thermodynamics by a confused and in-
consistent tangle.t Planck later de-
scribed his failure to persuade the
Energeticists of the errors ol their
ways as “one of the most painful ex-
periences of my entire scientific life.”
As a disciple of Clausius, Planck
looked upon the second law of thermo-
dynamics as having absolute validity:
Processes in which the total entropy
decreased were to be strictly excluded
from the natural world. He did not
care to follow Clausius in pursuing
“the nature of motion which we call
heat,” or in searching for a mechani-
cal explanation of the second law of
thermodynamics.? And he most cer-
tainly did not follow Ludwig Boltz-
mann in his reformulation of the sec-
ond law of thermodynamics as a sta-
tistical law. Boltzmann's statistical me-
chanics made the increase of entropy
into a highly probable rather than an
absolutely certain feature of natural
processes, and this was not in keeping
with Planck's own commitments. The
statistical interpretation of entropy is
conspicuously absent from the papers
Planck wrote in the early 1890's under
such titles as “General Remarks on
Modern Developments in the Theory
of Heat"® and “The Essence of the
Second Law of Thermodynamics."?
One should not think, however, that
Planck was content to keep thermo-
dynamics a completely independent
subject, separate from the rest of phys-
ics. He preferred the rigorous argu-
ments of pure thermodynamics to the
difficult but approximate treatment
of molecular models in kinetic theory,
but he also felt strongly the need to
relate the irreversibility described by
the second law to the other funda-
mental laws governing the basic con-
servative processes. He rejected Boltz
mann’s approach because it rested on
statistical assumptions, and Planck
wanted to avoid these. He hoped that
the principle of increasing entropy
could be preserved intact as a rigorous

fik
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ihgarem in some more comprehensive
and more fundamental theory.

Spcond law and Wien distribution

In March 1895 Planck presented a
paper to the Academy of Sciences at
Berlin that seemed to represent a basic
hift in his interests.3 He had just put
side his usual thermodynamic con-
cerns to discuss the problem of the
resonant scattering of plane electro-
magnetic waves by an oscillating di-
pole of dimensions small compared
1o the wave length. A careful reader
...ﬁ-oujd have noticed, however, that at
' the end of the paper Planck admitted
iat this study was only undertaken
3 a preliminary to tackling the prob-
* lem of black-body radiation. The scat-
tering process offered a way of under-
standing how the equilibrium state of
the radiation in an enclosure at fixed
temperature  could be maintained.
The thermodynamics of radiation was
the underlying problem, and Planck’s
attention may have been drawn to it
| by Wien's paper of 1894 which pre-
. sented the displacement law.Y
. The following February Planck had
further results to report to the Acad-
emy.l He had extended his studies
o the radiation damping of his
. charged oscillators, and he was im-
pressed by the difference between ra-
| diation damping and damping by
means of the ordinary resistance of

the oscillator. Radiation damping was
i« completely conservative mechanism
that did not require one to invoke
the transformation of energy
heat, or to supply another character-
istic constant of the oscillator in order
0 describe its damping. Planck
thought this could have far-reaching
mplications for this fundamental
fuestion of irreversibility and the sec-
ond law. As he put it, “The study of
| onservative damping seems to me to
be of great importance, since it opens
Up the prospect of a possible general
‘&planation of irreversible processes
by means of conservative forces—a
.;P@blem that confronts research in
theoretical physics more urgently
| Oery day.”
~ One year later, in February 1897,
communicated the first of what
Would become a series of five papers,
tending over a period of more than
".'"'Te‘ars, on irreversible phenomena

mto

in radiation.11
duction

The extended intro-
indicated that Planck
was planning a major work. He began
by asserting that no one had yet suc-

itself

cessfully explained how a system gov-
erned by conservative interactions
could proceed irreversibly to a final
state ol thermodynamic equilibrium.
He explicitly discounted Boltzmann's
H-theorem as an unsuccessful attempt
in this direction, citing the criticisms
recently raised by E. Zermelo, Planck’s

