AN ABSTRACT OF THE THESIS OF

for the

JOHN DAVID MILLER
(Name)

DOCTOR OF PHILOSOPHY

(Degree

in GENERAL SCIENCE
(Major)

presented on
(Date)

Ch?

Title: HENRY AUGUSTUS ROWLANhis ELECTROMAGNETIC
RESEARCHES

Redacted for privacy

Abstract approved:

-R. J.
This analysis concerns the life and scientific work of Henry
Augustus Rowland (1848-1901), organizer and the first chairman of
the physics department at The Johns Hopkins University in 1876.

Special materials used in this research included three pieces of
Rowland's experimental apparatus which are extant in the Smithsonian Institution Division of Electricity Collection and Rowland's
hitherto unknown scientific notebooks discovered during the course
of this study.

In the latter half of the nineteenth century at least three

American physicists practiced their science as well as their mathematics at a level equal to the best of their European colleagues:
Josiah Willard Gibbs (1839-1903), Albert Abraham Michelson (1852-

1931), and Henry Augustus Rowland. Rowland is best remembered

for his work in spectroscopy, however, historians have largely

overlooked Rowland's electromagnetic researches which were car-

ried out in an intricate theoretical context. The technical portion of
this analysis concentrates on Rowland's electromagnetic work, particularly the experiments in magnetic distribution, charge convection,

the measurement of a transverse electric current, the ratio of units,
the Ohm, and production of electricity from the ether.
Rowland's formal scientific education began in 1865 with a

"practical science" course at Rensselaer Institute. He was graduated
from Rensselaer as a civil engineer in 1870. Immediately following
graduation Rowland was unable to find any kind of employment in

which he might continue his experimental studies in magnetism
which had been inspired by the writings of Michael Faraday (1791-

1867). Rowland thus turned his mother's home into a private labora-

tory and carried out a series of magnetic researches in the winter
of 1870-71. The work lead to the discovery of a magnetic analogy to
Ohm's law, but Rowland found difficulty in publishing his results in
the United States because they were not understood.
He appealed directly to Clerk Maxwell (1831-1879), England's

eminent electrical theorist, who immediately recognized the value of
the magnetic studies and had them published abroad. Later in 1875

Daniel Coit Gilman (1831-1908), searching for a faculty for the
newly-endowed Johns Hopkins University in Baltimore, heard of

Maxwell's recognition of Rowland's work and invited the latter to aid

in the organization of the physics department of the new university.
Gilman took Rowland on a tour of the European universities

and scientific institutions during 1875-76. Rowland gained admittance to the laboratory of Hermann von Helmholtz (1821-1894) in

Berlin and there carried out an experiment which seemed to demon-

strate magnetic effects from convected electric currents. The experiment was studied and repeated in Europe and the United States

for more than a quarter of a century.
The physics department which Rowland organized at Johns

Hopkins was largely concerned with the exact measurement of physi-

cal constants as Charles Peirce (1839-1914) observed after a visit
in 1878. Yet also during that time Rowland's student, Edwin Hall

(1855-1938), discovered a new transverse electrical current by employing an experimental configuration suggested by Rowland and

sensitive instruments Rowland had purchased in Europe.
Although Rowland often pleaded for "pure science" as a higher
American goal than commercial exploitation and application of

science, he was himself diverted into commercial pursuits in the
nineties by the financial obligations of a family coupled with the dis-

covery that he had diabetes and faced a premature death. Unfortu-

nately this work distracted a brilliant experimentalist from his
laboratory during an exciting period of discovery in physics throughout the world.

Wilhelm RIOntgen's (1845-1923) discovery in 1895 of a new

form of radiation brought Maxwell's theory of light under question
even at Johns Hopkins where Maxwell had long occupied a high place

of respect. For Rowland the ether had suddenly become very com-

plicated. He designed new experiments to further test its properties but his early death in 1901 denied him full analysis of these

researches. His published papers and the instruments of precision
in the physical laboratory at Johns Hopkins remained as testimony

to his successful effort to establish high quality experimental physics
in America.
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HENRY AUGUSTUS ROWLAND

and his
ELECTROMAGNETIC RESEARCHES

CHAPTER I
INTRODUCTION

"Those were the days," reminisced the President of The Johns
Hopkins University, "when scientific lecture-rooms in America

gloried in demonstrations of 'the wonders' of nature--'the bright
light, the loud noise, and the bad smell.' Rowland would have none

of this" (121, p. 71). Daniel Coit Gilman (1831-1908) thus characterized nineteenth century American physical science and Johns
Hopkins' physicist, Henry Augustus Rowland (1848-1901). He was,
wrote Gilman, "'one of those rare scholars who owe little, if any-

thing, to a mortal teacher. They learn their lessons in the school
of nature" (121, p. 70).
Learning from nature was commonplace in the kind of science
which had grown to predominance in the United States. However, the

popular study was natural history, not physics. A "bountiful nature
near at hand" offered a collage of unknown plants, animals and geo-

logical patterns for investigation. The description and classification

of such novelties required neither mathematical nor other formal

2

training, and although professionals appeared, the field was parti-

cularly attractive to dilettantes and amateurs. "Merely by keeping
his eyes open a man could acquire a respectable reputation as a
natural, historian" (250, p. 29).
Subjects pertaining to physical science were most often pursued with a view toward practical benefits. Meteorology was im-

portant to farming as was geology to the exploitation of the earth's
natural wealth. In contrast, until the end of the century experimental

physics produced little that was generally appreciated as useful.

Moreover, its mathematics lay beyond the reach of amateurs, and

original researchers within its ranks were few. It was not surprising that papers on natural history and geology filled the American
Journal of Science, the leading science journal in the United States
and one read extensively abroad. Likewise, it was not surprising

that the mathematics so seldom encountered in the Journal's pages
appeared puerile in comparison to European standards.

However, in the latter half of the century at least three physi-

cists in America practiced their mathematics as well as their
science at a level equal to the best of their European colleagues:
Josiah Willard Gibbs (1839-1903), Albert Abraham Michelson (1852-

1931) and Henry Augustus Rowland. All three men were anomalies

in nineteenth century America and thus their scientific work is of

intrinsic interest to the historian.

3

No book length biography of Rowland has been written. Rela-

tively brief accounts emphasize the biographical rather than the

scientific and technical aspects of his life. And even these accounts
mostly ignore the personal problems which caused him in 1890, at

the height of his fame, to abandon his laboratory work. Rowland's

diversion at that time was unfortunate for science, as Albert
Michelson observed later, for it was a period when much was being

discovered in physics (213, p. 114).
Today, Rowland's scientific work is largely ignored. If he

is remembered at all it is often for his work in spectroscopy, chiefly
the perfection of a ruling engine capable of producing diffraction
gratings of high resolution and the invention of the concave diffraction grating. These mechanical achievements indeed represent

great technological advancements. But Rowland was more than a
technologist. His electromagnetic researches were carried out with-

in an intricate theoretical context. Yet, for the most part, his work

in electromagnetism has been forgotten. For most twentiethcentury physicists the "Rowland Ring" and "Rowland Effect" are un-

known or archaic terms.
Indicative of Rowland's twentieth-century reputation, or lack
of it, is the statement in 1931 by the American physicist and Nobel

laureate, Robert A. Millikan (1868-1953), who referred to his
teacher, Albert Michelson, as being in 1880 the "best known

American physicist" (220, p. 549). Millikan was wrong.

1

For

most of the last quarter of the nineteenth century, Rowland, in contrast to Michelson, was internationally known as one of the foremost
scientists in the United States. It was James Clerk Maxwell (18311879), England's eminent electrical theorist, who in 1873 had recognized Rowland's magnetic studies and introduced them to European

physicists. A decade later Rowland's diffraction gratings and sun
spectrum photographs were being distributed and acclaimed throughout the world. In 1893 he was publicly acknowledged as "the first

physicist in America" (27, p. 53). Indeed Michelson himself turned
to Rowland in the nineties for advice concerning suitable outfitting of

a new physical laboratory at the University of Chicago (2, September
24, 1894, Michelson to Rowland).

Further indication of Rowland's contemporary reputation is the

vast array of honors bestowed upon him. During his lifetime he was
elected a member fellow of twenty-lour of the world's Most im-

portant scientific societies and had received many honors. He was
a member of the Royal Society of London; the French Academy of

'In 1880, Michelson had barely concluded his earliest experiments on the velocity of light and serious attention was not given to
his elegant experiment to measure an ethereal wind until the publication of the Lorentz-Fitzgerald contraction hypothesis of 1892.
Rowland's student, Edwin Herbert Hall (1855-1938), seems to have
been the only American physicist who expressed publicly his disagreement with Millikan's statement (128, p. 615).

5

Sciences; the Royal Academy of Sciences, Berlin; the Royal
Academy of Sciences and Letters, Copenhagen; and the National

Academy of Sciences, Washington. He represented the United

States government in international electrical congresses held in
Paris in 1881 and 1882 and presided over the International Chamber

of Delegates for the Determination of Electrical Units which met in
Chicago in 1893. In recognition of his work in spectroscopy he was

awarded the Rumford Gold and Silver Medals from the American
Academy of Arts and Sciences in 1884 and the Draper Medal from
the National Academy of Sciences in 1890 (292, following title page).

When viewing these honors, the historian is faced with the same
question Rowland once put to booming nineteenth century industrial

America: "Whether all this display has been in vain, or whether it
has led to a bountiful harvest?" (263, p. 105).

The overall arrangement of this study is chronological. A
major departure from this plan occurs in Chapter VI where the repetitions of charge convection experiments following Rowland's Berlin

researches in 1876 have been treated together to provide technical
continuity. The electromagnetic researches, which are discussed

in some technical detail, include magnetic distribution, charge convection, the ratio of units, the Ohm, Hall's work and the attempts
to produce electricity from the ether. Although this study concentrates on Rowland's electromagnetic investigations some mention is
made of his experiments in optics and thermodynamics.

6

CHAPTER II
EARLY BIOGRAPHY (1848-1870)

Henry Augustus Rowland, born in 1848, was the only son in a

family of five children. 2 In 1859 his position of responsibility was

underscored by the death of his father, a Protestant theologian. This
occupation had been a family tradition involving three generations of
Rowlands.

3

Harriette Heyer Rowland (1810-1891) accordingly ex-

pected her son to follow family custom which meant an education be-

ginning with classical studies. Thus in 1861, at the age of thirteen,
he was enrolled in the Classical Department of the Newark Academy
2

Jennie.

Rowland's sisters' names were Anna, Cornelia, Mary, and

3The

Reverend David S. Rowland (1719-1794), a graduate of
Yale College in 1743, from his Providence pulpit was such a
"zealous defender" of his country against foreign oppression that
during the Revolutionary War he was forced to flee the city, escaping
with his family up the Connecticut River in darkness through the
midst of an investing British Fleet (330, p. 431-432). His son, the
Reverend Henry Augustus Rowland (1764-1836), was ordained at
Windsor, Connecticut as a colleague with his father in 1790 after
graduating from Dartmouth College and was remembered for his
"commanding" figure and "strong intellect" (330, p. 435-436). His
son, the Reverend Henry Augustus Rowland (1804-1859), a graduate
of Yale College in 1823 and Andover Theological Seminary in 1827,
settled his family in Honesdale, Pennsylvania in 1843 (106, p. 66).
There the third Henry Augustus Rowland was born on November 27,
1848. The last theologian was reported to have been interested in
chemistry and natural philosophy but his influence on his son, if any
in this regard, is unknown (211, p. 11).

