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Chapter 4

Xrays, Flutes and More Ether:
Dayton Clarence Miller

Miller, Hodgman, Albright, Nusbaum, Wallace
1890-1941

1906-52

1921-1943

1922-53

1926-60

Dayton Miller was the first member of the department who was born west of the
Appalachians. A search of the internet shows that Miller is best known today for two
widely different activities: first, as a collector and investigator of musical flutes and second, as an experimentalist who found evidence for ether drift. Some of the material in
this chapter comes from William J. Maynard’s master’s thesis (Long Island University,
1971) which is available in its entirety on the internet.
http://memory.loc.gov/ammem/dcmhtml/may12.html
Fortunately, most, perhaps all, of Miller’s publications were preserved by his successor, Robert S. Shankland, who had them bound into a single large volume which is
now part of the departmental archives.
Miller was born on a farm in Strongsville, Ohio in 1866 and raised in nearby
Berea. His dual interests in science and in music were already in place by the time he
was 14. He built several telescopes and became an accomplished flute player. At age 16,
he entered Baldwin College (now Baldwin Wallace), graduating with a bachelor of philosophy degree in 1886. At his graduation ceremonies, Miller gave a lecture, “The Sun”,
and played a flute solo with the
university orchestra. His decision to become an astronomer
rather than a musician was
made after he read in Scientific
American about plans for a new
23 inch refractor telescope at
the Halsted Observatory at
Princeton. He applied to study
there, and became a student of
the by-then-famous solar astronomer, Charles A. Young,
the fellow who had begun his
teaching career at Western Reserve (see Chapter 1).
Miller completed his
doctoral degree in 1890: “Observations of Comet 1889 V
and an Investigation of its Orbit with an Ephemeris”. Transit times of the comet and of
nearby reference stars were made with the big 23 inch telescope between November ’89
Fig. 4-1. The Faculty of the Case School.
DCM at far right.
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and March ’90. “The times of the transits were recorded with a chronograph in electrical
connection with the standard sidereal clock at the School of Science Observatory.” The
“ephemeris” consisted of a table of predicted positions for certain dates in 1890 and a
comparison of these with subsequent observations; his quoted deviations are in the order
of a few seconds of arc. (The original manuscript of this dissertation is in the CWRU
Physics Archives.)
After a summer back home in Berea, Miller planned to return to Princeton to
work with Professor Young on a new spectrograph for the 23-inch. However, because
there was to be a considerable delay in the delivery of the device, Miller decided he’d
better find some temporary, local employment. He paid a visit to Dr. Cady Staley, president of the 9-year-old Case School, and Professor Charles S. Howe, a newly appointed
professor of mathematics and astronomy. Staley and Howe were delighted by Miller’s
wide interests and enthusiasm and quickly hired the 24-year-old to begin teaching the following month, September 1890. Miller was to spend the next fifty years at Case. Chairman Reid left Case in 1893 and Miller was appointed chairman two years later. He is the
slight fellow on the right end of the table in Fig. 4-1. Note that the CSAS building
boasted both gas and electrical lighting.
Applying the newly discovered X-rays
Within two months after the
discovery of x-rays by Röntgen in
November 1895, Miller began experimenting with the Crookes tubes
he had bought a few years earlier at
the Columbian Exposition in Chicago. (These are glass tubes, filled
with various low pressure gases.
When a high voltage is applied
across the electrodes at each end of
the tube, the gas glows as electrons
travel through it. This was all
rather mysterious at the time because
Fig. 4-2. “D. Miller experimenting with
the electron
X-Rays Jan 1896”.
had not yet
been discovered.) Within a week, Miller and his wife Edith had
produced a series of x-ray photographs and his services were
soon made available to the medical profession. There is some
question as to whose arm bones were published first, Mrs.
Miller’s or Frau Professor Röntgen’s. From Miller’s article in
Science in March of 1896: “The arm was photographed with an
exposure of twenty minutes…The Crookes tube ... was excited
by an induction coil giving about a six-inch spark in air, when
using a current of three amperes and twenty volts, obtained
Fig. 4-3. X-ray of
from eleven cells of storage battery.” In Fig. 4-2, Miller is
foot in shoe.
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shown making a "roentgenogram" of his own hand, in Fig. 4-3 an early x-ray of a foot in
a boot, and in Fig. 4-4, an extraordinary composite of Miller’s whole body, including the
buttons on his boots and the change purse in his pocket.
Miller took his x-ray demonstrations on the road, signing with a Chicago booking
agent. He and his talented assistant, Dudley B. Wick, Jr., hit the lecture circuit with a
show which included the making of an X-ray. From the handbill: “Prof. Miller takes an
X-Ray Negative before the audience, the subject being chosen from those present.” Fig.
4-5. Both Miller and Wick subjected themselves to repeated exposure, and while Miller
survived for almost fifty years more, Wick was less fortunate. He died at age 28 in 1905, possibly from radiation sickness.
In April of 1896, Miller lectured to the Cleveland Medical Society. His talk was published in The
Cleveland Medical Gazette. One section is of particular interest to this reader. In reference to the “rays”
within the tube (not the x-rays) Miller writes: “The
cathode rays of themselves are not luminous, but seem
to be intimately connected with light. Physicists are
compelled to believe that there is an all-pervading elastic medium which fills all space, and penetrates all bodies, however solid they may be, and that light is a wave
motion of this ether.” He goes on to mention the theory
of Maxwell and the experiments of Hertz and Lenard,
but not a word about the experiments of Michelson and
Morley performed at Case nine years previous. Later,
in speculating about the
nature of the x-rays
themselves:
“another
Fig. 4-4. Whole body
theory would make them
composite x-ray.
longitudinal ether vibrations, thus connecting them with light, but distinguishing
them from light”. Miller’s interest in the ether would last
all his life, as we shall describe later.
Teaming up with Morley
We backtrack momentarily to Edward Morley and
a contact he made in 1889 and some research he did
which made use of the Michelson interferometer. He had
attended a AAAS (in this case, the American Academy of
Arts and Sciences) meeting in Toronto where he heard a
talk by Henry T. Eddy, a mathematician at the University
of Minnesota. Eddy discussed the proposal that the speed
of light in polarizing materials may change with the ap-