own student., against Boltzmann's
analysis.’=  Planck then announced
his own program for deriving the

second law of thermodynamics for a
system radiation and
oscillators in an enclosure
with reflecting walls. He would intro-
duce no damping other than radia-
tion damping, but would take the
basic

consisting ol
charged

mechanism [or irreversibility to
the form ol an

electromagnetic wave by the scattering

be the alteration of
process—its apparently irreversible con-
version [rom incident plane to outgo-
ing spherical wave. The ultimate goal
of this program would be the explana-
tion of irreversibility for conservative
systems and, as a valuable by-product,
the determination of the spectral dis-
tribution of black-body radiation.

His goal

was precisely right for a disciple of

Planck had high hopes:

Clausius. It would have been a splen
did conclusion to his work in thermo-
dynamics, and it would have put an
end, once and for all, to claims that

the second law was merely a matter

ol probability. How Planck to

Wias

know that he was headed in a very dif-

ferent direction, that he had started
on what he would later call “the long
and multiply twisted path” to the
quantum theoryz#!s

There was, unlortunately, a funda-
mental flaw in Planck’s proposal and
it was promptly pointed out by Boltz-
mann.’* The equations of electrody-
namics could not produce a mono-
tonic approach to equilibrium any
more than the equations ol mechanics.
both needed to be supplemented by
appropriate  statistical
Nothing in the equations of electro-

assumptions.

dynamics would, for example. forbid
the inverse of Planck's scattering proc-
ess. (It is reasonable to suppose that
Boltzmann was, at the least, not de-
terred from pointing out this error
by Planck’s negative comments on his
Planck’s of Zer-

melo  did not help either,

OWIl \\-'f'!l‘k. 51]])')(‘]1'{.
matters
since Boltzmann had found Zermelo's
criticism  particularly irksome; Boltz
mann commented that Zermelo's pa-
per showed that if. after a quarter of
a century, his work had still not been
understood, at least it had finally been
noticed in Germany!) 13

Planck finally granted that a sta-
tistical assumption was necessary, and
introduced what he called the hypoth-
esis of “natural radiation,” 16 the ap-
propriate analogue of Boltzmann's hy-
pothesis of “molecular chaos,” the hy-
pothesis underlying the H-theorem.17
With the hypothesis
Planck was able to complete his pro-

help of this

gram. in a sense, and he reported his

MAXWELL
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HUYGENS

work in the last paper of the series in
June 1899.18 He proved first that the
spectral distribution of the equilib-
radiation at temperature T,
P(l"T) (the energy per minute fre-
unit

rium

quency interval at p in a vol-
ume) ,

ergy, L(;,T), of an oscillator of fre-

was I'l'.'l;lli;‘(] o l]l(_f average en-

quency p by the equation,
p(nT) = (8m?/c?) E(T) (1)
This average energy could be deter-

mined once he fixed the dependence

of the entropy § of the oscillator on-

its energy E, but he had no independ-
ent method for determining the func-
tion S(E). He knew, however, that
the spectral distribution had to satisfy
Wien's displacement law,

o T) = # f(v/ T) (2)
where f is a [unction of the ratio
(v/T) only, and that Wien had pro-
posed a particular form of the dis-
tribution that accounted for all avail-
able

experimental measurements.1?

Wien's distribution had the [orm,

p(r-T} = oy EXP (__,BI'/ T) (3)
and, with the help of equation 1 and
the thermodynamic definition of the
temperature, this would fix the form

of the entropy function S(E).

Planck proceeded to define S(E) by

S(E)Y=— (E/By) {In Efay) — 1} (4)
the form fixed by equation 3, where
@ = (ac®/8x). He convinced himsell
that this definition was the only possi-
ble one in the sense that if and only

if the entropy had this form could he
prove that the total entropy of the

system increased monotonically to an
equilibrium value. This is what 1
meant when I said that Planck com-
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BOLTZMANN
pleted his program “in a sense.” He
had shifted his ground so that he
actually used the second law to fix the
entropy function and thereby the
spectral distribution of the black-body
raciiation.