7

in New Jersey.
Samuel Ashbel Farrand (1830-1908), the headmaster of the
school, remembered Henry as "showing indications of unusual
ability" and doing well in all his studies except Latin which he found

a "repugnant task" (2, January 28, 1905, Farrand to Ira Remsen).
Mrs. Rowland was advised to let her son "drop the distasteful study,"
but she had "no other thought than that Henry, with his superior
ability, would follow in the succession and keep up the traditions of

the family" (2, January 28). However, Henry was more interested in
mechanics and electricity. A small pocket notebook kept by him beginning in 1862 contains the record of the construction of a number of

devices including electromagnets, induction coils, galvanometers
and electric motors (14). Scientific studies had not yet won promi-

nence in American higher education. According to Farrand a scientific education to Harriette Rowland "seemed like throwing away her
boy" (2., January 28).

After three years of observing Rowla.nd's agony which had been

intensified by the addition of Greek to his studies, Farrand requested
that if this course were to be continued, it should be done in another
school. Harriette Rowland did not give up easily. She sent her son

to Phillips Andover Academy in Massachusetts in April 1865 to con-

tinue the same course of study. 4 Presumably she hoped that the
4

There Rowland was a classmate of the son of Cortlandt Van

8

move would lead to Rowland's admittance into the Andover Theologi-

cal Seminary from which his father had graduated.

5

Not unexpectedly Rowland's experience at Andover was dis-

tasteful to him from the start as he indicated to his eldest sister (2.,
April 20, 1865, to Anna). Morning study was followed by Latin recitation until noon; the afternoon schedule was the same except the sub-

ject was Greek (2, April 28, 1865, to Anna). By July he wrote that
he could not concentrate on his studies explaining to his mother, "It

[classical study] is horrible", and in the language which tormented

him he declared, "'Non feram, non patiar, non sinam' is a sentence
which just expresses my condition" (2, July 11, 1865, to Mother).

6

In a second letter of that same month he petitioned his mother to

allow him to leave Andover to take up "a scientific course" (2 July
18).

His mother relented and the following September Rowland, then

nearly seventeen years old, was enrolled at Rensselaer Technological

Institute in Troy, New York. He soon reported that in contrast to

Rensselaer (1808-1860) and grandson of Stephen Van Rensselaer
(1764-1839), mentioned below on p. 9. Cortlandt Van Rensselaer
was a Presbyterian theologian and colleague of Rowland's father (2,
May 29, 1865, Rowland to his family).
5See
6

p. 4).

n. 3.

"I will not bear, I will not suffer, I will not tolerate" (72,

his experience at Andover, he was "getting on well" particularly in

geometry where his instructor assigned "extra original problems"
(2, October 19, to Jennie).
The "scientific course" which Rowland pursued at Rensselaer

was oriented largely toward engineering and practical application.
Indeed the Institute had been organized to instruct persons "who

may choose to apply themselves, in the application of science to the
common purposes of life" (letter from Stephen Van Rensselaer to the

Reverend Dr. Samuel Blatchford, the school's first President, Nov.
5, 1824, quoted in 253, p. 3).

7

The school had been founded by Stephen Van Rensselaer (1764-

1839). As President of a commission responsible for constructing
the Erie Canal, Van Rensselaer had employed Professor Amos
Eaton (1776-1842) in the early eighteen twenties to survey the area
of the proposed water way (253, p. 9). Van Rensselaer and Eaton,
7

This was in part the philosophy of practical education associated with Johann Heinrich Pestalozzi (1746-1827), Swiss educational
reformer, whose ideas became manifest through the Lyceum movement in America in the early nineteenth century. A notable and
characteristic Lyceum of that period was the institution opened in
Gardener, Maine in 1823. It was a manual labor school, boasting
"circular lathes where the ingenious and industrious may earn sufficient to pay their board" (55, p. 348). One leader of the movement
stated, "It is not sufficient for them [the students] to be able to repeat and to demonstrate a few general laws of mechanics; they must
be taught the application of the laws. They must be acquainted with
machines" (from the Inaugural Address, of the Principal of the
school, as quoted in 255, p. 7).

10

seeing a need for scientific education in the area, organized a series
of popular lectures "unshackled with the terms and science of mathe-

matics" (253, p. 12). The talks, given to audiences along the Canal,
were well-received. Van Rensselaer decided to establish a school
partly for the purpose of training teachers of science who might follow in the Eaton tradition (253, p. 3).
In the by-laws of the new school, Van Rensselaer described
the method by which his students were to study science: "In every

branch of learning the student begins with its practical application,
and is introduced to a knowledge of elementary principles from time

to time, as his progress requires (255, p. 45). In addition the students were not to be taught by the usual method of seeing experiments

and hearing lectures, but rather they were to perform the experiments themselves and at times were to lecture under the immediate

direction of a professor or his assistant. 8
The Rensselaer School opened in January 1825. Eaton remained

as senior professor for seventeen years. Professor B. Franklin
Green (1817-1895), who was appointed senior professor a year before
Rowland's birth, became the director of the school in 1850 and
8

One of the pamphlets published by the Board of Trustees of
the school during the first five years of its existence explained that
"the teacher always improves himself more than he does his pupils.
Being under the necessity of relying upon his own resources and of
making every subject his own, he becomes an adept as a matter of
necessity" (255, p. 44).

11

lengthened the course of study from one to three years, adding after

1857 a possible preparatory year for some students (253, p. 474,
97). The Institute became "more distinctly a school of civil engineer-

ing" (255, p. 96).9 Its primary purpose was "the education of the

Architect, the Civil Engineer, Constructing and. Superintending

Engineers of Machines, Hydraulic Works, Gas Works, Iron Works,
etc. , and Superintendents of those higher manufacturing operations

" (253, p. 83). The curriculum was designed for such occupa-

tions "requiring for their successful prosecution strict consideration
of the scientific principles involved in their respective processes"
(253, p. 83-84).

It is difficult to assess the quality of the Institute's scientific
apparatus when Rowland began his studies there, but it is probable

that the science cabinets were in a state of being replenished since a
fire had destroyed most of the school and much of the town of Troy
in 1862.

10

Geological specimens and part of the chemical apparatus

had been lost, but the library had been saved (255, p. 108). But it
was not until October 1864 that a new "Main Building" was rebuilt

9

In. 1961 the name of the school was legally changed by the

State Legislature to Rensselaer Polytechnic Institute (253, p. 78).
10

There is some evidence that new instruments could not have
been quickly replaced from local sources. William Gurley, a
manufacturer of scientific instruments in Troy and a. trustee of the
school, was "burned out in the fire" (253, p. 150).

12,

(253, p. 151). The situation was in accord with Rowland's report

that he built many of his scientific instruments himself in his boarding house room or brought them from his collection in the cellar of

his mother's Newark, New Jersey home (2, February 1866, to
Anna). However, in 1866 a new chemistry building at last was
finished and according to Rowland, it was regarded as a satisfactory
and "most complete" facility (2, October 1866, to Anna).
In February 1866 after examinations in algebra and trigonome-

try, projections and descriptive geometry and French, Rowland returned from the term break to find that he had done well enough to

be advanced to the "second section" (2, February 1866, to Anna).
With second division status he studied philosophy, but his reactions

to the subject, taught by a person whom he assessed to be less than
satisfactory, marked his third discouraging experience with the
humanities, the first two having been at Newark Academy and at

Andover. Rowland wrote home that his philosophy teacher "does not

try any experiments or do anything to make it interesting to us" (2,
February, to Anna). 11 The experience disturbed Rowland enough to
11

William Fenton, Rensselaer class of 1861 and assistant professor at the Institute from 1864 to 1870, was evidently the teacher
to whom Rowland referred. He was the only Fenton listed in a cumulative index of the school's academic staff (255, p. 227). He had
apparently been assigned to teach philosophy although his credentials
were in civil engineering (255, p. 227). Rowland described his
teaching as "miserable" and claimed that "he does not know anything
so you may imagine it is not very pleasant to study it under him"
(2, February, to Anna).
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write, "I suppose it is on account of having such good for nothing

teachers, that people do not like philosophy and call it a dry study"

(2, February, to Anna).
His letters home were often filled with descriptions of apparatus which he constructed and operated in his boarding house room.

These included a small steam engine and a "quite delicate balance,"

a galvanometer, an electrometer and a shock machine (2, April
1866, to Anna). Another project was a Ruhmkorff coil which would

"'charge and discharge a Leyden jar twenty times a second or more"

(2, May 5, to Jennie). He also investigated the electrical discharge
in glass tubes in which a partial vacuum had been obtained by boiling

mercury; two contained "common air," a third some carbonic acid"
(2, May 5). These produced soft pink and greenish light which was

" "not like the spark, but very gentle and gauze-like, and goes from

one end of the tube to the other, without noise" (2, May 5).
The following fall term Rowland continued work on the con-

struction of the steam engine making most of the parts himself. The
engine was to be "useful," not a toy, and was to be employed to run

a small turning lathe (2, [Fall 18661, to the family). The design of
the engine was an elaborate duplicate of larger machines and incor-

porated a safety valve, steam gauge, water cocks and a small turbine
wheel. Charcoal was planned as fuel because alcohol was too expen-

sive. The machine was to be sophisticated enough to pump its own

14

water into the boiler (2, December 1866, to Anna).
By the spring of 1867 the engine was in operation. It had evidently become much of a pre-occupation for Rowland expressed a

desire to graduate in mechanical engineering and then to work for a
year as a "common mechanic" in. a machine shop or for a "philo-

sophical instrument maker" (2, December 1866, to Anna). He
argued that such a plan would give him "practical knowledge" which

he considered "as important to an engineer as theoretical [knowledge] " (2, December 1866, to Anna).
His family became concerned with the amount of time which he

spent confined in his boarding house room with his apparatus and

urged Rowland to join one of the school's social clubs. He obliged
them by joining the then newly-formed Pi Eta Society, whose meet-

ings, instead of being purely social, were concerned with the study

and discussion of scientific subjects (2, May 1867, to Anna). Marking the beginning of his participation as one of the society's most
active members was a paper read by Rowland on the subject of

steam engines "illustrated by experiments" (2, October 9, 1867, to

Anna). Rowland was successively secretary, librarian and president of the society whose motto was Super Omnia Scientia (40,

February 21, 1868; September 17, 1869; February 18, 1870).
The papers which Rowland read before the society in 1868 in-

cluded essays on electricity and magnetism accompanied by

15

demonstration experiments (40, February 21, April 17, 1868).
Subsequent subjects included a, "practical essay" on the spectroscope

and a discussion of the mechanical equivalent of heat (40, April 2,

April 27, 1869). A demonstration of his induction coil was accom-

panied by its effects on gases at low pressure, and he presented a
paper on the polarization of light (40, October 1, October 29, 1869).

12

In his senior year Rowland spoke on magnetic variation and the "intimate" connection between the variation of the needle, the frequency

of the northern lights and the spots on the sun (40, February 1870).
This was followed by an address to the society on the question of

whether the center of the earth was in a liquid state (2, March 6,
1870, to Mother).

In the fall of 1867, his third year at Rensselaer, Rowland arranged his schedule to spend his mornings uninterrupted on experi-

ments carried out in his boarding house room. He took afternoon sections of his courses which included machine drawing, analytic chemis-

try and French (2, November 1867, to Jennie). About the same time
he began to keep records of his experiments, apparatus and related
reading in two bound notebooks (16).

13

These notebook records were

12

The recording secretary of the society reported that the
"coup de grace" of Rowland's presentation "manifested itself in the
sacrifice of the life of a quadruped on the altar of science" (40,
October 1, 1869). A mouse fell victim to Rowland's coil.
13

These hitherto unknown volumes were discovered during the

16

indicative of his growing desire to make experimental science rather
than mechanical engineering his profession (2, October 9, 1867, to
Anna).