Fig. 4-5. “A Lecture on
the Marvelous X-rays”.
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plication of an external magnetic field. Morley must have proposed to Eddy that they
should try to observe this effect by using the Michelson interferometer technique.
The following year, Eddy came to Cleveland to work with Morley on an experiment to search for such an effect. The experimental arrangement consisted of the usual
interferometer with a 38 cm-long tube inserted in each light path. These tubes were filled
with liquid carbon bisulfide and were surrounded by water-cooled copper coils to produce axial magnetic fields. The current directions were chosen so that the sought-after
effect would slow the beam in one arm and speed it up in the other. While one man observed the interference fringes, the other threw a switch which reversed the electric currents. This was certainly a lot easier than following the rotating stone of the ether-drift
experiment. The light source was a Bunsen lamp with sodium salts in the flame. In the
AAAS meeting in Indianapolis that same year, Morley and Eddy reported that they saw
no effect greater than “one part in one hundred millions”.
Now we return to Miller, who, after his work with x-rays, teamed up with Morley
and Eddy in 1898 to repeat the magnetic field experiment. It was nine years after their
first effort. Morley had been very busy during the intervening period with his atomic
mass work. Several improvements were made to the apparatus: the tubes lengthened, the
temperature of the liquid better controlled. Their conclusion, as reported in the Physical
Review, 7 283 (1898): “we are confident that when light corresponding to the solar D
line is passed through one hundred and twenty centimeters of carbon bisulphide in a
magnetic field which produces rotation by half a circumference in the plane of its polarization, there is no such change of velocity as one part in sixty million.” Once again, the
Michelson interferometer was shown to enable measurements of extraordinary precision.
The search for the ether continues
No one had been particularly pleased with the null results of the 1887 MichelsonMorley experiment, including especially the two gentlemen themselves. When Miller
and Morley and their wives traveled to Paris in 1900 to attend the International Science
Congress, they met with Lord Kelvin who encouraged them to repeat the ether-drift experiment. Morley and Miller began in 1902 a series of experiments to try to improve the
measurement. Morley was 67 and Miller 39; in Zurich the 26 year-old Mr. Einstein was
contemplating a paper on a related subject.
For Miller, this was the beginning of an effort which would challenge him for
more than thirty years. Experiment after experiment would give small indications of
ether-drift. Miller was driven to improve both the statistics and the experimental technique so that the result would be unambiguous and conclusive, either for or against the
ether hypothesis.
Morley and Miller published a paper in the Philosophical Magazine in May 1905
in defense of the validity of the technique used by Michelson and Morley 18 years earlier.
In particular, they addressed claims by W. M. Hicks of University College, Sheffield, that
the earlier results were in doubt because of neglected geometrical optical effects associ-
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ated with moving mirrors. (Phil. Mag.6 iii. 9 1902) Morley and Miller include in their
paper eight rather complicated line drawings illustrating Dr. Hicks’ arguments, but at the
end conclude that “the theory of 1887 is correct to terms of the order retained, which
were sufficient; that Dr. Hicks’s theory agrees with it precisely as to numerical
amount....” Having disposed of Dr. Hicks’ arguments, Morley and Miller submitted a
second paper which described their own new measurements.
Rather than presenting here the details of each separate set of ether-drift measurements, it might be more efficient to insert a table with dates, places, results, etc. In the
table, the three entries between 1902 and 1905 are for the Miller-Morley Cleveland experiments. The column marked “Result Vrel” lists the reported values of the relative velocity of the earth and the ether, which one may compare with the earth’s orbital velocity,
30 km/s. The values quoted are the authors’ best estimates, based on the observed fringe
shifts. In no case is a lower limit stipulated, or a chi-square goodness-of-fit parameter
given, or even a calculated probability that the result is zero. More on this later. Most of
this information comes from Miller’s “final word” on the subject, his forty-page paper in
the Reviews of Modern Physics (Rev. Mod. Phys. 5 203 July 1933).
Date

Personae

Location

Light
path
11 m

Data set
6 turns

Result
Vrel
8 km/s

33 m

505 turns

10 km/s

64 m

260 turns

7.5 km/s

Higher location 64 m
(300 ft), less material
Mt.Wilson 1750 m altitude, 64 m
minimal enclosure
Mt.Wilson Cork insulation 64 m
on interferometer

230 turns

8.7 km/s

350 turns

10 km/s

273 turns

10 km/s

Mt.Wilson Nonmagnetic
64 m
interferometer
Mt.Wilson Protected
site, 64 m
lightweight materials, new optics
Mt.Wilson Four “epochs”
64 m

422turns 24 10 km/s
hour readings
136 turns
10 km/s

1887

Features

Michelson Cleveland
Morley
1902- Miller
Cleveland
1903 Morley

stone base,
mercury float
White pine frame

1904

Miller
Morley

Cleveland

Steel frame

1905

Miller
Morley

Euclid
Heights

1921
April

Miller

1921

Miller

1921
Dec
1924
Sep

Miller
Miller

1925- Miller
1926

6402 turns

from 5 to
10 km/s
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The various improvements made over the course of these 24 years addressed
many issues. The substitution of wood for stone in 1902 was to test the 1894-5 LorentzFitzgerald hypotheses of the contraction of moving objects and whether it depends on the
nature of the material. The moving of the experiment from the campus up hill to nearby
Euclid Heights, and subsequently to a mountain top in California, was to determine
whether the ether was dragged
along by the earth any less at
higher altitudes. The opening of
the experiment to the “outdoors”
was to expose the interferometer to
the unobstructed ether. Special
efforts were made to address vibrations, winds, thermal, and magnetic
effects, and even gravitational inhomogeneities.
Readings were
taken hourly around-the-clock to
sample all directions in the equitorial plane. The “four epochs” entry
Fig. 4-6. Miller’s ether-drift interferometer set
refers to extending the measureup in the Rockefeller Building.
ments to four locations on the
earth’s orbit (i.e. four seasons) to search for any contribution from the motion of the solar
system through the ether.
(Among the letters in Robert Shankland’s files is one from Samuel G. Hibbin,
Case class of 1910. Attached was a four-page essay by Hibbin in which he described “a
single-room, low, wood-frame, unpainted shed, off to the side of the Chem. Lab., that
contained little-known and seldom seen apparatus.” He explains that in 1907 it was his
duty as a 20¢/hr work-study student to tidy up the equipment which Miller and Morley
had used there.)
What does one see in this Table?
For one thing, one sees a very determined
man who tried any number of things to improve the experiment, and at the same time,
one sees a serious lack of quantitative
analysis. Miller seemed to believe that vast
quantities of data would make his results
more convincing. He notes that he walked
160 miles around his interferometer to take
over 200,000 observations of the fringe patterns.