Planck

words: “I

formulated his result in

these believe that it must
therefore be concluded that the defini-
tion given for the entropy of radia-
tion, and also the Wien distribution
law for radiation that goes with it, are
necessary consequences of applying the
principle of entropy increase to the
electromagnetic theory of radiation,
and that the limits of this law, should
there be any, therefore coincide with
those of the second law of thermody-
namics. For this reason further experi-
mental tests of this law naturally ac-

quires so much the more interest.”

The absolute system of units

This last statement is remarkable
enough in the clear light of our hind-
sight, especially since this paper was
also published, with only minor re-
visions, in the Physil
early in 1900, onlyv months before the
introduction of the quantum,®® But

Planck ended his

Annalen der

paper with an even
more remarkable section. His expres-
sion for the entropy of an oscillator
(1) contained two constants, a and B,
which also appear in the Wien distri-
bution law, two universal constants as
Planck called 1ntro-
duced them. He evaluated these con-
stants numerically from the available
experimental data on black-body radi-
ation .

them when he

and

found for B the value

LORENTZ

0.4818 x 10—19 sec °K and for a the
value 6.885 x 10—27 erg sec. Planck
observed that these two constants to-
gether with the velocity of light ¢
and the gravitational constant G could
be used to define new units of mass,
length, time and temperature and that
these units properly deserved the title
ol “narural units”,

All systems of units previously em-
ployed owed their origins to the acci-
dents of human life on this earth,
wrote Planck. The usual units of length
and time derived from the size of the
earth and the period of its orbit, those
of mass and temperature from the spe-
cial properties of water, the earth’s
Even the
standardization of length using some

most characteristic feature.
spectral line would be quite as arbi-
trary, as :i|llhrop()murphic, since the
particular line, say the sodium I line,
to suit the conven-
ience of the physicist. The new units

would be chosen
that he was proposing would be truly
“independent of particular bodies or
substances, would necessarily retain
their significance for all times and for
all cultures, including extraterrestrial
and therefore
deserved the name of “natural units.”
That were of awkward sizes
(10—33 cm, 10—42 sec. etc) was obvi-
ously of no importance. “These quan-

and non-human ones,"”

they

tities preserve their natural significance
so long as the laws of gravitation and
the propagation of light in vacuum,
and the two laws of thermodynamics
retain their validity."21

I have referred earlier to Planck’s
conviction that the search for the ab-




NERNST

solute was the physicist's proper goal.
The universal constants as well as the
most general physical laws belonged
to that category of the absolute for
him. As he put it in an essay written
in his ninetieth year, “The endeavor to
discover [the absolute constants] and
to trace all physical and chemical
processes back to them is the very
thing that may be called the ultimate
goal of scientific research and study.”22
He had obviously felt the same way
half a century earlier.

It will not have escaped your notice
that the constant he called a in 1899
was soon to be renamed and reinter-
preted. The “further experimental
tests” that Planck had called for were
promptly made, and as the measure-
ments were extended to longer wave-
lengths it became apparent to Planck
that either the second law of thermo-
dynamics did not have universal va-
lidity or there was an error in his
arguments.>® For the Wien distribu-
tion law could not represent the new
data in the infrared. I do not have
Space here to recount in detail the ex-
ating events of 1900, but by October
Planck was ready to offer a new distri-
bution law which did account for the
Eperimental results obtained by his
wlleagues Rubens and Kurlbaum, as
Well as for all subsequent results on
the black-body radiation spectrum.2
The new law had the now familiar
form,

plnT) = aBlexp(By/T) —1]—1 (5)
Planck’s earlier analysis of the way
that entropy increased with time had
Suggested this as the next simplest