His investigations during that period were as diverse in scope
as they were inventive in proposed execution. The first volume of

the notebooks contains sketches of several types of gold leaf electroscopes along with a modification by Rowland which would permit

identification of the sign (positive or negative) of the electrification

involved (16, vol. 1, p. 17). These sketches were immediately followed in the notebook by Rowland's account of an investigation em-

ploying the electroscope to determine the origin of electricity produced by the contact of water and heated metal (p. ZO-21). This in-

vestigation was subdivided into six experiments arranged systema-

tically to determine whether the electricity originated from the evaporation of water or, as Rowla.nd supposed, from the liquid's decomposition. This study was followed by an unrelated computation which

estimated the "upward" force of wind necessary to support a man in
flight with "wings" twenty feet in length moving through the air at

course of the present study. Volume 1 was found with thirty-seven
other uncatalogued Rowland manuscript notebooks in Gilman Hall,
abandoned as a conventional borrowing library at The Johns Hopkins Uni-

versity and at this writing used as a storage area. Volume 2 was in
the possession of Rowland's daughter, Miss Harriette Rowland,
being a part of her collection of her father's memorabilia at their
Cathedral Street home in Baltimore. All of these notebooks have been
transferred to the Frieda C. Thies Manuscript Room in the Milton S.
Eisenhower Library at the University.
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fifteen miles per hour (p. 77). He designed and sketched a machine
to be used in the laboratory to test the results of his computation

(vol. 2, p. 47-48).
Several of Rowland's notebook entries recorded in the first of

these volumes led to major investigations carried out later during his
life. One such investigation involved the determination of the position

of the poles of a horseshoe-shaped magnet by means of a' compass

needle (16, vol. 1, p. 26). Rowland observed and sketched the
change in the position of the poles when an armature wasj placed across

the legs of the magnet. A speculation on whether a charge in motion

produced magnetism was also recorded here (p. 60) as well as information regarding telegraph lines, the electrical model used in his
later magnetic analogy of 1873 (p. 54). 14 Here also he recorded his

early "theory of the earth's magnetism" (p. 84-85). HoWever, his
entries regarding optics, the field in which he gained perhaps his

greatest international reputation of the 1880's, were much less original. These included a list of double refracting crystalp (p. 98-

109), a copy of Haley's optical formulae (p. 111) and a tabulation,

copied from the American Journal of Science, of sun spot occurrences

and auroras (p. 112-113).
The application of mathematics to special problems comprises

14

See p. 43 below.
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the chief subject of the second of these notebooks and is indicative of
the level of Rowland's study in this discipline. He made notes and

computations on projectile paths (16, vol. 2, p. 55-58), the distance
to the moon (p. 59) and the action of the sun on the motion of the
moon (p. 60-62). Extensive computations were made to find the

most efficient arrangement of the connecting rod on his steam
engine (p. 103-122) as well as in the solution of a number of problems in analytic geometry (p. 123-153).
Among the variety of entries in these notebooks indicative of

Rowland's diverse scientific interests at Rensselaer there are
numerous references to one special source of ideas. The Experi-

mental Researches in Electricity of Michael Faraday is the first
entry in a list of scientific books found at the end of voluMe one of

Rowland's notebooks (16, vol. 1, p. 125-126).

15

The quotation which

Rowland transcribed onto the cover page of the second of these

volumes is familiar to students of Faraday:

Some I think (at this date) are good, others moderate, and
some bad. but I have put all into the volume, because of
and none more than
the utility they have been of to me
the bad-- in pointing out to me in future, or rather after
times, the falts [sic] it became me to watch and to avoid.

(16, vol. 2, p. 076
15

This list is discussed on p. 25, below. Faraday's Experimental Researches in Electricity is cited hereafter as Researches.
The 1839 (108), 1844 (109) and 1855 (110) printings are used here.
16

(110).

Quoted as copied by Rowland from Faraday's Researches

19

Several of Faraday's concepts were important in shaping
Rowland's views of electricity and magnetism. Included !,in this

category and referenced in Rowland's notebook were the intensity of

electricity and magnetism (vol 2, p. 3-7), Boscovich and Faraday on

atoms (vol. 1, p. 42-44), diamagnetism (vol. 1, p. 29-31), induction (vol. 1, p. 34, 57-58), and electromagnetic analogies (vol. 1,
p. 59).

17

Throughout his life Rowland spoke publicly of Faraday al-

most with reverence: "Who will follow in his footsteps and live such

a life that the thought of it almost fills one with reverence?" (264, p.
18).

"We can only receive with gratitude what Faraday h}as, given

freely to us, and speak his name with the reverence due

." (266,

p. 649-650). Rowland greatly admired Faraday's "chivalric spirit"
in devoting his life to the study of nature (294, p. 114).
By the spring of 1868 Rowland, engrossed in his sdientific

studies, wrote to his mother that he could not devote hirriself with

"sufficient attention" be successful in mechanical engine!ring, as
he had previously contemplated (2, May 1968). 18 He exjlained,
You know that from a child I have been extremely fond of

experiment; this liking, instead of decreasing, haS
gradually grown upon me until it has become a part of my
nature and it would be folly for me to attempt to give it
up. . . . I intend to devote myself hereafter entirely to

17
18

Boscovich s atomic theory is discussed on p. 1q9, below.
See p. 14, above.
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science.-- If she gives me wealth I will receive it as
coming from a friend but if not I will not murmur
May 1868).19

Nevertheless, at the end of summer, Rowland attempted to
transfer into the mechanical engineering course at the Sheffield
Scientific School at Yale. His reasons for so doing were for the

most part apparently financial. 20 Tuition at Rensselaer had doubled
to $200 following the Civil War (253, p. 142). The corresponding
fee at the Sheffield Scientific School was $125 with the additional

attraction for Rowland's mother of having her son finally' enrolled at

Yale, a school of family tradition (377, p. 61).
For a time he was placed in the category of "Studeilts Pursuing
Advanced and Special Courses" (377, p. 15). He became acquainted
with chemist, Samuel William Johnson (1830-1909), who later in
1871 attempted to help Rowland to publish a paper (251, p. 408).

21

19

In a postscript to this letter, scratched out but Still legible,
Rowland wrote, "I think it will not be many years before I will be a
famous man for I know it was [always] in me. You will forgive me
if there is conceit expressed in this but the result will show which
[idea] is right" (2, May 1968).
20

The family correspondence of the years preceding that period
is filled with references to the financial strain imposed by the costs
of Rowland's education on his family. For example, see the letters
to Anna. in April 1866 and October 1867, to Mother in March 1866, to
Jennie in June 1867 and to Mother in the fall of 1868 (2). The letter
to Mother from New Haven in the fall of 1868 continued from the quote
in the text above, "As to the practical part of it [making a living] , I
can only say that what other people have done I can do, 0.nd other
people have made their living by it [science]. ." (2).
21

See p. 51-54, below.
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However, it was not long before he wrote from New Haven that he

could not reconcile himself to the new course of study:

I feel as if it was my duty and vocation to be an investigator
in science and I felt something like a Jonah when I came
here to study mechanical engineering. I know I am best
fitted for it [science' and it is only a question of dollars
that decided me (2, [1868] , to Mother).
In the winter of 1868-1869 Rowland returned to Rensselaer.

During his junior and senior years he pursued the study of mathema-

tics through the calculus of variations (2, March 6, 1870).22 Specific problems involving catinary solutions included the determination

of the "law of loading" for a loosely suspended string so that its

locus would describe a circle (16, vol. 2, p. 132).23 Other calculus
problems pertained to demonstration of the equivalence of the attraction of the mass of a hollow shell to that produced on an exterior

body by the same mass when concentrated at the shell's center (p.
143). Problems involving double integration over the surface of

discs and sectors of spheres were also studied (p. 144-145).
Rowland graduated from Rensselaer in June 1870 with the de-

gree of civil engineer, the only degree he ever earned through a

22

He listed as a text on the subject, Woodhouse, Calculus
of Variations, Cambridge (8, n. p. ). This text appears to have been
The Principles of Analytic Calculation by Robert Woodhouse (17731827) (375).
23

Rowland continued to place entries in the 1868 notebook
through September 1871 (16, vol. 2, p. 158).

22

formal course of study. 24 At, the end of the summer he made

several unsuccessful attempts to find employment. He most of all

wished to be "a professor of Physics," his drafting teacher, Samuel
Edward Warren (b. 1831), recalled later in 1878 (2, October 30,
1878, Warren to Rowland). In September 1870 Warren promised to

approach the trustees of Rensselaer Institute regarding a possible
appointment for Rowland, but nothing materialized (2, September 10,
1870, Warren to Rowland).

An inquiry to a former fellow member of the Pi Eta Society received the reply that there was no situation in this neighborhood
[Wilmington, Delaware] vacant that would suit you (2, September 7,
1870, Megear to Rowland).

Other Pi Eta friends in New York

watched the newspapers on Rowland's behalf (2, September 28,

1870, 0. F. Nichols to Rowland and October 23, 1870, Edward
Nichols to Rowland from Troy). In December when Rowland still had
not found employment one friend warned him of giving up too easily

the idea of finding a professorial post:

I cannot persuade myself that the labors of the practical
Civil] Engineer] would suit you. In this field you encounter business men as they are called. You know something about the latitude and longitude of this word do you
not? The business atmosphere is a very dense one. I

24

Honorary degrees were conferred later in his life by The
Johns Hopkins University (Ph. D. , 1880); Yale University (LL.D. ,
1895) and Princeton University (LL.D. 1896) (292, p. [iii] ).
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had much rather see you, and of course you had much
rather be, in the chair of natural philosophy in some
good institution (2, December 14, 1870, S. W. Ford
to Rowland).

Unable to find the kind of position he wished, Rowland directed

his attention to scientific investigations. His time during the winter
of 1870-1871 was occupied with magnetic researches conducted at

his mother's home in Newark. In March one of his friends, informed
him of a surveying job in Pennsylvania. It would offer "valuable

experience in Civil Engineering practice if you are disposed to take

up with this class of practice" (2, March 13, 1871, 0. F. Nichols
to Rowland).

After ten months of unemployment Rowland was disposed to the
idea and joined the Buffalo and Belmont Railroad Company to survey

a new line route between Wiscoy and Oramel, Pennsylvania (2,

April 1871, to Mother from Perry, Pennsylvania). The surveying
job was only temporary, however, until he could find a teaching
situation which would allow him to continue his experiments. Indeed

a relative had offered a reputedly more lucrative and permanent
position on the Pacific Railroad being built to the West, but Rowland

had refused this because California was "so far from the world of
men that know anything that I would soon get behind the age" (2,

June 1871, to Anna from Wiscoy). He awaited news of an account

of the past winter's researches which had been sent to the editors of
the American Journal of Science in New Haven (2, May 30, 1871, to

24

Mother).

25

About that time Rowland heard of an open assistant professorship in natural science at the University of Wooster in Ohio and made

application for the post (2, April 24, 1871, J. M. Sillima.n to Rowland). After some negotiation with the Wooster trustees he accepted

a position at eleven hundred dollars per year. An agreement was included that funds would be provided for a physics laboratory and
equipment (2, August 1 and August 9, 1871, to Mother).
By October Rowland was in Ohio, but he was teaching the

freshman course in physical geography and a sophomore course in
zoology which he noted were "two subjects about which I know little"

(2, October 1871, to Jennie). In attempting to keep a few lessons

ahead of his students he sought references in the university library
which he soon found to be less than adequate in science (2, October,
to Jennie).