Fig. 4-7. Miller’s photographs of
fringes as seen in telescope.

The four figures in this section come from the 1933 paper. The photo (Fig. 4-6)
was taken in the Rockefeller Physics building at Case. The sandstone, floating on mercury, turned at the slightest touch and would continue to coast for an hour or more. The
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photo of the fringe-pattern allows one to judge the claim of a precision of one-tenth of a
fringe. (Fig. 4-7)
Each rotation of the interferometer yields 16 fringe positions. With each 22½ degree increment, an electrical contact would sound a bell and the observer would call out
the position (in tenths of a fringe-width) of the pointer. In the later experiments, each set
of data was analyzed by a mechanical device, the Henrici Harmonic Analyzer, which extracted the amplitudes for the first five harmonics. (Miller had published a paper on the
use of this device in the Journal of the Franklin Institute, Sept. 1916. This clever machine allows one to move a scribe
along a plotted curve, the x- and
y-motions of which drive a series
of pulleys, spheres and gears
which in turn produce a readout
of the amplitude for each harmonic component. A photo of the
analyzer and a description of how
it works will appear later in this
chapter, where its use in the
analysis of sound is described.)
Fig. 4-8 shows four such
harmonic analyses. In each case,
the top curve is the data plotted
vs. the angular position of the interferometer, the next is the extracted contribution of sin θ, the
next sin 2θ, and the bottom the
sum of the next three terms. The
Fig. 4-8. Four sets of data: shifts in wavelengths vs. time over 24 hours. Expected signal expected ether-drift signal would
be in the double-peaked sin 2θ
would be about 0.3 λ in the double hump
curve (dark arrow). The ordinates
are in wavelengths (rather than fringe widths or relative velocities). The relative etherdrift velocity is determined from the amplitude of the second harmonic, and its azimuthal
direction from its phase. A shift of 0.1 wavelength corresponds to a velocity of about 9
km/s, about a third of what was expected.
The combined data taken over several days six months apart are shown in Fig. 49. The ordinate is the sidereal time covering the 24 hours of the earth’s rotation. The upper curves of each set are the magnitudes of the velocity through the ether; the lower
curve the azimuthal angle of that motion. (The velocities and azimuthal angles have been
averaged over the individual runs to give the twenty dark data points on each plot.) What
one would like to see is all curves sweeping through some maximum once each 24 hours.
This is hardly the case.

Chapter 4

D. C. Miller

31

Through a sequence of averaging, Miller arrives at ether-drift speeds of 9 to 11
km/s (with a probable error of 0.33 km/s). He discusses at some length the fact that any
motion of the solar system through the ether must be added vectorially to the orbital motion of the earth, but he does not find a solution which fits the data. He summarizes:
“This procedure”, the inclusion of all observations, with no selections or corrections, “has
been adopted as the only safe one in the first search
for a hitherto unidentified effect. The present results strikingly illustrate the correctness of this
method, as it now appears that the forty-six years
of delay in finding the effect of the orbital motion
of the earth in the ether-drift observations has been
due to efforts to verify certain predictions of the socalled classical theories and to the influence of traditional points of view.” This statement is rather
strange, since Miller was one of many physicists
who, through the 1920’s and even 1930’s, were
clinging to the ether idea. What he probably meant
was that it was incorrect to throw out the whole
idea of the ether just because a full 30 km/s effect
was ruled out by experiment. He insisted that the
size of the effect was “not zero”.
Einstein visited Cleveland in 1921, in the
company of the Zionist leader, Chaim Weizmann;
they were on a fund-raising tour of America. Einstein took the opportunity to visit Miller and to discuss his experiments. According to Robert Shankland, Einstein encouraged Miller to continue to improve upon his measurements, hopefully to arrive
at an unambiguous result. Another famous visitor
from Europe, the Dutch theorist, H. A. Lorentz,
came to Cleveland in the spring of 1922 to meet
with Miller. Lorentz played an important role in
the development of relativity theory. He, too, felt
that Miller should continue his efforts at Mt. Wilson. The photo of Miller and Lorentz (Fig. 4-10)
was taken at the front door of the Rockefeller
Building. Einstein and Miller stayed in touch over
the subsequent years, so that in 1925 Miller wrote
to Einstein in Berlin. His letter was apparently in Fig. 4-9. Compilation of hunresponse to a letter he had received from the theo- dreds of runs six months apart.
rist. Miller agreed with Einstein that variations in
temperature would certainly introduce a false signal in the interferometer experiments,
but he assured him that utmost precautions were taken to control the temperature.
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Fig. 4-10. Lorentz and
Miller meet at Case.

A conference on the ether-drift experiments was held
at the Mt. Wilson Observatory in Pasadena in 1927. Among
the participants were Michelson, Lorentz, and Miller.
Michelson describes the original 1887 experiment and mentions that ether-drag might explain the negative result. He
goes on to say, “This assumption, however, is a very dubious
one because it contradicts some other important theoretical
considerations.” He continues, “Lorentz then suggested another explanation which in its final form yielded as a result
the famous Lorentz transformation equations. These contain
the gist of the whole relativity theory. The MichelsonMorley experiment was continued by Morley and Miller,
who again obtained a negative result. Miller then continued
alone, and seems now to get some positive effect. This effect, however, has nothing to do with the orbital motion of
the earth. It seems to be due to a velocity of the solar system
relative to stellar space, which may be much greater than the
orbital velocity.”