CLAUSIUS

possibility after Wien's law. The prob-
lem was to create a suitable theoretical

foundation for the new distribution
l;l\\'.
Planck had to take a difficult and

probably painful step. He had to put
aside his opposition to statistical
mechanics and his years of occasional
controversy with Boltzmann and try to
adapt Boltzmann's methods to his
problem.25 All other resources had
failed him. The crux of the matter
was still the energy-entropy relation
for an oscillator; perhaps Boltzmann’s
equation for the entropy in terms of
the number of complexions could fx
this one missing relationship. Planck
had the great advantage of knowing
what the answer had to be, since his
new distribution law, equation 5, de-
termined the form of the entropy of
an oscillator as a function of its
energy. It too had the kind of logarith-
mic structure that Boltzmann's equa-
tion would suggest. Using Boltzmann's
great memoir2® of 1877 as his guide
Planck plunged in, and “after a few
weeks of the most strenuous work of
my life,” as he put it, “the darkness
lifted and an unexpected vista began

to appear.”

“An act of desperation”

In order to calculate the “‘thermody:-
namic probability” of a state in which
was shared

a certain energy

many oscillators of the same fr[-quen(:u

among

that is to say, the number of ways in
which this sharing could be accom-
plished, it was essential that Planck
imagine the energy to be composed of

identical units,
magnitude ¢. This by
would not have been a novel step:
Boltzmann
computational device, particularly in
the 1877 memoir that Planck used as

a hnite number of

each ol itself

had often done it as a

his guide. But Planck had to refrain
from taking the accepted next step,
namely going to the limit where ¢
vanishes.=" He had to refrain, that is,
if he were to arrive at the entropy
formula required by the distribution
law that he knew to be the correct
one. He was willing to take this step,
to restrict the energy ol one of his
oscillators to multiples of the energy
unit or quantum ¢, radical though he
must have known it to be,

Thirty years later, in a letter to R.
W. Wood,*8 Planck described what he
had done as "an act of desperation,”
undertaken against his naturally
peaceful and unadventurous disposi-
“But,” he “I had al-

ready been struggling with the prob-

tion. went on,
lem of the equilibrium of matter and
radiation for six 1894)
without success; I knew that the prob-

years (since

lem is of fundamental significance for
physics; I knew the formula that re-
produces the energy distribution in
the normal spectrum; a theoretical
interpretation had to be found at any
cost, no matter how high." He de-
scribed himself as ready to sacrifice
any of his previous convictions except
the two laws of thermodynamics.
When he found that the hypothesis of
energy quanta would save the day he
considered it “a purely formal assump-
did not give it much

tion, and I
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THE 1911 SOLVAY CONGRESS brought together many of those who
were interested in quantum theory. Planck is standing second from left.

thought except for this: that T had to
obtain a positive result, under any cir-
cumstances and at whatever cost.”
Planck actually did give his as-
sumption of quanta a good deal of
thought along one particular line. His
theory, which I must omit here, once
again contained two universal con-
stants: the constant k, the proportion-

ality constant that related entropy
to the logarithm of the “thermo-
dynamic probability,” and the con-

stant &, brought into existence by the
requirements of the displacement law
which made the energy quantum
proportional to the frequency of the
oscillator, so that ¢ could be ex-
pressed as hy,. These constants were
equivalent to those that Planck had
emphasized a year earlier: h was
the former a and & was the ratio
of the former a and - But now
Planck could discuss their detailed
physical importance as well as their
absolute significance. The constant k,
in particular, had to be equal to the
ratio of the gas constant R to Avo-
gadro’s number N, the number of
atoms in a gram atomic weight. And
Planck's determination of & and h
from the measurements on black-body
radiation, with the help of his distri-
bution law in the form
e T) = (8m?/c?) (hy) {exp (hy/kT)
—1}1-1 (6)
gave him an accurate value of Avo-
gadro's number and with it the mass
of the individual atom.29
This