Rowland found it necessary to enlarge significantly his own

scientific library. He asked his mother for one hundred dollars to
be taken from his paternity trust to buy books, arguing that he might
better be "laying up knowledge" in his head "than money in the bank"

(2, [Fall, 18711, to Mother). The money was sent and the books
ordered (2, October 1871, to Mother). As the library grew he noted

25

An account of these researches is given in Chapter III.
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that books were really the cheapest thing in the line of science that

he could buy because "for a certain sum of money I get the results
of perhaps years of labor (2, February 1872, to Mother). He de-

sired to increase his library as quickly as possible explaining that
"I have a long way to go before I catch up with those who lead the

world in science" (2, February 1872, to Mother).
At the end of his 1868 notebook Rowland listed thirty-eight

volumes beginning with Faraday's Researches (16, vol. 1, p. 125).
Beginning in 1871 funds from his paternity trust and his teaching
salary combined with his growing bibliophilic tendencies to enlarge

greatly the library (23). By 1875 a second library catalogue contained one hundred eight-one entries, only eleven of which concerned

subjects unrelated to science or mathematics (8, n.p.). 26 Many of
these books were cited in Rowland's published technical papers. 27
In November of 1871 Rowland had asked the Wooster trustees

for a thousand dollars for scientific equipment and for the same
amount for desks (2, November 1871, to Mother). His actual

26

At that time the library was worth $1070 by Rowland's calculation, an amount confirmed by a computation made by this writer.
27

Many of Rowland's books are in the Milton Eisenhower
Library at The Johns Hopkins University where they were placed
after his death as the nucleus of a library collection anonymously
established in his memory (51, p. 25).

26

expenses in setting up the physics department are not recorded, but
the trustees had given him an open letter of credit to make such

purchases as he desired (2, December 15, 1871, Letter of Credit

from John McClellan, Treasurer). However, near the end of
February 1872 the trustees met to discuss his excessive expenditures.
According to Rowland they decided that "the scientific department
was spending more money than they could afford" and Rowland was

given notice that his services would not be needed for the following

year (2, March 1872, to Anna).
The decision was agreeable to Rowland who had been offered

an instructorship teaching natural philosophy back at Rensselaer
Institute (2, March 13, 1872, Charles Drowne to Rowland). 28 The

amount of his salary for the following academic term, $1200, was

contingent on the promise of the Rensselaer trustees to furnish him
a lathe and at least $1500 for purchasing scientific apparatus (2,
October 1872, to Mother). The trustees agreed to Rowland's stipu-

lation that his salary be raised by one hundred dollars if the apparatus allocation were not furnished. Rowland told his family that he
wished to show the Rensselaer officials that "I wanted apparatus
more than anything" (2, May 1872, to Mother). The trustees did

fail to keep their agreement and an adjustment in salary was made
28

Rowland was hired for April 1 until the end of the term at
$250 (2, March 13, 1872, Charles Drowne to Rowland).
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accordingly (2, October 1872, to Mother). It was the first incident
among many in what became Rowland's growing dissatisfaction with

the attitude of the Rensselaer administration towards his scientific

activities.29

29

See p. 80-81, below.
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CHAPTER III
THE MAGNETIC ANALOGY TO OHM'S LAW (1870-1875)

The series of experiments which Rowland began in 1870 at his
mother's Newark home and continued through 1875 at first had been

organized to determine the distribution of magnetism in several iron

bars and steel magnets.

30

He soon found it difficult, however, to

interpret his measurements. In the early 1870's little was accurately known of the combined effects which various media and geometric

configurations exercised on the transmission of magnetic forces (275,

p. 141). By mid-century the experiments of investigators such as
Harris, Sturgeon, Joule, Lenz, Jacobi, Dub, and Henry had drawn
attention to several specific factors affecting the behavior of magnetic configurations.

However, their experiments had produced no

single model of magnetic action under general conditions of core con-

figuration, magnetic material and coil disposition. In the winter of
1870 Rowland was well aware of the researches of these predeces-

sors. 32
30

The experiments were recorded in a notebook dated October
1870 through January 1875 (9).
31

32

See Appendix II.

Rowland's references to the above-mentioned experimenters
are contained in several dozen fragmentary notes placed loosely and
scattered throughout the leaves of his scientific notebooks (11; 16,
vol. 1, p. 119-122).

29

Rowland's own large and growing collection of scientific texts

was a convenient resource in this respect,but access to papers print-

ed in the periodicals presented a problem. As late as 1873 when he
was teaching at Rensselaer Rowland complained to Clerk Maxwell,
"I do not have convenient access to back numbers of the different
periodicals and have to wait until vacation when I can use the libraries at New York or West Point" (29, [18731 , to Maxwell). 33 The
"highest" school text on magnetism which Rowland noted to be in his

possession when his magnetic studies were begun was that written

by Benjamin Silliman, Jr. (1816-1885), heir to his father's editorship of the American Journal of Science (32, April 19, 1875, to
Pickering).

Silliman's Principles of Physics, or Natural Philosophy was
organized by topic in encyclopedic fashion (325). It reproduced in

numbered paragraphs and with little critical discussion the accounts
of many eighteenth century physical investigations. Much space was

devoted to the details of apparatus construction. Yet in addition to

Silliman's text, Rowland emphasized, "I had also read Faraday's

Researches, which last, has been my guide ever since.

33

.

. " (32),

Yet he was "getting a pretty good library of my own as fast
as I can afford it" (29, [18731 , to Maxwell). Rowland's association
with the United States Military Academy at West Point is discussed
on p. 79-80, below.

30

April 19).34

Faraday did not use elaborate formal mathematics to describe
his magnetic theory and Rowland, concerning his own early ma.gnetic studies, acknowledged "when I wrote my first paper I knew very

little about the mathematical theory of the subject.

(32, April

19). It was not the language of mathematics, the manipulations of the

integral and differential calculus with which Rowland was unfamiliar
in 1870-1871. His courses at Rensselaer had taken him through the

calculus of variations.35 Rather he was ignorant of the use of

mathematics to describe magnetic phenomena.
Rowland therefore devised his own mathematical description
for the distribution of magnetism independent of another mathematical

interpretation of Faraday's magnetic theory published later in 1873 by

James Clerk Maxwell. Rowland's earliest reference to a mathematical theory of magnetism was recorded in one of his notebooks in

December 1870 (9, p. 3). By mid-April 1873 Maxwell's Treatise on
Electricity and Magnetism was evidently not yet in general circulation in America, for a New York dealer wrote on one of Rowland's

book orders, "'Maxwell's Electricity] and Mag[netism] ' --not out

34

Rowland's many references to Faraday's Researches are
discussed on p. 18-19, above and on p. 33-34, below.
35

See p. 21, and n. 22, above.
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yet, will send as soon as ready" (2, April 15, 1873, D. Van
Nostrand to Rowland). Nor was any of Maxwell's work listed in the

earliest of Rowland's library bibliographies of 1868-1869 (16, vol. 1,

p. 125-126). Rowland himself believed that his were the "first experiments hitherto made on this subject in which the results are
expressed [mathematically] and the reasoning carried out in the
language of Faraday's theory of magnetic force

.

.

"

(275, p.

142-143).

Basic to Rowland's work was the concept of lines of force
which he had derived from Farada,y. 36 For Faraday the direction

in space of a line of force was indicated by the orientation of a very
small magnetic needle placed at a point subject to magnetic influence (110, p. 328). Alternatively, Faraday had defined a line of

magnetic force as "that line along which, if a transverse wire be
moved in either direction, there is no tendency to the formation of

any current in the wire, whilst if moved in any other direction
there is such a tendency" (110, p. 328). Faraday was careful to restrict the meaning of the term to imply no more than a condition of

the force in any given place, as to strength and direction "and not to
include (at present) [October 1851] any idea of the nature of the

36Later
in an abstract of his magnetic researches published in
December 1873 Rowland confirmed that he had "spoken of lines of
force, etc. , in the sense used by Faraday" (276, p. 425).
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physical cause of the phaenomena; or be tied up with, or in any way
dependent on such an idea" (110, p. 330).
Rowland likewise did not concern himself with any attempt to

understand the nature of the physical cause of the lines of force. He
may have read in the Researches that there was no "impropriety"
in studying physical forces by any method available to represent

them "provided no error is thereby introduced" (110, p. 330).

37

In

any event when Rowland published his own work in 1873 he was not

concerned over any such possible impropriety. "Whether Faraday's

theory is correct or not, it is well known that its use will give correct results; at the present time the tendency of the most advanced
thought is toward the theory

.

.

." (275, p. 143). Rowland cited as

an example an article by Maxwell in an 1873 issue of Nature which

had discussed Faraday's view (201, p. 325).
During his experiments of 1870-71 Rowland attempted to

measure the lines of force by using a tiny coil of wire which he

called a "magnetic proof plane" (295, p. 14). 38 The coil of wire was
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When "the natural truth and the conventional representation
of it most closely agree, then are we most advanced in our knowledge" (110, p. 330).
38

Maxwell used the words "proof plane" in the Treatise to
describe an analogous method of measuring electrostatic configurations (206, vol. 1, p. 277). Rowland did not publish the details, of
his method until 1875. At that time he claimed priority for using
the method in 1871 (295, p. 14),
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connected to a galvanometer and then brought to a point on a magnet.
A momentary deflection of the galvanometer needle occurred when
the coil was pulled away suddenly.

Rowland was well-acquainted with the sections of Faraday's

Researches describing such inductive action. He had copied in de-

tail on two pages of his 1868 notebook several sketches from Fara-

day's twenty-eighth series of researches, "On lines of Magnetic

Force; their definite character; and their distribution within a
Magnet and through space" (110, p. 336-350). Rowland's sketches

are reproduced in Figure 1 below.
Faraday's experiments showed that the deflection of the galvanometer needle was proportional to the component of the lines of

force which was perpendicular to the plane of the coil at the point

under investigation (110, p. 355-360), Rowland employed Faraday's

discovery in attempts to measure the magnetic lines. It was during
the course of these attempts that Rowland realized that it was impossible to interpret his data accurately without a better understanding of certain effects which occurred when the magnetic coil current

was varied.
The specific difficulty was that the configuration or pattern of

the lines of force appeared to shift as the current in the coils was
varied. About 1868 Rowland had observed a related effect. In
natural horseshoe-shaped magnets the apparent position of the poles
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Figure 1. Rowland's sketches copied from Faraday's 28th series of

researches (16, vol. 1, p. 34-35).
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or source of the lines of force shifted when an armature was brought
into proximity with the ends of the magnet (16, vol. 1, p. 26).

39

Rowland thought that other experimenters before him such as Lenz,
Jacobi and Dub had probably disregarded this change in the distribu-

tion of magnetism "if indeed it was thought of at all" (275, p. 142).
Certainly the effect was not mentioned by any of these experimenters

in their published papers. 40 One French physicist, Achille Cazin
(1832-1877), even had flatly denied the possible shift in apparent
position of the poles, "La position des ailes est indhendante de

l'intensite du courant," wrote Cazin without providing any indication

that he possessed experimental evidence supporting his conclusion

(71, p. 171).
In 1870 Rowland made a simple experiment to test whether or

not such a shift of lines of force occurred when the coil current
was varied (275, p. 142). The experiment involved an eight inch
straight section of small diameter (#16) wire which was wound with

two layers, of fine involuted wire (275, p. 142). A small steel
needle, one quarter inch long was suspended by a silk fiber near one

end of the long, thin electromagnet. A large magnet was then placed
about two feet from the system and its poles were positioned to

39See
40

p.

17-18, above.