The CWRU Kelvin Smith Library recently (2002) acquired a letter written by
Miller to F. B. Vesper which indicates how Miller felt about the ether vs. relativity issue.
Here it is in its entirety.
March 16, 1926
Dear Sir,
The final report of my ether-drift experiments has not yet been
published. I think it will appear within the next three or four weeks. I am
sending you a reprint of the article which appeared in Science for June 19,
1925. This gives the history and the general conclusions.
I am hardly qualified to enter into an extended discussion on the
effect of the Theory of Relativity. I prefer to leave this for the mathematical physicists. It seems to me, in a word, that my experiments will invalidate one of the fundamental postulates of the Theory of Relativity which
will require a considerable modification of the latter.
Very truly yours,
Dayton C. Miller
Miller was certainly not alone in the belief that the luminiferous ether would
someday be detected. The physics community did not quickly accept or even understand
what Einstein was proposing. Since Miller had the equipment and the experience, and
especially since he had been explicitly asked by Kelvin, Einstein, and Lorentz to continue
the experiment, how could he not do so?
In 1925 Miller was awarded a thousand dollar prize by the American Association
for the Advancement of Science at their annual meeting in Kansas City. The prize was
given for the most interesting and important results reported at the meeting. On the
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committee was the physicist Karl Compton. According to Robert Shankland, the committee really thought that Miller had found something.
If one goes today to the internet and does a search for Dayton Miller, one finds
most of the hits refer to his flute collection or his work with the analysis of sound, but
one also finds many references to his “observation of the ether”. Of these sites, many are
sponsored by persons or groups who maintain today that Miller’s work proved Einstein
wrong. One often finds a quotation from the Cleveland Plain Dealer in which Miller responds to a remark by Einstein that Miller might have had a problem with thermal effects: “The trouble with Professor Einstein is that he knows nothing about my results….
He ought to give me credit for knowing that temperature differences would affect the results. He wrote to me in November suggesting this. I am not so simple as to make no
allowance for temperature.”
A related quotation is the one which appears in Abraham Pais’ biography of Einstein. It seems that when Einstein heard in 1921 of Miller’s ether drift claim, he made the
now famous remark: "Subtle is the Lord, but malicious he is not."
In Chapter 6 we shall take a look at the 1955 reanalysis of the Miller data and
what one hopes would be the resolution of the problem (notwithstanding ongoing claims
to the contrary by the few who continue to reject relativity theory).
Miller builds a building
A gift of $50,000 from
J.D. Rockefeller made possible
the construction in 1905 of a
splendid, state-of-the-art building.
The architect was Charles
Schneider. Miller had visited
laboratories in Europe and incorporated many modern features
such as clean-room, dark-room,
Fig. 4-11. Case Main, Rockefeller Physics, and
balance room, mercury room,
Case Chemistry from the Doan Brook valley.
spectroscope room, extensive distribution of AC and DC electrical power, gas, compressed air, and even masonry columns
reaching from bedrock up to the third-floor lecture hall for vibration-free platforms. On
the frieze which encircles the building, he placed the names of 34 physicists, from Archimedes to his friend, instrument maker Rudolph Koenig. [for the record: Maxwell,
Helmholtz, Carnot, Huyghens, Newton, Archimedes, Galileo, Chladni, Fresnel, Rowland,
Joule, Fraunhofer, Arago, Kelvin, Kepler, Koenig, Henry, Wheatstone, Ampere, Pascal,
Gilbert, Regnault, Stokes, Young, Oersted, Fizeau, Ohm, Hertz, Mersenne, Volta, Franklin, Foucault, Faraday, and Boyle].
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The photo (Fig. 4-11) shows the
location of the Rockefeller Building, in
center background with a flat roof-line,
relative to the Case Main Building, the
great Victorian hulk on the left. The
building on the right with the two chimneys was the home of the Case Chemistry
Department. It is the opinion of many
visitors today that Rockefeller is among
the most handsome on the campus, 100
years after its construction.

Fig. 4-12. Rockefeller in the 1940’s.

In 1912, Miller established an official substation of the U.S. Weather Bureau in
the Rockefeller Building. Some of the instrumentation was eventually placed on a tower
on the roof of the building. In the 1920’s, cameras for a study of lightning would be installed by John Albright (see below). The tower platform did not add much to the attractiveness of the building, but it remained in place until at least the 1940’s. Fig. 4-12.
The floor plans for each of the three floors are shown in Fig. 4-13. Note the double-walled "constant temperature" room and "clock room" on the first floor. The large
lecture hall on the third floor had seats for 175 and looks today much as it did in 1905.

Fig. 4-13. Original 1905 Rockefeller floor-plans.
first floor
second floor
third floor

Chapter 4

D. C. Miller

35

Miller gets some help: Hodgman, Nusbaum, Albright, and Wallace
In 1906, Miller hired 25-year-old Charles David Hodgman as an instructor to help him with the growing teaching load.
(Fig. 4-14) Hodgman was to teach physics at Case for the next 46
years, probably longer than anyone else, before or since. Having
completed his BS at Dartmouth in 1905, Hodgman earned a Masters degree at Case in 1920. His work on the specific heat of ironchromium alloys at high temperatures provides probably the earliest example of condensed matter research at Case. Later, Hodgman’s main interests were threefold: the Handbook of Chemistry
and Physics, the technology of color photography, and the cultivation of roses. The handbook, published annually by Clevelandbased Chemical Rubber Company, is today found in just about
Fig. 4-14.
Charles Hodgman every physics and chemistry laboratory. Hodgman was its Editorin-chief from 1913 to 1949, his associate editor being R. C. Weast
of the Case department of chemistry. As early as 1908, he became interested in the technology of three-color transparencies. In 1933, Hodgman published a paper on the transmission of ultra-violet radiation through water. (J. Opt. Soc. of Amer. 23 436 1933)
The department expanded once again when, in 1922, Miller
hired Christian Nusbaum. (Fig. 4-15) Born in Ohio, Nusbaum
had done his BS at Ohio State and a PhD at Harvard in 1915. He
held positions at Harvard, MIT and the National Bureau of Standards before joining the CSAS faculty. During his first decade at
Case, Nusbaum did research on magnetic susceptibility and on
diamagnetism of single crystal elements. One of his students, John
Richard Martin, completed an MS on the magnetic properties of
iron in high frequency alternating fields. Martin subsequently Fig. 4-15. Christian
spent a few years in the department as assistant professor.
Nusbaum.