Planck's value for Avogadro’s number

was a major achievement,
was [ar more accurate than any of the
existing indirect estimates based on
the kinetic theory of gases, and he used
it not only to get the mass of the atom

but also, together with the Faraday
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constant, to determine the charge on
the recently discovered electron, the
natural unit of electric charge. His
value of e was 4.69 x 10—10 ess.u.—at
a time when the early attempts at
direct measurement gave results from
1.3 to 6.5 in the same units. Unfor-
tunately, Planck’s contemporaries did
not properly appreciate these results;
the handbooks went on printing crude
determinations of Avogadro’s number,
ignoring Planck’s value.3? The first ex-
perimentalist to quote Planck’s value
of ¢ seems to have been Rutherford, in
1908, probably because he and Geiger
obtained essentially the same
value, 4.65 x 10—10 from the
charge on the alpha particle and were

had
e.s.u.

glad to have a confirmation of a re-
sult 509, higher than J. J. Thomson’s
current best determination.?!

Planck himself laid heavy emphasis
on these concrete results of his theory,
both in his papers and in his Lectures
on the Theory of Heat Radiation32
1906, I
that, with Planck’s particular sensi-

published in am convinced
tivity to the importance of the natural
constants, it was these results that as-
sured him that quanta were more than
an ad hoc hypothesis, useful only for
arriving at the law. Of
course h, the second constant in his
equation, the essentially new constant
in the theory, was yet unexplored. He
remarked in his several
points that & must have some direct
electrodynamic  meaning, that this
meaning must be found before the
theory of radiation could be consider-
ed fully satisfactory, but that a lot
maore

radiation

Lectures at

research would be needed be-
fore this meaning was revealed.
The kind of electrodynamic mean-

ing that Planck had in mind for h

was suggested in a letter he wrote to
Paul Ehrenfest®® in July 1905. Ehren-
fest was engaged in an analysis of
Planck’s assumptions and had written
to Planck asking several questions
about them. In his answer Planck
pointed out that the existence of a
discrete unit of electric charge im-
posed certain limitations on the elec
tromagnetic field. He went on to
write: “Now it seems to me not com-
pletely that there is a
bridge from this assumption (of the
existence of an elementary quantum
of electric charge e) to the existence
of an elementary quantum of energy
h, especially since k& has the same di-
mensions and also the same order of
magnitude as (e2/c). But I am not in
a position to express any definite con-

impossible

jecture about this." Planck never pub-
lished this remark, so far as I can tell.
Almost the same thought, however,
was expressed by Einstein in 1909 in
the course of a dimensional analysis
of the displacement law.3* He too
pointed out the dimensional equiva-
lence of h and (e2/c). But I am not in
noted, correctly, that their magnitudes
differed by a factor of about a thou-
sand. “The most important thing in
derivation,” Einstein went on,
“is that it reduces the constant for
light quanta h to the elementary unit
of electricity e. Now one must remem-
ber that the elementary charge e is
a stranger in the Maxwell-Lorentz
electrodynamics. . . . It seems to me
to follow from the relationship,
Ir:eﬂ_/c_. that the same modification
of the theory which contains the ele-
mentary charge as one of its conse-
quences will also contain the quantum
structure of radiation.”

this

Retreat from energy quantization

I have been trying to give the back-
ground for my earlier statement that
Planck was fully committed to the
quantum, but not necessarily to a
quantum theory in Einstein's sense.
Planck’'s work in the years after 1910,
when he resumed publication in this
field shows him holding fast to the
quantum of action but retreating
steadily from his earlier strict quanti:
zation of the oscillator. In a paper®
read to the German Physical Society
in February 1911 he explained that
he was revising his original theory

4
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This one was designed for uniform
bombardment of experimental satellites
with electrons and protons.

High Voltage Engineering designs and
builds Van de Graaff accelerators and
accelerator systems.

That means not only accelerators, but
engineered solutions to accelerator ap-
plication problems in a wide range of
experimental research situations.

For example, scientists at the MIT
Lincoln Laboratory had special require-
ments for testing the effects of high-
energy charged particles on experi-
mental communication satellites and
Components. They needed an acceler-
ator system that would provide: 1) pro-
tons and electrons at continuously var-
iable energies from 300 keV to 4 MeV;
2) a particle beam that could be formed
to uniformly bombard a variety of pack-
age configurations; and 3) immediate

use of the proton and electron particle
beams for experimental programs not
involving special beam forming.