Tkie experiments of these men are discussed in Appendix II.
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neutralize the earth's magnetic effect.
When the magnet was excited with a current, the needle "took

up a certain definite position, indicating the direction of the line of

force at that point" (275, p. 142). When Rowland greatly increased
the current the needle aligned itself immediately more parallel to
the eight inch magnet "thus showing that the magnetism was not

distributed [ concentrated] more nearly at the ends than before"

(275, p. 142). From this experiment Rowland concluded that "nearly all the experiments hitherto made on bar magnets contain an

error .

.

." since they did not consider the shift in the magnetic

configuration as the current varied (275, p. 142).
When William Thomson (1824-1907) published his Reprints of

Papers on Electrostatics and Magnetism in 1872 Rowland learned

that in the previous year Thomson had predicted such an effect.
According to Thomson there would be

some considerable change in the distribution of force
in the neighborhood of an electromagnet with a soft
iron core in a state of intense magnetization when,
for instance, the strength of the current is doubled
(355, p. 512).41
However, like Cazin, Thomson did not discuss any experimental

41

Thomson's statement was cited by Rowland in his published
researches of 1873 (275, p. 142). The reprint of Thomson's papers
was listed by Rowland in his second library bibliography (8, p.
180).
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evidence supporting his opinion. The effect was small, as Rowland

acknowledged, but large enough in his opinion to justify a reexamination of the entire subject of magnetism (275, p. 142).

In order to be able to compute precisely from his measurements the distribution of Faraday's lines of force Rowland needed a

specific model of the lines to facilitate mathematical interpretation.
Indeed, as Rowland noted, such a model had been suggested by

Faraday himself in the Researches (16, vol. 1, p. 59):
The magnet, with its surrounding sphondyloid of
power, may be considered as analogous in its condition to a voltaic battery immersed in water or any
other electrolyte; or to a gymnotus or torpedo, . . .
at the moment when these creatures, at their own will,
fill the surrounding fluid with lines of electric force
(110, p. 424).

Faraday had coined the word, "sphondyloid," to denote tubes

of force or regions of power (329, p. 588). For example, when a

magnet "in place of being a bar, is made into a horseshoe form, we
see at once that the lines of force and sphondyloids are greatly dis-

torted or removed from their former regularity [ symmetry]

.

.

."

(110, p. 428). Thus,
A line of maximum force from pole to pole grows up as
the horseshoe form is more completely given; . . . the
power gathers in, or accumulates about this line, just
because the badly conducting medium, i.e. , the space
or air between the poles, is shortened" (110, p. 428).

In regard to the gymnotus electricus or electric eel, Faraday
referred to a member of the apodal fishes having electric organs
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distributed along each side of its lower tail. He thought that "a bent
voltaic battery in its surrounding medium

.

(3276.), or a gymno-

tus curved at the moment of its peculiar action .

.

.

(1785.), present

exactly the like results" (110, p. 428). More specifically Faraday
explained,

I think the analogy with the voltaic battery so placed,
is closer than with a case of static electric induction,
because in the former instance the physical lines of electric force may be traced both through the battery and its
surrounding medium, for they form continuous curves
like those I have imagined within and without the magnet
(110, p. 425).
Rowland made note of the battery analogy in the first volume
of his 1868 notebook under a section appropriately titled "Thoughts

Suggested by Reading Faraday" (16, vol. 1, p. 59). Immediately
following this reference was a description of experiments concerned

with discovering the exact behavior of magnetic systems, suggestive
of the idea that Rowland wished to determine how well the analogy

corresponded with observation.

He experimented with a twenty pound horseshoe electromagnet

(16, vol. 1, p. 69). One of the legs of the magnet was wound with
layers of wire and connected with a small battery. An armature
weighing two pounds was barely sustained by one pole of the magnet

yet when the armature was placed across both poles it was sustained
as well as a fifty pound weight. The magnetic system exhibited

greater strength when the physical discontinuity near the magnet's
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poles was bridged by the armature.
A second experiment was designed to further test the nature
of magnetic continuity. A pair of thin bar magnets aligned with the
mutually opposing poles were vertically oriented. The force between the upper poles was to be measured with and, without the

addition of an armature connecting the lower poles. "If I mistake

not, there will be a greater attraction between their upper ends,"
Rowland wrote and suggested a galvanic analogy of his own as seen

below in Figure 2 to describe the effect of the armature (16, vol. 2,
P. 70).

Figure 2. Rowland's earliest galvanic-magnetic
analogy.

Two galvanic batteries, C and D, and two cups, A and B, containing slips of platinum were arranged as shown above. Slightly
conductive liquid was placed in cups A and B. Rowland explained
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that "the liquid in A diminished the intensity of the electricity circu-

lating in the wires and therefore there will be less intensity at B"

(16, vol. 2, p. 70).42 But if the wires at A were joined, the intensity at B would be much increased. The open platinum plates were
analogous to the poles of magnets which were suggested by the bat-

teries, C and D. Connecting the platinum plates together at A was
analogous physically to connecting the poles of the magnets with an

armature. The intensity of magnetism at the other open poles would
be much increased, so Rowland thought.

Both of these investigations drew attention to the effect of a

continuous physical geometry in magnetic structures and presumably
convinced Rowland of Faraday's analogy. In any event, Rowland

acknowledged later in 1875 that his own work could "be considered

simply as a development of Faraday's idea of the analogy between a

magnet and a voltaic battery immersed in water" (302, p. 257).
For Faraday, the lines of force in the surrounding medium of
a magnet were greatly affected by the composition of the medium.

Indeed, Faraday viewed this medium as "essential as the magnet itself, being a part of the true and complete magnetic system" (110,

p. 426). A variation in regard to the magnetic power could be considered as depending upon the "aptitude which the surrounding space

42

Or vice versa for the effect at A on joining B.

41

has to effect the mutual relation of the two external polarities

.

."

or the ability of the medium to carry the lines of force (110, p. 426).
Faraday used the term "magnetic conduction" to describe the aptitude
of a medium to effect this relation (110, p. 426).

Rowland's transcription of Faraday's galvanic circuit analogy
into a mathematical statement accounted for the effects of the surrounding medium by applying Faraday's idea of conducted lines of

force. To describe the magnetic conducting ability of a medium
William Thomson had suggested the noun, "permeability," in 1872

(355, p. 484). In his analogy, Rowland represented the permeability
of the medium (water surrounding the galvanic cell) by electrical

resistance. 43
In the account of his own magnetic research as it was first published in 1873, Rowland did not give the technical details of his

method of translating Faraday's battery analogy into explicit mathematical form (275, p. 144). However, he had recorded the complete

43

Such resistance was associated, with the law of Georg Simon
Ohm (1787-1854), who had described the flow of electricity in a wire
as being proportional to the tension (Spannung) and inversely proportional to the resistance of the wire (231, p. 50). Although greeted
with ridicule when published in 1827, the law was generally accepted
in 1870 (97, p. 489). Rowland had used the law before graduation
from Rensselaer in an analysis of the "exterior" and "interior"

resistance of a battery circuit (16, vol. 1, p. 90).
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derivation in a laboratory notebook of the period (12, p. 31-37).44
The derivation is entitled "Ohm's Law Applied to Magnetism" and is

written in immaculate script, organized neatly around a carefully
drawn diagram with equations set off with prepared enumeration.

45

Several complicated algebraic details of the derivation are not in-

cluded, also suggesting that the work was copied from a prior, less
polished study for the purpose of preserving a permanent reference

record. 46
The derivation was divided into two parts. First Rowland
examined the scheme shown in Figure 3 to determine how a single

hypothetical magnetic pole pair distributed its line of force through

the resistance of an extended element of itself and distributed elements of the surrounding medium.

The galvanic cell forming the basis of the analysis is seen
clearly on the left of Figure 3. Rowland called the vertical elemental

paths "insulators" giving them a resistance per unit length, R', to
allow a path for leakage currents which one would encounter through

44 Though undated itself, the derivation is found in the first

pages of a 305 page notebook containing references dated from 1872
through 1876 (12, p. 31-37).
45

See n. 44, The first section of the derivation may also be
found in another but undated Rowland notebook (19, p. 151-153).
46

Some of this algebra has been reconstructed in this, paper.
See p. 45-46, below.
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the imperfect insulators of a telgraph line (12, p. 31).47 The circuit was not uncommon. Figure 4 below shows the circuit as it
appeared to readers of The Telegraphic Journal in 1873.48

Figure 3. Faraday's analogy as interpreted by
Rowland (12, p. 31).

47

The steady state distribution of voltaic potential on a marine
telegraph line had been computed by William Thomson in 1855 but,
in contrast to Rowland's work, from the development of a theoretical
differential equation (353, p. 388). Thomson's telegi-aph work was
not in his Reprints of Papers,which Rowland had in his library nor
is there any evidence in Rowland's papers that he was ever familiar
with Thomson's telegraph derivations.
48

Later in 1874 Rowland cited this journal among the fragmentary notes discussed in n. 32, above.
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Figure 4. An 1873 drawing of a telegraph circuit
(336, p. 32).
Rowland pictured these vertical leakage paths to take into

account the effect, important to Faraday, of the surrounding medium
on the lines of force shown in Figure 3. At the same time the horizontal line, segmented by the junctions with the leakage paths, cor-

responded to the direct current circuit existing in the acid between
the cell plates of a galvanic battery. This direct current path was
analogous to the lines of force as they continued between the poles

through the body of the magnet. Other parameters were:
R,

the resistance of a unit length of the line itself (horizontal arrows at the top of Figure 3);

p,

the resistance of the composite line (including distributed insular resistance beyond a given point);

cl/

an elemental length parameter associated with the num-

ber of leakage resistance units entering into the problem.

45

Rowland freely exchanged differential and elemental units in

mathematics, forming quotients with them at will, confining any

limiting process to his own mind rather than to formal mathematics.

Thus, he considered a small section of telegraph line
gml. OM. 0111M

dR

Figure 5. An element of Rowland's ohmic analogy (as
interpreted by this writer).

He wrote dR' =

dR

R' x di1

although in practice dR' was

much greater than R' and dR was much less than R.

49

Clearly

Rowland considered dR to be an element of the line in a physical
sense. It was not a differential mathematical term since it was
used in a finite sense shown above in the denominator.

By Ohm's law he computed the change in p at a point on the
line. Thus,

49

1

1

p +dR

dR'

These ratios follow from Ohm's law and the number of dR

and dR' elements comprising the larger units of resistance, R
and R'.

46

From considerations of the relative size of resistances involved,
+ dR
Rowland found that p' = (p + dR) (1 - pdR'

50

Since dR'

di

and dR =Rd/ , and by neglecting second order terms, he arrived
at:

[P'

p] = dP

2

R'R

R'

(12, p. 31).

P

This was then integrated over the variable p between the dummy
variable,

p

(not distinguished by any change in symbol), and the

resistance value, S, assigned at the end of the line. After a series
of algebraic and logarithmic manipulations, he achieved a formula

which gave p as a function of position on the line, the end resis-

tance, and line resistance parameters (12, p. 31).
2rt

p

=--

Ae RR'
2'1
Ae +

1

A

Ja' + s

r=

NiRR1 - S

NiR /R1

1

With the distribution of line resistance,

p,

for a single voltaic

pair established, Rowland imagined a whole series of voltaic ele-

ments representing a string of small bar magnets placed end to end
(with alternating poles) in the fashion shown in Figure 6, below.

This is an extension of the scheme shown in Figure 3.
50This

1

follows easily from the fact that 1+x 0.-1-x for x much
less than unity. However, Rowland wrote an equal sign, not indicating the approximate value.
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(b)

Figure 6. The extended interpretation of Faraday's analogy as reproduced from Rowland's notebook (a) (12, p. 33). 51
A magnetic interpretation (b).
The galvanic cells are seen in Figure 6 to be deployed along
the telegraph line in a fashion suggestive of the distribution of the

electric organs in Faraday's gymnotus.