Fig. 4-16. John Albright
and his lightning camera.

John G. Albright joined Miller, Hodgman and Nusbaum in 1923 to teach the growing number of Case engineering students. His principal interest was meteorology
and he took advantage of the weather “observatory” which
Miller had built on the roof of Rockefeller. He was especially interested in the propagation of lightning bolts. A paper in the “laboratory and shop notes” section of the Reviews
of Scientific Instruments described his “apparatus for photographing lightning flashes”. It consisted of eight box cameras attached around the circumference of a horizontal bicycle wheel and three stationary cameras. The wheel was spun
at 4 turns per second, in time with a ticking metronome. A
given bolt could be picked up by several cameras. By
comparing the traces of lightning on the film he could determine the direction and speed of propagation of the
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“leader stroke” from the ground up and a series of “component strokes” which follow the
same path from the cloud down. Rev. Sci. Instru. 8 36 1937 and J. Appl. Phys. 8 36 1937.
Albright published a textbook, Physical Meteorology (Prentice Hall 1939). He had another rather interesting avocation which was somewhat related to instrumentation. He
raised spiders to harvest their webs to provide filaments for the eye pieces of microscopes. He left the department in 1943, right in the middle of the war, to become chair of
the College of Rhode Island (now URI).
Clarence William Wallace spent
43 years of his life in the Rockefeller
building, from his time as a freshman in
1917 until his retirement in 1960. While
most of his efforts were in the classroom,
he was a participant in several areas of
Miller’s research, including the study of
wave-forms in resonating pipes and the
photography of the shock-waves of bullets. He is mentioned in Miller’s little
book Sparks, Lightning, Cosmic Rays
Fig. 4-17. Case physicists 1938.
(Macmillan 1939) as having successfully
Nusbaum, Wallace, Boyer, Hodgman,
designed and built a “projection alpha ray
Shankland, Albright, and Miller (seated).
track chamber” for use in Miller’s popular “show and tell” lectures. (This was a demonstration version of the Wilson cloud
chamber in which one could see tracks of liquid drops caused by alpha particles emitted
by a tiny radioactive source.) Wallace was also associate editor of Hodgman’s Handbook of Physics and Chemistry. During the second world war, he put together a 60lecture “Defense Course in Physics”. In his letter accepting Wallace’s resignation, acting
President Kent H. Smith wrote, “With respect to your generous offer to assist those students in physics who may be in academic difficulties, I suggest you confer with Dr.
Reines.” Nice fellow, Wallace. He and his comrades are shown in Miller’s office in Fig.
4-17.
Back to Miller: equipment for the analysis of sound
Miller was very much interested, from childhood, in music and musical instruments. He was an accomplished flautist; he composed arrangements of his favorite
melodies from opera, mostly from Wagner. In his travels to Europe, besides meeting
with Röntgen and Kelvin, he made the acquaintance of Rudolph Koenig, an instrumentmaker in Paris. Koenig specialized in laboratory equipment for the analysis of sound
waves, a subject of great interest to Miller. They were to establish a long-lasting friendship, and Miller bought a significant selection of apparatus for use in his laboratories and
lectures in his new physics building at Case. His carefully maintained departmental accounts ledgers (now in the CWRU Physics Archives) list regular purchases from European instrument makers, especially Koenig and Max Kohl in Berlin. Koenig had earlier
shown off his wares at the 1876 Centennial Exposition in Philadelphia, and subsequently
supplied all manner of acoustic equipment to North American institutions such as the
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Smithsonian, Johns Hopkins, Case, and the University of Toronto. Thomas B. Greenslade, Professor Emeritus of Physics at Kenyon College in Ohio, has created an extraordinary website which features a vast collection of photographs of nineteenth century scientific instruments. Included are photos and descriptions of dozens of Koenig’s devices.
http://physics.Kenyon.edu/EarlyApparatus
The departmental ledgers run from 1887 (before Miller's arrival) to 1939. Every
allocation and expenditure is recorded. The major purchases were signed off by Eckstein
Case, the school's treasurer. Each annual allowance for department expenses, which
grew from about $500 in 1903 to $2000 in 1930, was signaled by a short note from President Charles S. Howe. (In 1917, the sum dropped to half that of the preceding year, the
note from Howe saying that he expected normal funding would resume when the war was
over and the students returned. It did, the following year.) Occasionally, rather large
supplementary sums were made available for the purchase of equipment, including four
lots of about $500 each, bought from Koenig between 1893 and 1898. The allotment for
one expense item gives us some normalization to today's dollar: $75 per month for a research assistant in 1913, to compare with $3000 or more in 2005.
Much of the acoustic equipment, as well as later purchases of electrical and electromagnetic devices, has survived the six decades since Miller’s retirement and are now
part of the collection in the Physics Department Archives. Starting in 2002, selected
pieces have been on display in showcases in the Rockefeller Building. I have taken an
interest in preserving these historical instruments. I plan to collaborate (when this book
is finished) with similarly interested people at other institutions by cataloging the collection and displaying it on a new website: the “Case Collection of Physics Instruments”. I
had the pleasure of reporting in 2004 on some of Miller’s acoustic research at an international conference at Dartmouth, sponsored by the Scientific Instrument Commission of
the International Union of the History and Philosophy of Science (www.sic.iuhps.org).
Miller invents the phonodeik
In parallel with the ether experiments, Miller took up the study of the production
of sound in musical instruments and the analysis of sound waves. One of his major
contributions was his invention, in 1908, of the phonodeik (Greek for show sound). This
device (Fig. 4-18) consists simply of a horn (H) to collect the sound, a tiny mirror (M)
coupled to a diaphragm (D) which is
moved by the sound, and a beam of
light which, after being reflected by
the jiggling mirror, traces out a wave
pattern on a moving photographic
film. The mirror, only about one millimeter square, is attached to a rotatable shaft which is mounted in
jewel bearings. A fine thread attached
Fig. 4-18. Schematic of phonodiek.
to the diaphragm makes a single turn
around the shaft and terminates at a
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spring which keeps it under tension. Vibrations of the diaphragm cause the shaft to rotate
slightly, thus turning the mirror. The resulting photographic traces reproduce extremely
fine details of the sound wave.
The photograph of the central element of the
phonodeik (Fig. 4-19) shows the lenses at the left, and diaphragm frame to the right. A wider view of the arrangement
of the apparatus in the “phonodeik laboratory” is shown in
Fig. 4-20. The device was placed on one of the vibrationfree masonry columns which reached to bedrock under the
physics building.
Much of Miller’s acoustics work was done with the
help of a young fellow who was his faithful assistant from
1912 until 1924. Ralph F. Hovey was not only responsible
for the phonodiek sound-analysis lab, but traveled with
Miller on his many lecture tours and even to Mount Wilson
for the ether-drift experiments.
Fig. 4-19. Miller’s
phonodeik.