HVEC engineers designed a system
to meet the Lincoln Laboratory require-
ments. A horizontally mounted Model
KN-4000 Van de Graaff, instantly con-
vertible for proton or electron opera-
tion, was chosen for the particle source.
It was specially modified for operation
over the wide range of energies re-
quired. Beam-switching and quadru-
pole-focusing elements were designed
to provide the desired beam-forming
arrangements. Special solid-state
power supplies were developed for the
optical components. The system was
completely integrated

HVEC built the system to guaranteed

specifications. It was installed. And it
does everything we said it would do.

This is only one example of how
HVEC successfully provides engi-
neered solutions to accelerator appli-
cation problems. We also maintain con-
tinuing company-sponsored programs
for the development of new accelerator
components and accessories. This as-
sures that, as a tool for many kinds of
research, your Van de Graaff accelera-
tor will never outlive its usefulness.

For a free copy of our Technical Note
14, "A Forming Network For Proton and
Electron Beams,'" and more informa-
tion, write to our Sales Offices in Bur-
lington, Massachusetts, or Amersfoort,
The Netherlands.
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because of the valid eriticism to which
it had been subjected,
by H. A. Lorentz3% The objection
was basically that the intensity of the
radiation at high frequencies
very low, whereas at these frequencies

particularly

was

the energy quantum was very large.
As a consequence the time it would
take an oscillator to absorb
quantum would have to be unreason-
ably long, and the oscillator might
not even be able to absorb one full
quantum if the radiation should be
cut off. This criticism naturally pre-

one

supposed that radiation was properly
described by electromagnetic
and it is interesting to
Lorentz had wused this argument to
show how difficult it was to explain

waves,

note that

phenomena like the photoelectric el-
fect without having recourse to Lin-
light quanta instead of the
description. Planck,
did not take it that way.

He proposed instead to give up his
hypothesis that the energy of an oscil-
lator had to be an integral multiple
of hy, and could therefore absorb or
emit energy only in discrete units. In
his new theory the oscillator would
absorb energy continuously, just as it
did classically, so that Lorentz’s criti-
cism could be set aside. The emission
process, however, was still quantized.
This procedure would eliminate an-
other difficulty, an internal contradic-
tion in the original theory pointed out
by Einstein.?7 In that theory Planck
had used the classically derived rela-
tionship between the radiation density
and the oscillator's energy, but that
classical derivation was, ol course, in-

stein's

wave however,

compatible with the assumption of
quantum states for the oscillator.
Planck gave several versions of his
new theory of quantized emission in
1911 and 1912, finally settling on one
in  which the oscillator, absorbing
energy continuously, could emit only
when its energy was a multiple of
hy38 If it emitted at all it had to
emit all the energy it possessed, how-
that

emitted as its

ever quanta might be.
Whether or not it

energy reached nhy, for any n, was

many

governed by a probability . This
probability was fixed by the assump-
tion that the ratio of the probability
ol no emission to the probability of
emission, (l—y/5). should be propor-
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tional to the intensity of the inci-
dent radiation. The ]n'oporlionnlity
constant, in turn, was determined by
the requirement of classical behavior
in the limit of high intensity radia-
tion. (This is surely one of the first
uses ol the correspondence principle.
to believe that this
had considerable
first papers on

reason
Planck's
influence on Bohr's
atomic structure.)
This second quantum
Planck’s led to the
black-body radiation as had the first
(this must have been an unexpressed
boundary condition on the work).
But it made an interesting change
in the for the average
energy of an oscillator,
E = hy lexp(hy/kT)—1}—1 +

hy /2 (7)
term meant that the
oscillator would not
absolute zero of tem-

There is
paper ol

theory of
same law [for

expression

The additional
energy of an
vanish at the
perature but would be just (hy/2):
hence its usual name of zero-point
energy. Planck saw a variety of phe-
nomena that might be interpreted as
favoring his concept of quantum emis-
sion, and also some that supported
the reality ol the zero-point energy.
He suggested, for example, that this
might be the source of the energy
of particles emitted by radioactive
atoms, and that the sharply defined
energy of these particles was an ex-
ample of quantum emission.