52

The fact that the indi-

vidual fragments of a magnet retained their polarity (represented in
Figure 6b) was well-known in the nineteenth century and had been

discussed in several works possessed by Rowland.

53

Summing the

51

The coils, S' and S", sketched by Rowland should not be
confused with modern schematic representation of inductance. Rowland's derivation makes it clear that these are ohmic resistances.
52

See p. 37, above.

53The

idea was presented in Noad (229, p. 125), Silliman (325,
p. 515) and twice by Faraday, both in the Researches (110, p. 416)
and in his Lectures on Forces of Matter (107, p. 133) listed in Rowland's first library bibliography (16, vol. 1, 13. 125).
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effects of the electric driving force associated with each cell in
conjection with Ohm's law and the function previously derived for
p above, Rowland obtained the equations shown below which describe

the distribution of Faraday's lines of force in and near a magnetic
bar configuration. The individual driving force of each cell corres-

ponded in the analogy to the magnetic force issuing from the poles

of the small hypothetical magnets represented in Figure 6b. The

function describing p accounted for the aggregate resistance to the
lines of force combined with resistances from within and without the

magnet. Rowland's final expressions as published in 1873 were:
MI

1

-A
rb

(e

Qe

2N/RRi

Q' =

erb 1
rb 1) (44+-R t,,stI,
(Ae -

(Ae

rx-

e

b - x)
)

1)

M

M
2R

where Rowland defined r = 4R/R'

1

-A

r
Ae rb
-1

(e

rb +1-e rx -e r(b-x))

= N/RR + S'

,

and

N/RR' - S'

= resistance to lines of force of one metre of length of
bar.
R' = resistance of medium along one metre of length of bar.
lines of force in bar at any point.
Q'
Qe = lines of force passing from bar along a small distance I.
e
= base of Napierian system of Logarithms.
x
= distance from one end of the magnet.
= total length of helix [ extending entirely over a magnetic
b
bar]
= resistance at end of helix of the rest of bar and medium.
R
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= magnetizing force of helix (275, p. 144).
Near the center of an indefinitely long bar (Rowland wrote b = 00)
he showed that Q

= 0. 54 However, for, the same position and

e

condition of length, 55

Q'

1

2R rA(N/RR I

RR'170+S')]

- S') [2MR-rM(NFR71-S')+

MR + Mrs'
Rr(417111+S')

R

,

since r

4R/'
it

Therefore in the center of the magnet, the number of lines passing
through the magnetic medium was proportional to the magnetizing

force, M, in the magnet and inversely proportional to the resistance of these lines. \For Rowland this was obviously analogous to

Ohm's law for electric circuits.
Two years later in a sequel to the 1873 paper he described
the behavior of these lines:
. throughout their whole course they obey a law
similar to Ohm's law, and the number of lines passing
in any direction between two points is equal to the
difference of magnetic potential of those points divided
by the resistance to the line (302, p. 258).
.

Since the resistance to the lines of force was assumed by

54
55

It is obvious; if x =13/2, erx-er(b-x)---A- 0.

Rowland did not provide this intermediate algebra in either
his notebook derivation or his published paper.
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Rowland to be inversely proportional both to the amount of magnetic

material present as measured by the cross-sectional area of the bar
as well as to the permeability of the material, he wrote, aX =

1

R

where a and k represented the area and permeability respecttively. Therefore from the previous expression for Q', Q' =akM

and thus, k =

Q'
M

Rowland was able to obtain this simple but

exact equation, useful for measuring k

,

by focusing attention on

the net effect of Faraday's external conductive medium close to the

bar. By this means the equation represented precisely the action
in Faraday's galvanic cell immersed in water.
Concerning this last assumption Rowland explained, "All the

limitations are made at once, after which the solution is exact.

.

."

a statement which had the fundamental attraction for an experimental physicist because he knew "just where they [ his formulae]

should differ from experiment" (302, p. 258-259). One had to

measure Faraday's distribution near the magnet to get correspondence with the theoretically derived data. Rowland noted that the

same expressions, Qe = 0 and Q' = M/R, held for a magnet
turned on itself in the shape of a ring or toroid. For this case,

the end resistance term, S', vanished and A became clearly equal
to unity giving the same expressions, valid anywhere in the ring,
which had only held for a distinct geometric position (the center) in

the case of the bar (275, p. 145).

51

At this point in the paper of 1873 Rowland demonstrated a

second method for deriving the expression, Q' = MiR , for the

toroidal geometry. The circumstances in which the possibility for
an alternative derivation presented itself to Rowland are related to
the problem which he encountered when trying to publish his paper
in the United States. This second derivation is best discussed in that
context.

In May of 1871 Rowland sent the results of his previous win-

ter's magnetic researches to Professor Samuel Johnson at the
Sheffield Scientific School of Yale College. Johnson was a professor

of agricultural chemistry and also an associate editor of the American Journal of Science. He had become an acquaintance of Rowland's

during the latter's brief enrollment at the Sheffield School in 1868.

56

Johnson forwarded Rowland's work to James D. Dana (1813-1895),

editor of the Journal, who in turn sent it on to another associate
editor, Professor Wolcott Gibbs (1822-1908) of Harvard University.
Rowland heard nothing from the editors. Thus he wrote to Johnson,

who replied, "Be patient, in time, a little time, I hope, you will
hear" (2, May 25, 1871). Johnson closed his letter on an encouraging note, "I hope you will continue your investigations as. I think you

have many excellent qualifications for that work" (2, May 25).
56

See p. 20, above.
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Meanwhile, Rowland received a letter from Dana dated May

18, 1891, which said that the paper on magnetism would be inserted

in the August number of the Journal since it had arrived too late to

be published earlier (2, May 18, 1871). Encouraged by the recognition which his work was evidently about to receive and still with

neither a teaching post nor a permanent place to continue his experiments, Rowland wrote again to Professor Johnson in June:

I was much pleased to receive your letter the other
day showing, as it did, that you had not quite forgotten
me although I was only one among many. 57
And I was still further pleased at your estimate
of my fitness for the very work in which of all others,
I most desire to excell.
Your's and Prof. Dana's letters reached me at a
time when I needed some encouragement for my friends
were urging upon me a place in California and wished
me to give up all my experiments and studies and devote myself to engineering entirely. But I know I would
never be satisfied with that kind of life or any other but
that of a professor. I would like it much if you would
give me a little advice as to the course I must pursue
to effect this object. . .
You have my sincere thanks for the trouble you took
with my article. I am gradually preparing the rest but
it is slow work when I can only work evenings. I have to
select the experiments from the record of those on hand
and so cannot finish it up in the style I should like. I
am convinced that the method is the right one but cannot
entirely prove it to others at present. The finishing
touches must be put by others. I have not yet come
across a single fact which does not add its testimony to
it (30, June 1871).
57

p.

20,

Reference to the 1868-69 experience at New Haven. See
above.
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Johnson wrote the following in reply, an answer delayed by
his vacation:

I will tell you how you can become a professor . . . ,
Could we know you well as a competent man, competent
in respect of learning capacity to instruct, etc. , etc. ,
we could almost surely put you into a Professorship
(2, July 21, 1871).

Professor Johnson suggested that Rowland come to Yale and partici-

pate in a two year course of study leading to the Ph.D. degree. The
Yale courses were intended for "higher training and for our [ Yale

faculty] learning intimately the character of young men so as to fit
them into places they are fitted for" (2, July 21).

However, three days after Johnson's letter, Dana wrote a
note saying that the Journal editors had changed their minds. It is
possible that Wolcott Gibbs, who had long procrastinated in sending

an evaluation of Rowland's manuscript, did not get around to the

task until late July.

58

In any event Dana told Rowland that at that

time,
We have had another consultation on your paper with a
person versed in the subject and think that you had better
conclude entirely your researches before we publish your
paper. We would insert an abstract giving your results
if you desire it (2, July 24, 1871).

Rowland was not discouraged and evidently concurred, as

58

According to Johnson earlier in May, Dana had already
"repeatedly" written to Gibbs concerning the matter (2, May 25,
1871, Johnson to Rowland).
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indicated in his June letter, above, to Johnson, that the research
could be more complete. He noted later in 1873 that the reasons

for this rejection of the article were "satisfactory" (275, p. 140).
Two more years were spent completing the research. By the beginning of April 1873 he was able to write to his family, "The work
which I have been at so long is nearly completed and I hope soon to
publish it. It has many discoveries of considerable importance and

I expect much from it" (2, April 8, 1873). 59 In early June Rowland

reported to his family that he had just sent off the results of his
experiments to the Journal and that he "expect[ed] considerable
from it; not however, filthy lucre but good substantial reputation"
(2, June 9, 1873).
A letter was not long in coming from New Haven:

Dear Sir
Our physicists here do not encourage us in publishing
your article. We would insert an abstract of your results
occupying 3 or 4 pages.
Yours truly
James D. Dana (2, June 20)60
It appears that Rowland wrote back immediately questioning

the authority of his referees, for Dana replied on July 2 that
59The last entry in his notebook for this section of the work

was April 19, [ 1873] (9, p. 73).
60

This letter and the subsequent letters quoted on p. 57-58,
below, from Dana, as well as the Maxwell letter on p. 57, have been
published (250, p. 264-267).
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Rowland's paper had been submitted to

two excellent physicists of this city, one of them profound
in the Science, and they agreed in their advice as to publication. They thought that you needed more study before
you could handle the subject satisfactorily (2, July 2, 1873).

Dana did not mention his counselors by name. His allegation
that "one of them [was] profound in the Science" does not describe
any of the New Haven editors, who by all appearances knew little

about magnetic theories. 61 The only physicist among the Journal's

associate editors doing magnetic research in 1873 was Alfred M.
Mayer (1836-1897).

62

However, Mayer was then professor of physics

at the Stevens Institute of Technology at Hoboken, New Jersey and was
not a resident of New Haven.

Beyond the scanty mathematical complexion of papers in the

Journal of this period there is evidence to suggest that the editorial
61The

associate editors of the Journal in June and July of 1873
were: Asa Gray (1810-1888). botanist; Oliver Wolcott Gibbs (18221908), chemist and spectroscopist (both, however, at Harvard);
Hubert Anson Newton (1830-1896), chairman of the mathematics department at Yale but who never had published on magnetism; Samuel
Johnson, agricultural chemist (see p. 20, above); George Jarvis
Brush (1831-1912), minerologist and director of the Sheffield Scientific School; and Addison Emory Verrill (1839-1926), zoologist at Yale.
Selected correspondence of many of these men has been published
(250).
62

In a paper read before the National Academy of Sciences in
Cambridge in November 1872 Mayer had discussed the effects of
magnetization in changing the dimensions of iron and steel bars (209).
Mathematically the research involved only simple computations of
arithmetic ratios and was, as Mayer acknowledged, an extension of
some experiments made by Joule in 1842 (209, p. 81).
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board was not comfortable with dissertations involving exact mathematical methods, even when it could get them. Rowland was in good
company with another whose application of mathematics to physics

was less than fully appreciated by the Journal editors. In April 1873

Dana's co-editor, Benjamin Silliman, Jr., attempted to review James
Clerk Maxwell's comprehensive theoretical Treatise on Electricity
and Magnetism, which recently had been published in England (206).
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To Silliman, Maxwell's Treatise appeared to be a mathematical handbook for electrical technology:

It is designed to supply what the various treatises which
describe electrical and magnetic phenomena in a popular
way do not give to those who are, by reason of the important applications of electro-magnetism to telegraphy
and the like, compelled to consider the quantities to be
measured in mathematical form (326, p. 56).