What did Miller seek to learn from the resulting
sound traces? Here is his list, from a talk given in 1915:
“Among the subjects under investigation are the characteristics of tones from different musical
instruments, the effects of changes in
material or construction of musical
instruments, the nature of vowel
tones and other sounds of speech, the
nature of noises and their prevention.” He was very much aware,
from his long-standing interest in
flutes, that there are subtle differences among instruments of different
design or material. It was his hope
that the mathematical analysis of the
phonodeik pictures would lead to a
Fig. 4-20. The phonodeik
better understanding of sound and
laboratory.
sound production.
A series of traces of tuning fork sounds is shown in Fig. 4-21, a page taken from
Miller’s book Sound Waves, their Shape and Speed (Macmillan 1937) One must appreciate the detailed and reproducible patterns which this elegant mechanical device can
produce. The traces are right up there in quality with the best oscilloscope! The
phonodeik lab, Fig. 4-22, as set up for the comparative study of mechanical phonograph
machines, illustrates one of Miller’s applications of the technique. Miller seems to have
been contracted to determine and compare the sound reproduction characteristics of
commercial phonographs, as well, later, of radio receivers.
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Analog computers for wave analyses
Miller had at his disposal three instruments which he used to study soundwaves.
The first was his phonodeik which records the shape of the waves. The second was the
Henrici harmonic analyzer which was used to determine the amplitudes for each harmonic overtone as
recorded in the phonodeik pictures. The third was the
harmonic synthesizer, whose origins lay in Lord
Kelvin’s 1872 device for predicting the tides. This
machine was used to combine specified harmonics,
amplitudes and phases into drawings of the composite
waveform
The Henrici Harmonic Analyzer.
A harmonic analyzer allows one to determine
how much of each partial wave is present in a complex wave form. For example, the wave-form may be
a simple sine function, y = A sin θ. When this is
plotted from θ = 0 to θ = 180 degrees you have a
smooth
curve with a single hump, like curve a in Fig.
Fig. 4-21. Phonodeik traces of
4-23; if the wave form has two humps, like curve b,
tuning fork sounds. top: simple
it can be written y = B sin 2θ. If the wave form is a
tone; next two:. 4-fork chord;
combination of one hump and two humps, like curve
bottom: 2- fork beats.
c, then it can be written y = A sin θ + B sin 2θ. The
relative amounts of the two contributions are given by the ratio of A to B.
The Henrici harmonic analyzer can determine the contributions to a given wave
form from one hump, two humps, three humps, etc. all the way up to ten humps, that is, it
can determine A and B and C, etc. for a function y = A sin θ + B sin 2θ + C sin 3θ ..... all
the way to the tenth term J sin 10θ. In the
case of musical sounds, these various contributions to the sound wave form are
called overtones. Different musical instruments, playing the same basic note,
will have different relative amounts of
these overtones.

Fig. 4-22. Comparing sound quality of
phonographs in the phonodeik lab.

A rather long aside on how it
works.
Mathematician Olaus Henrici
(Philosophical Magazine 38 110 1894)
designed a mechanical device which allows one to move a pointer along a plot of
the curve to be analyzed from θ = 0 to θ =
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180 degrees, and which, through a clever array of pulleys, balls and wheels, allows one
to read out the values of A and B and C, etc. The next few paragraphs explain how.

Fig. 4-23. Adding
two sine waves.

On the plot of the waveform to be analyzed, let the xaxis run from θ = 0 to 180o and let the y-axis measure the
height of the curve. The operator moves an "indicator" (the
“mouse-like” device) along the plotted curve. This can be
seen in the foreground of Fig. 4-24. As the indicator is moved
up the page (in the y direction), each in a set of glass balls rotates about a fixed axis parallel to the x-axis. In Fig. 4-25 you
see two of these balls toward the bottom of the photo. They
roll away from the viewer. (The photo, supplied by Prof.
Roger Hanson of the University of Northern Iowa is from an
operating device in the instrument collection of the University
of Iowa.)

Each glass ball is girdled by a
light circular frame which holds two
rubber wheels which press against
the equator of the ball and which turn
as the ball turns. The wheels are 90
degrees apart on the frame. Each
wheel has a counter which records
how much it turns as the ball rotates.
In Fig. 4-26 is a sketch of the view
from above the ball, where one can
see the two wheels which touch the
ball and the counters attached to
each. The little retainer wheel at
“m” keeps the wheels snugly against
the ball.

Fig. 4-24. A Henrici wave form analyzer.