The novel idea of zero-point energy
attracted a good deal of attention,
first of all from Einstein, as one might
have expected. Early in 1913 he and
Otto Stern discussed its possible rele-
vance lor Eucken’s
new measurements of the heat capac-

understanding

ity of hydrogen gas at low tempera-
tures.t® A number of physicists then
tried to apply the zero-point energy
to phenomena as diverse as devia-
tions from Curie’s law in paramag-
netismi!t and the equation of state
of gases#= The most significant ap-
plication was made by Debye in his
theory of the effect of thermal vibra-
tions on xray scattering [rom crys-
tals. 13 Debye showed that the presence
or absence of the zero-point encrgy
could be brought to experimental test
by a study of the intensities of x-ray
diffraction spots. This was eventually
done, and the existence ol ;'.em-poin}

energy was confirmed, but by that
time it had lost its connection with
Planck's largely forgotten second
quantum theory.*

For Planck the zero-point energy
was an interesting by-product of his
work, but the important thing was
that he had arrived at the radiation
law without having to restrict the
energy of the oscillator to quantized

energies. Actually he was ready to-

give up even the quantized emission
of radiation, and did so in a paper
he wrote in 1914, where the crucial
I governed only the interaction be-
tween oscillators and free particles,
and the absorption and emission of
radiation [ollowed the classical lawsA45
Planck was always arguing fo the
radiation law and tried to restrict the
use of the quantum to the minimum
sufficient for deriving that law.

Nernst's law, entropy and quanta

Planck’s book on radiation included
one important new step in the search
for an understanding of h. He con-
structed an argument showing that
I could be interpreted directly as a
quantum of action in the sense that
h measured the areas of the regions
of equal statistical weight in the phase
space of the oscillator.#6 The concept
of a cell in phase space had already
played an important part in Boltz
statistical mechanics, but as
Planck emphasized in his parallel dis-
cussion of the ideal gas, its magnitude
apparently of no significance
there since it appeared only in the
additive constant in the entropy.

At this stage he did not yet see
that there was anything general about
of h to fix the size of a
cell in phase space.

The lectures on heat radiation on
which Planck's book were based were
delivered during the winter semester
ol 1905-1906, and while they were
going on, Planck’s colleague at Ber-
lin, Nernst, reported a significant ad-
thermodynamics. AT~ This
Nernst's famous heat theorem
which, although he did not formulate
it that way, amounted to the state
ment that the entropy differences
between all states of a system dis:
appear at absolute zero. It is clear
that a new result in thermodynamics
of such general import would have

mann's

was

the use

vance in
was

|

g
8
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peen of interest to Planck, but it
is not so clear, in view of Planck's
packground as I have described it,
that he should have been the one to
probe its statistical significance as
well.

He discussed his views in a lecture
entitled “On Recent Thermodynamic

Theories: Nernst’s Heat Theorem
and the Hypothesis of Quanta,” deliv-
ered before the German Chemical

Society in December 1911.#% Planck
described the importance of Nernst's
theorem, which was really a new and
independent postulate. by pointing
out the incompleteness of the classical
thermodynamics
and second
dynamics could not lead to a [ull
specification  of the
equilibrium  (phase
chemical equilibrium)
gause it provided no way of fixing
the undetermined

based on the first

laws. Classical thermo-
conditions [or
equilibrium o

precisely be-

constant in the
entropy equation. Just this gap was
filled by Nernst's law, and Planck
stated it in what he
simplest and most far-reaching [orm:
the entropy of a

considered 1ts

chemically
substance in a condensed phase van-
shes at absolute zero. Nernst's law,
in other words,
the absolute value of the
and therefore represented a major

]Jm't‘

allowed one to fhix

Enire ey

addition to thermodynamics.
Planck then
“the real, the more profound physico-
themical meaning” of the law, that
B, ils meaning on the atomic scale,
‘not only

went on to ask for

because this promises

.