Silliman noted in his review that the Journal editors were impressed with the fact that the demand for exact knowledge by "practical electricians" had advanced this area of knowledge "beyond the

range of ordinary students,

,

.

Only those well up in mathematical

knowledge and the use of the processes of analysis can read Professor

Maxwell's Treatise" (326, p. 56). 64 Silliman would not have suspected
63

Silliman had not been interested in the theory upon which
Maxwell had based the bulk of the Treatise, at least as is evidenced
by the fact that Silliman, in his Principles of Physics, devoted more
than fifty pages to the description and operation of electrical laboratory equipment, while alloting only a paragraph to Faraday's lines of
force (325, p. 526).
641n

contrast to Silliman's narrow interpretation the Treatise
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that a civil engineer at Rensselaer Institute was carefully studying the

Treatise.
In a letter following. Rowland's second rejection notice from the
Journal, Dana had acknowledged that he would have preferred to pub-

lish Rowland's experiments since "articles on physical subjects
from American authors are what we especially desire to publish" (2,

July 2, 1873). Rowland did not receive this letter until the end of
July.65 Meanwhile he had obtained a copy of Maxwell's Treatise and
had read it carefully enough to employ one of Maxwell's formulas to
derive an equation matching the expression which Rowland had earlier
obtained for computing the permeability. 66
Rowland waited no longer on the Journal board but sent his work

(apparently in late June or early July of 1873) directly to Maxwell

himself. Maxwell wrote back immediately:

I have read your paper with great interest and I think the
whole of it is of great value and should be published as
soon as possible because the subject is one of great importance, and the value of results such as yours is just
beginning to be appreciated.
was given a comprehensive review in England, which included not only
a discussion of individual chapter topics but also the important theoretical foundations of the work as based on Faraday's theory (207).
65

Rowland noted this on Dana's letter of July 2 (2, July 2,

1873,. Dana to Rowland).
66See

p. 64, below. Two years later Rowland confirmed that
the Treatise had come out in 1873 "while I was writing my [ second]
paper" (32, April 19, 1875, Rowland to Pickering).
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I am sorry that your paper has arrived too late to be
communicated to the Royal Society of London, and there
will be no more meetings till November otherwise it would
have given me great pleasure if you would allow me to
communicate your paper to the Society. I hope however
that if you have any other papers of the same sort you will
give us an opportunity of making them known in this country.
I gather from your letter that you would consider the
Philosophical Magazine a suitable place for your paper
to appear in. It is certainly the best medium of publication
for any researches in exact science. There are several
other scientific periodicals but most of them circulate
among a class of readers such that their editors are apt
to be suspicious of any article involving exact methods
(2, July 9, 1873).
Rowland was familiar with the workings of a journal whose edi-

tors, if not suspicious of his article employing exact methods, simply
did not understand it. He gave immediate consent to Maxwell's plan

and the magnetic researches appeared in the Philosophical Magazine
in the August 1873 issue (275). When Dana heard of Maxwell's letter
he wrote to Rowland confirming the difficulty which the editors had
encountered in understanding the work:

I am glad to hear that you have been gratified by a
commendation of your paper from a very high source. . .
It was a subject outside my range; and having asked advice of physicists here I could not do otherwise than as I
did (2, August 2, 1873).
Dana arranged to have a condensed form of Rowland's work published in the Journal in December of 1873 and added graciously:

It has for years been my oft repeated desire that our
country should produce some experimental physicists and
I am glad to believe that you are going to add to the very
small number now existing among us (2, August 2).
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Maxwell's Treatise had reached America while Rowland was

completing the writing of his second set of magnetic researches. It
appears that one effect of this late contact with Maxwell's book was to

extend Rowland's awareness of the theoretical magnetic studies of

other physicists of the century. Until 1873 Rowland had not referred
to the important mathematical studies of magnetism made by theorists
such as Simeon Denis Poisson (1781-1840), a French geometer, and
Karl Gottfried Neumann (1832-1925), a German theoretical physicist.
Rowland had made numerous notes on experimental magnetic

studies performed earlier in the century but admitted that he knew
little of the mathematical theory of the subject in 1870.
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He had

even found it necessary to invent his own units (32, April 19, 1875,
Rowland to Pickering 68 ). References to the works of both Poisson

and Neumann did appear in Rowland's paper when it was finally pub-

lished in August 1875 (275, p. 141). A set of equations which Rowland published in 1873 showed not only the relation of his units to

those used by Maxwell but also to those derived theoretically by
Poisson and Neumann (275, p. 141).69
67

See p. 30, above.

68

Rowland's relationship with Edward Pickering is discussed on
82, below.
69

Maxwell had published equations relating his units to those of
Poisson and Neumann (206, vol. 2, p. 54). Poisson had worked out
the solution of a hollow or solid sphere exposed to any system of
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The permeability constants are shown below as they appeared

in Rowland's paper giving the relation between the permeability

factors of all four men (275, p. 141).
1 + 2K
1

Maxwell

-K

Poisson

=

4 tr k+1

=

Neumann

4ir

Rowland

The permeability constants of Poisson, Neumann and Maxwell

arose from theoretical computations of the Newtonian forces resulting
on small molecular models of matter submitted to a magnetic influence. Rowland's computation, though molecular in the sense that it

employed elemental galvanic cells, depended fundamentally on the

laws of electrical circuits. The contrast illustrates the novelty of
Rowland's use of Faraday's battery analogy.
In the Treatise Maxwell had postulated that an analogy existed

magnetic forces as well as that for an ellipsoid of revolution under a
uniform magnetic influence (243). Neumann had found the solution for
the magnetic induction of an ellipsoid of revolution under the action of
any conservative system (224). Both men assumed hypothetical
molecular models of particular geometries which determined the form
of their permeability constants.
Tobias Robert ThalA (1827-1905), an Uppsala physicist, had
made some measurements of Neumann's constant by using the weak
magnetism of the earth as the inducing force (337). Concerning
ThalA's method Maxwell had commented in a letter to Rowland that
although the earth's magnetism was "most important for ships and is
easily obtained, it is too small to bring out the largest value of p.
[ permeability] " (2, July 12, 1873).
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between the conduction of lines of magnetic force and electric current:

In isotropic media the magnetic induction depends on the
magnetic force in a manner which exactly corresponds
with that in which the electric current depends on the
electromagnetic force (206, vol. 2, p. 51),

However,. Maxwell did not transcribe this idea into explicit mathema-

tical form. He did make it clear that he considered it Faraday's view
that "Magnetic induction is a directed quantity of the nature of a flux

and, it satisfies the conditions of continuity as electric currents and

other fluxes do" (206, vol. 2, p. 51).
In fact Maxwell defined his coefficient of magnetism, p, (cor-

responding to William Thomson's magnetic permeability), as the

ratio of magnetic induction to magnetic force. By the time Maxwell's
Treatise appeared, Rowland had already devised his own units and

corresponding coefficient (9, p. 3, 23, 47). It was too bothersome to
rewrite the entire paper and derivations; instead Rowland published
the conversion equations given above.
The permeability coefficients of Maxwell and Rowland differed

by a value of 47r which arose from Rowland's choice of the unit of mag-

netizing force. 70 His unit was specified as the force produced by one

turn of wire carrying a unit of current per meter of length of helix

70

The definition of systems of absolute electromagnetic units
is discussed in Appendix V.

62

which was 41T times the unit magnetic field. Rowland explained,

"This [ choice] is convenient in practice, and

.

.

in the mathemati-

cal solution of problems in electro-dynamics the magnetizing-force
of a solenoid naturally comes out in this unit" (275, p. 143).

71

Thus

the 41T does not appear in Maxwell's definition of permeability because

of the geometry (a cylindrical volume element) which he employed to

define a unit of magnetic force. 72 Therefore:
4-rr

Maxwell

Rowland

Since the two definitions of permeability were independently postulated

yet mutually based on Faraday's theory, Rowland's readers should
have been impressed with a sense of consistency if he had shown how

to derive his expression for computing permeability from Maxwell's
mathematics. In fact this is precisely what Rowland did in the second
part of the 1873 paper (275, p. 145-161).
Maxwell had written the expression, 2ary

1R

to represent the

magnetic force at any point within a hollow toroidal coil perpendicular

to a plane passing through its axis (206, vol. 2, p. 284).

73

In this

71

Rowland recorded an example of one of these problems in his
notebook of 1872-76 (12, p. 49).
72

For the details of this definition see Maxwell's Treatise
(206, vol. 2, p. 22).
73

The one dimensional nature of Maxwell's expression implied
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expres sion

r = distance from the axis to the point

= strength of the current
n = number of turns of wire per meter of helix.
Rowland used the notations, p,

i

and n', respectively, for

the above along with p, ( Maxwell's permeability constant) to compute

the number of Faraday's lines circulating in a toroidal coil wound on

a magnetic core. Figure 7 interprets Rowland's computation (employing Maxwell's expression, II ). Here Rowland represented the

number of lines of force passing through a small vertical strip of the

toroid cross-section as:

AQ' = p.(2N[R2- 2)(2nti

-x

)

a

LX
2R

Figure 7. An interpreta,tion of Rowland's scheme for computing
Faraday's lines of force from Maxwell's toroidal equation.

a large ratio between the ring circumference and its diameter. The
expression also had been given by Gustav Robert
1887) (181). However, Rowland acknowledged only Maxwell's derivation (276, p. 418).
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Rowland wrote: 74
+R

I/7:2

(a- a

a - x dx =

Q? = 4n' iµ

Qt was the number of lines of force in the entire section of the ring
(275, p. 145-146). Since n' =2.7ran and M = in, he could write for
the long magnet or thin ring:

Q' =

(TrR

2)

(1 +

R

a

2

+

1

R4

+

a

47r Mii(TrR2).

Then X. = 47rµ, =

Q'

, as previously derived.
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(TrR2)M

Evidently Rowland had not sent Maxwell the details of the deri-

vation of the general distribution for Q and Q1.

Maxwell closed

his first letter to Rowland with the comment:

If as I suppose the work distribution function is similar
to Green's I should like to see it in full, for if you have
satisfactorily got over a piece of Green's work which is

74

This is the same expression contained in the draft of the
paper first sent to Maxwell, for Maxwell pointed out a copying error
in it during subsequent correspondence with Rowland (2, July 12,
1873).
75See

p. 49, above.

76See

p. 48, above.
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very precarious mathematics, you deserve great credit
(2, July 9, 1873).
Maxwell supposed that Rowland had seen the work of George

Green (1793-1841), an English mathematician and physicist, who had
published a distribution function similar to Rowland's in 1828 (125,

p. 69). 77

An inspection of the slightly different rectilinear co-

ordinate systems used by each man reveals something of the difference in the outlook of Green, a theoretical mathematician, and

Rowland, educated at Rensselaer as a civil engineer. The two
schemes are presented in Figure 8, below.
Green, evidently conscious of geometric symmetry in the problem, marked off distance from the center of the rod symbolizing the

total length as 2/ as shown on the left of Figure 8 (125, p. 67). On
the other hand, Rowland measured from a physical discontinuity, the

end, and gave the bar a length, b, which upon solution of particular

problems would represent the direct value measured in nature. By
77

Green's work is mentioned in William Thomson's Reprints
of Papers, published in 1872, which was listed in Rowla.nd's second
library bibliography (8, p.. 180). Although Thomson himself had
noted his difficulty in 1845 in finding a copy of Green's important but
obscure paper, Green's collected works had been published in 1871 by
Macmillan (126). Although Rowland bought many technical books published by Macmillan, he did not list Green's works in his library bibliography. In spite of the opportunity which Rowland had for two years
to acquaint himself with Green's work, he apparently was not familiar
with it prior to Maxwell's letter of July 1873. Evidence supporting
Rowland's ignorance was his employment of a geometric scheme different from that used by Green in his derivations. See Figure 8, below.
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transforming either co-ordinate scheme into the other and considering the case of long rods assumed at this point by Rowland, it is clear
that the form of the distribution functions is identical.

b

21

I-4,-x
b

= -21

x' =
e

kx

erx'-er(b- )
r(x-/) -e r(-21+/-x)
e

-e

-e
k(x-f)

ekt2

-e

-k(f+x)
=

er(x-/ )-e-r(f +x)

Figure 8. A comparison of Green's and Rowland's distribution factor. (Green's is on the left.)
Later in 1875 Rowland noted that the difficulty with Green's

formulae was that they were based on "a series of mathematical
approximations whose physical meaning it is almost impossible to
follow" (302, p. 351). Rowland's statement emphasized his concern

that theoretical results ought to correspond to those obtained by testing nature.
The magnetic circuit configuration used by Rowland was, in

most cases, a ring instead of a long rod, in spite of Maxwell's ex-

pressed preference for the latter (2, July 12, 1873). One ring tested
in 1871 is represented in Figure 9, below, as reproduced from
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Rowland's notebook (9, p. 17).
2- 3

2Ne

16-114:14.