As the indicator is moved in the x direction, a series of wires and pulleys causes
the frame to rotate so that the locations at which the wheels
contact the ball move around its equator. Some of these pulleys are visible at the top of Fig. 4-25. In Fig. 4-27, the
frame has been turned clockwise through an angle α. The
rate at which each wheel is turned by contact with the glass
ball changes as it contacts different points on the equator of
the ball. When α is zero, the wheel marked C turns rapidly
as the ball turns, and the wheel marked S turns not at all.
Fig. 4-25. Closeup
of Henrici
mechanism.

As the indicator moves across
the plot from θ = 0 to 180o the frame
turns through one full turn (α goes
from 0 to 360o). The C wheel counter
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gives a measure of the amplitude of the curve multiplied by the cosine of θ and the S
wheel counter gives the amplitude times the sine of θ. These two readings taken together
give the amplitude and phase (since you have both sine and cosine contributions) of the
first term of the expansion.
Now how do we get the higher terms? Easy.
There are actually 10 glass balls, each with its own set
of counter wheels. The diameters of the pulleys which
rotate the rings are all different, so that for the ball
measuring the sin 2θ contribution, the frame rotates
two full turns as the indicator is moved from 0 to 180o.
The next ring turns three full turns as the indicator is
moved from 0 to 180o, etc. Figs. 4-26 and 27 are from
Miller’s article (Journal of the Franklin Institute, p285
September 1916).
Fig. 4-26. Top view of rollers in contact with glass ball.

A good test of the Henrici is to have it analyze
a curve whose components are known in advance.
Miller first analyzed a “saw tooth” wave, i.e. a straight line rising from θ = 0 to θ = 180o.
One can calculate the partial amplitudes and compare them with the Henrici readings.
Here are the first five terms: (calculated, measured)
(127.32, 127.30) (63.66, 63.55) (42.44, 42.47) (31.83,
31.85) (25.46, 25.50). The agreement is astonishing!
Then Miller analyzed a simple sine curve, i.e. all terms
should be zero except the first. He found for the first
five terms: (250.03, 0.97, 0.69, 0.27, 0.19).
The Henrici Harmonic Analyzer will be resurrected at least two times in later chapters of this story:
in Chapter 6 when Miller's young colleague, Shankland, uses it to study the shapes of electronic pulses
produced by Geiger counters, and again in Chapter 9
when Shankland's protegé, Leslie Foldy, writes a classified paper in 1944 for the Navy Department on its potential use in the analysis of underwater signals.

Fig. 4-27. Schematic of
“sine” and “cosine” rollers.

The Kelvin harmonic synthesizer
Miller's version of this device was designed and built in the Case physics shop.
Fig. 4-28. It could combine 32 components into a single curve. A large piece of paper is
placed on a drafting table. The table moves smoothly under an inked stylus, along the xaxis. The y-position of the stylus is controlled by a light cable which pulls it up or down
over the page. The cable loops around a complicated set of 32 wheels. The wheels are
turned by a system of gears which track the motion of the paper under the stylus. The
wheels turn from one time up to 32 times as the paper is moved from one end to the other
(i.e. from θ = 0 to 180o.). The amount that each wheel moves the stylus up or down can
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be set beforehand, so that all 32 amplitudes and phases can be programmed by locking-in
64 set screws. The resulting motion of
the stylus up and down over the paper
produces the desired composite curve.

Fig. 4-28. Harmonic synthesizer built in
the Case shop.

Miller used this mechanical curvedrawing machine to verify that his Henrici numbers were true representations
of his phonodeik tracings. He published
a detailed description of its workings in
the Journal of the Franklin Institute,
January 1916 p 51.

A fourth instrument
Miller no doubt knew about a fourth instrument, one which completes the sequence just described: 1. the phonodeik which plots the sound, 2. the Henrici which analyzes the plots, and 3. the harmonic drafting machine which draws new plots. I’ll include
a description of a fourth device which reproduces the sounds. In the spring of 2004 I visited the University of Toronto. I had been introduced to the physics department there by
David Pantalony, the historian of science mentioned above. I was treated to a demonstration of a device built by Helmholtz which is more literally a harmonic synthesizer. This
one can be programmed with the amplitudes for a selection of frequencies, so that the corresponding sound
is produced. Fig. 4-29. A 128 Hz “master” tuning
fork is driven by a pair of coils and an interrupter. The
current from these coils can be selectively directed
through the driving coils of up to nine other forks. The
frequencies of the forks are multiples of 128 Hz. Each
fork is placed at the mouth of a cylindrical resonator
which enhances its sound. Between each fork and its
resonator is a little swinging gate, controlled by a small
keyboard. The amplitude of each component can be
controlled by the gate or by moving the resonator relative to its fork. In his book, On the Sensations of Tone,
(1895 translation by A. J. Ellis), Helmholtz describes
his attempt to use this device to produce the vowel
Fig. 4-29. Helmholtz sound
sounds. He includes a table specifying the recipe for
synthesizer at U. Toronto.
each vowel, e.g. the vowel sound “ahh” is fork #1piano, #2 pianissimo, #3 piano, #4 forte, #5 forte. I
made a recording of a few “vowels” – but I concluded that artificial speech would have to
wait for much more sophisticated technology.
Miller was not alone in using mechanical devices to analyze periodic behavior. In
his 1916 book The Science of Musical Sounds (Macmillan), he describes many other applications; for example he includes a photograph of a monstrous device built by the US
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Coast and Geodetic Survey which predicted the tides! While he was successful in bypassing a great deal of tedious mathematics, it is not clear what could be done with the
results, i.e. a table of amplitudes and phases for each example of sound . Builders of musical instruments and even students of the human voice would certainly be interested in
attempts to characterize the subtleties of complex sounds, but ultimately the ear and brain
would provide the desired guidance. Miller was aware of this, writing in his book: “a
scientific investigation and analysis of the sound from a violin or a piano cannot determine whether it is the ideal.”
Today, computerized voice recognition and artificial speech systems are direct
descendents of the phonodeik, the Henrici analyzer, and the Kelvin and Helmholtz synthesizers.. Even though the electronic oscilloscope would quickly win out over the
phonodeik, the useful analysis of complex sounds would have to wait for the electronic
computer.
WWI, Students, and National Prominence
During World War I, Miller worked with the War Department on a study of the
sounds made by large artillery pieces. The military were especially interested in the effect the loud blasts of the guns would have on the personnel firing them. He took his
traveling version of the phonodiek to Sandy Hook, NJ for extensive measurements of artillery explosions. He also experimented with high-speed photography of bullets in
flight; some of these tests were made in the attic of Rockefeller. (Fig. 4-30)

Fig. 4-30. Photo of bullet
shockwaves taken by Miller.