OSTWALD

greater  mmtuitve  insicht, but  also

ig
because only it can help one o dis-

cover and

regularities relationships

- which pure thermodynamics can-
not touch.” And this atomistic inter-
pretation of a law involving the en-
tropy would have to be found, he
said, by using Boltzmann’s fundamen-
tal u‘I.'lliun.ship between entropy and
probability. Planck had come a long
way in his thinking in the decade or
so since he had reconciled himself to
trying Boltzmann's methods!

If one wanted to calculate the
entropy of a system with the help ol
Boltzmann's relationship. the whole
procedure was fully determined ex-
cept for one point: there was no a
priori criterion for choosing the size
of the elementary cells in phase space.
This lack of

exact counterpart of,

definiteness was the

and could be
considered the reason for. the in-

determinateness of the

entropy  con-
stant  (as mentioned earlier). Con
versely, then, if Nernst's law fxed

the entropy constant. this must imply
that its “deeper meaning” must be
that the sizes ol the cells in phase
space are not arbitrary but must have
would

Planck
totally un-

definite values. This statement

have been hard to accept,

went on, if not for the
t..’.\'.]!{'llL’(l support it received [rom
black-body

that is from his own interpretation

the theorv ol radiation,

of h as |)1'('(‘1\L‘1\' the size of the
phase cell for oscillators of any fre-
quency. Further analvsis of the “mean-
attractive  problem™ of

inzful and

EINSTEIN

determining these quite definite ele-
mentary cells for calculating the ther-
modynamic probability was called for,
Planck

essential

since now saw this as the

content of the hypothesis
of quanta.
He put it this way some maonths
later in the preface to the second
edition of his book on heat radia-
tion.#" “For the hypothesis of quanta
as well as the heat theorem of Nernst
may be reduced to the simple propo-
sition that the thermodynamic proba-
bility of a physical state in a definite
integral number, or what amounts to
the same thing, that the entropy ol
a state has a quite definite, po%iii\(‘.
value, which, as a minimum, becomes
zero, while in contrast therewith the
entropy, may, according to the clas-
sical thermodynamics. decrease with-
out limit to minus infinity. For the
present. I would consider this prop-
osition as the very quintessence of
Planck

must have been thoroughly gratified
found

the hypothesis of quanta.”

to have this way ol relating
his two favorite concepts—entropy and
the quantum of action. He devoted
much thought to the general prob-
lem of determining the size and shape
ol the elementary cells in phase space
over the next decade,® bur I cannot

discuss that work here.

“A far move significant part”

In the Saentific Autobiography that
he wrote near the end

life Planck frankls

titude prevalent among many physi-

of his long

discussed the at-

WIEN
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cists about his work after 1901.51
“My futile attempts to fit the ele-
mentary quantum of action somehow
into the classical theory continued for
a number of years, and they cost me
a great deal of effort. Many of my
colleagues saw in this something bor-
dering on a tragedy. But I feel dif-
ferently about it. For the thorough
enlightenment 1 thus received
all the more valuable. I now
for a fact that the elementary quan-
tum of action played a far more
significant part in physics than I
had originally been inclined to sus-
pect.”

It was in this same spirit that he
had prophetically closed his lecture
to the German Chemical Society in
1911. “To be sure, most of the work
remains to be done; but the
beginning is made: the hypothesis of
quanta will never vanish from the
world. And I do not believe
I am going too far if I express the

_opinion that with this hypothesis the
foundation is laid for the construction
of a theory which is someday des-
tined to permeate the swift and deli-
cate events of the molecular world
with a new light.” O

was
knew

All quotations from Planck’s unpub-
lished letters are made wilth the kind
permission of Fraw Dr. Nelly Planck, to
whom I should like to express my thanks.
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