Miller played a role in the original design of
Severance Hall, the home of the Cleveland Orchestra. This magnificent concert hall was built in 1931
just across the street from the Case campus. Miller
was engaged by architects Walker and Weeks as the
acoustical consultant. (We shall have a bit more to
say about Severance and Case physicists in Chapter
12.) Miller reported on the implementation of his
recommendations at the 1932 national meeting of
the Acoustical Society of America which took place,
incidentally, in his lecture hall in Rockefeller. (J.
Acoust. Soc. Amer. 3 312 1932)

Work in acoustics in the 1920’s and 1930’s may not have been on the cuttingedge of physics, but it had many technical and engineering applications at the beginning
of the electronic age. Miller’s books and his public lectures, illustrated with delightful
visual and audio demonstrations, were very popular. They included presentations on xrays, electrostatics, acoustics combined with musical performances, and later of such
modern devices as the cloud chamber. He played an important role in taking science to
the public and in creating interest in Case. (In this area, Miller was to be emulated seven
decades later by one of his successors as Andrew Swasey Professor of Physics.)
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One of Miller’s triumphs as a prominent leader in American science was his hosting, along with colleagues at Western Reserve, of the 1934 Fall meeting of the National
Academy of Sciences. This honor served to put the two Cleveland institutions “on the
map”. The five preceding meetings had been at MIT, Michigan, Yale, California and
Princeton. Featured was a public lecture in a packed Severance Hall by Harvard’s Harlow Shapley on “Evolution Among the Stars”.
Two of Miller’s students were to become world-renowned physicists. The first of
these was Edwin C. Kemble (1889-1984) who was the only physics major in the Case
class of 1911. Kemble had transferred to Case from Ohio Wesleyan when he decided to
go into engineering rather than the ministry. He worked with Miller in his phonodeik
laboratory, learning a great deal about waves and vibrations. Miller contacted his fellow
acoustician, Wallace Sabine, at Harvard, recommending Kemble for advanced study.
Sabine not only arranged for Kemble’s admission to Harvard, but paid his expenses as
well. Kemble went on to be the principal spokesman for the new quantum mechanics in
the United States. He dedicated his 1937 book, Fundamental Principles of Quantum Mechanics, to Miller. According to Gerald Holton in his 1988 book, Thematic Origins of
Scientific Thought (Harvard Press 1988), Kemble had become intrigued by the new,
mostly European, quantum mechanics when he heard a lecture given at Case in 1912 by
Robert A. Millikan. The occasion was a joint meeting of the APS and AAAS. Quoting
Holton: “Just back from a six-month excursion to Europe, Millikan appears to have
given at Case the earliest analysis by an American physicist in a scientific society meeting of the new science that was taking shape abroad.”
The second of Miller’s extraordinary students, Philip M. Morse (1903-1985) was
in the Case class of 1925. In chapter 2 of his autobiography (In at the Beginnings: A
Physicist’s Life MIT Press 1977), Morse recalls his undergraduate days at Case. He describes his professor as “tiny and neat and polished, with an imposing mustache, beautiful
white, wavy hair, and a pleasant but very formal manner. His lectures were clear but not
theatrical; his lecture demonstrations were carefully planned and always worked”. Morse
describes the workings of Miller’s phonodeik and Henrici analyzer. In 1924, his junior
year, he was enlisted by Miller to help in the analysis of the Mount Wilson ether drift
data. His was the chore of plotting up all the data and of struggling to extract an etherdrift signal by using the Henrici. He remarks, “by the time all the circuits in the run were
plotted, it looked as though a gaggle of beetles had trailed across the paper…” (as in Fig.
4-9). He describes a terrible weekend which began by his telling Miller that he had found
a strong effect and which ended by his confession (his word) that he had erred. In 1927,
Morse published a paper with Jason Nassau, professor of astronomy at Case, on their use
of the Henrici in an attempt to extract the motion of the sun relative to 476 stars. (“A
Study of Solar Motion by Harmonic Analysis” Astrophys. J. 65 73 1927.) Morse went
on to earn a Princeton doctorate in 1929; he served as a distinguished professor at MIT
from 1931 to 1969. He is best known to physics grad students worldwide through the
text he wrote in 1953 with Herman Feschbach: Methods of Theoretical Physics, McGraw
Hill.
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Miller’s life-long acquisition of an important collection of flutes is the subject of
another study. The entire collection of 1500 flutes, 10,000 pieces of music for the flute,
and 1200 books relating to the flute is on display at the Library of Congress.
http://memory.loc.gov/ammem/dcmhtml/dmhome.html
Miller wrote seven books, one of the more interesting of which is An Anecdotal
History of the Science of Sound (Macmillan 1935): a non-technical description of the
work of acousticians from the ancient Greeks to researchers in the 20th century. Miller
was elected to the National Academy of Sciences in 1921 and to the presidency of the
American Physical Society in 1925, a great honor for Case. (The APS began in 1899 with
59 members, growing to 1760 members by 1925, and 43 thousand today.) In 1929, as
one of the founders of the Acoustical Society of America, he was the featured after-dinner speaker at their inaugural meeting, held in New York City. In his demonstration lecture, titled “The Science of
Musical Sounds”, Miller described the
creation and analyses of his phonodiek
traces. He was elected president of the
ASA in 1931. Miller was chairman of the
Case department from 1895 until his death
in February 1941.
Fig. 4-31. Miller’s library – 1910.
I am sitting in my office, in the room
which was once Miller’s beautiful woodpaneled library (Fig. 4-31), and I can imagine an insistent voice whispering, “it’s not
zero!”