Liff114-a-.

Figure 9. A magnetic ring tested in 1871 by Rowland.
Maxwell pointed out to Rowland later in 1873 that residual mag-

netism could not be detected in a toroidal scheme (2, July 12). Row-

land was satisfied, however, that the heating process he employed
destroyed any residual magnetism which his rings might have

possessed. Moreover, there were disadvantages he thought in using
straight rods or bars. 78
Three or four months following Rowland's experiments of

January 1871 the ring configuration was also employed by Aleksander
Grigorievich Stoletow (1839-1896), a professor of physics at the

University of Moscow. Stoletow used a toroidal configuration to
study what he called the "magnetizing-function" of iron 0331, p. 40).
The "magnetizing-function" was a measure of the magnetization per

unit volume for a given magnetic force. The toroidal geometry,
78In

1874 sequel to his magnetic researches Rowland noted that
in experiments in which the length-to-diameter ratio was 144, errors
due to the finite length of a straight rod could still be observed (281,
p. 336). It was also difficult to turn a long rod accurately on a
lathe.
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Stoletow noted, had been suggested by Kirchhoff (331, p. 45).
A comparison of Stoletow's ring technique with Rowland's pro-

vides an indication of the latter's ability for simplifying experimental
procedures. 79 The methods Stoletow used to reduce his data to absolute measure depended on a magnetometer, M, a device which de-

flected a compass from its natural position in the magnetic meridian

in proportion to the electrical current in the circuit, as is shown in
Figure 10, below. The magnetometer was used to detect the induced

current in the secondary coil, S. An auxilliary coil, R, with a magnetic core near the magnetometer needle was wired into the same

primary circuit as P. Therefore magnetism from the core of R also
deflected the needle in a manner such that the driving and induced

currents could be compared. Stoletow's choice of this circuitry led
to a complicated expression for the ratio of the currents involving an
exponential with an arc tangent function as the exponent (331, p. 50).

79

one:cioil.,(the primary) were used by both
Changing currents
experimenters to induce currents in another (the secondary) coil
wound around the same toroidal core. The method of induced currents
had been employed by Lenz and Jacobi (187).

69

Figure 10. Stoletow's experimental circuit
(331, Plate 3).
Instead of a magnetometer driven by two magnetic fields,

Rowland employed separate, pre-calibrated current measuring devices consisting of a standard Thomson galvanometer, H, placed in

the secondary circuit, and a tangent galvanometer, C, in the primary. In addition, he added in the secondary circuit a small
auxilliary coil which could be slipped over a permanent magnet, I.
By sliding this coil back and forth on the magnet, induced currents
could be generated in the secondary galvanometer to dampen the

swing of the needle. Without this expedient the needle was so delicate
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that it vibrated for ten to fifteen minutes before coming to rest.
This device speeded the progress of the experiment (275, p. 147),
Rowland's circuit is shown in Figure 11, below.

Figure 11. Rowland's experimental circuit (276, p. 419).
Rowland pointed out that a consequence of Stoletow's compli-

cated method was that he was only able to make the lengthy and tedi-

ous numerical computations for one ring, while Rowland measured

about a dozen rings and, in addition, a number of long rods (275, p.
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142). Rowland's system also permitted great simplification in re-

ducing the data to absolute measure. Comparison to the earth's
magnetism was accomplished by placing a second auxilliary coil, G,

(with no core) in the secondary circuit, C. When this coil or "earth
inductor" was turned over it cut the vertical component of the earth's
magnetic field twice. Thus Rowland did not have to compute an abso-

lute constant for his geometry and circuitry as Stoletow had been
obligated to do. 80

When Rowland plotted his data (magnetizing force as abscissa

and resulting magnetization as ordinate) the variability of the permeability was apparent both by the concavity of the curve near the origin and the leveling off of the magnetism (saturation effect) for large
volumes of magnetizing force (275, p. 158). The concavity near the

origin had been observed by Stoletow, but only for one material
(331, p. 43).81 Concerning this variability Rowland commented:

The mathematical theory of magnetism has always
been considered one of the most difficult of subjects,

80

See Appendix III. Others before Rowland and Stoletow had
made absolute magnetic measurements but had not computed the
permeability. Of note were the investigations of the magnetic
moment of cylindrical rods made by Wilhelm Weber (1804-1891)
(367, article 26). Von Quintus Icilius had also employed absolute
units in a study of iron ellipsoids under a homogeneous magnetic
influence (362, p. 143, 137).
81

A similar effect was observed by Gustav Wiedemann (18261899) in 1874 (371, p. 297).
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even when, as heretofore, p, is considered to be a
constant; but now, when it must be taken as a function of the magnetism, the difficulty is increased
many fold (275, p. 157).

To describe the variability of µ (or k) as a function of the
magnetization Rowland empirically fitted the curve of the form with
an equation:

X

= A sin

(

Q+ak +H

)

where A, H, and D were con-

stants depending on the material magnetized (275, p. 155).

82

A was

the maximum value of X and H and D were functions of the initial

and final magnetization. Since the value of X. could be computed
from the curve, Rowland could predict the maximum weight per

square inch that an electromagnet made of ordinary bar iron could
sustain when carrying a.n indefinitely large current. In 1873 Row-

land's measurements gave the best data for such a prediction indicating a maximum weight of 354 pounds. This corresponded well to

the figure of about 300 pounds found in. practice.

83

The equations which Rowland had derived allowed the prediction
82 The

transcendental nature of this equation is discussed on p.

73, below.
83

Rowland cited specifically the work of Sturgeon, Joule, and
Henry (280, p. 158). A French experimenter, Jules Celestin Jamin
(1818-1886), had also predicted the dimensions of what he called
the "normal" magnet, i.e. , a magnet of greatest power in proportion
to its weight (159, p. 433). Jamin's method of measuring the magnetic distribution was to suspend 'a small iron ball near the magnet.
However, an error due to the disturbance which the ball itself effected on the distribution of the lines of force was introduced (159,
p. 432-433). In 1875 Rowland had called attention to this error in
Jamin's method (302, p. 264).
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of the maximum values of magnetism providing that a researcher was
willing to take on the tedious computations. In an age ignorant of high
speed computation, Rowland had inconveniently fitted his magnetic

data with a transcendental function which could not be solved explicitly for .. Separate numerical values could be obtained only by tedious

trial and error computations.
Rowland's empirically fitted function provided an indication of

the limit to which he allowed his practical inclinations as an engineer

to carry him. 84 His magnetic theory had been derived from the
practical applications of science represented by the galvanic cell and
the telegraph line. The use of this theory had allowed the measurement of a natural phenomenon which Rowland could not accurately

represent with a simple mathematical relation. In this position he
was unwilling to sacrifice the accuracy of physical description for

mere usefulness. A transcendental equation best described his data.
For this reason the equation was not useful for the electrical century's
dynamo engineers; in fact, no evidence can be found that it was ever
used. Instead engineers employed a number of other approximate

formulae. 85
In the magnetic paper of 1873 Rowland had theoretically derived

479).

84

See equation on p. 72, above.

85

For a discussion of these formulae see Thomson (338, p. 474-
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the distribution from Faraday's analogy and used the special case

applicable to a toroid or at the center of a long bar to measure X for

several magnetic materials. However, he had not at that time experimentally determined the distribution of magnetism over the entire
length of a rod and thus was not in a position to compare experimental

and theoretical determinations. Such a comparison became the object
of a later paper in 1875 (302). Again, as always, for Rowland experi-

ment was the final authority. A comparison of theoretical and experimental values of distribution was essential, for "in this way we can
find out the defects of the theory, and what changes should be made

in it to adapt it to experiment" (302, p. 258).
In these last researches Rowland found that the number of lines
of force indicated by his proof plane method corresponded within a

fraction of a percent to values computed from his distribution theory
(302, p. 269). He summarized his work:

In this paper, as well as in all others which I have
published on the subject of magnetism, my object has
not only been to bring forth new results, but also to
illustrate Faraday's method of lines of magnetic force,
and to show how readily calculations can be made on this
system (302, p. 367).
In 1892 almost two decades after Rowland's first researches of
86

Later in 1882 Robert Holford Macdowall Bosa,nquet (18411912), an English physicist, replaced Rowland's terminology employing "magneto-motive force" to designate the force driving the lines of
induction, and "reluctance" to denote the resistance to these lines
(62, p. 445).
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1873 Sylvanus Thompson (1859-1916) used nearly the same language

in confirming that Rowland in drawing a magnetic circuit analogy to
Ohm's principle had

expressly adopted the reasoning and language of Faraday's
method in the working out of some new results in magnetic
permeability, and pointed out that the flow of magnetic
lines of force through a bar could be subject to exact calculation . . (339, p. 171).
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CHAPTER IV

THE EUROPEAN TOUR OF 1875-1876

For nearly six years following his first letter of July 9, 1873,
Clerk Maxwell continued his correspondence with Rowland. 87 Indica-

tive of his great interest in Rowland's magnetic researches, Maxwell
read Rowland's manuscript in detail and corresponded at length con-

cerning its contents and format. In a subsequent letter of that July

he pointed out "a mistake or rather a miscopy" in Rowland's expres-

sion for Q' (2, July 12, 1873).88 In this letter Maxwell discussed the
drawback of the ring method of determining permeability due to the

circular geometry which permitted only "differences" in magnetization
to be determined.89 In regard to the format of the paper, Maxwell

suggested that Rowland plot curves for more of his data, especially

87

Their correspondence eventually was terminated due to
Maxwell's severe illness. The last letter that Rowland received which
is extant in the Rowland papers at The Johns Hopkins University is dated
April 22, 1879, the same month that the symptoms of cancer appeared.
It proved fatal to Maxwell the following November (69, p. 411).
88

Maxwell noted immediately following this remark that Row-

land's expression for the resulting series expansion was correct "as
you have given it" (2, July 12, 1873). See p. 64, above.
89

See p. 6 7, above

Residual magnetism could not be detected since it was impossible to interrupt the lines of force in a
physically continuous geometry.
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in the cases of burnt iron and premagnetized steel, noting that,
"There are important differences between the effects of a new mag-

netizing force as it acts in the same or in the opposite direction to the
residual magnetism" (2, July 12).
Specifically Maxwell suggested that it would be interesting to

trace the effects of premagnetizing the iron transversely and he
called attention to a method used by Joule in 1840 (167, plate 4).90 In

discussing the transverse premagnetism, Maxwell complied with
Rowland's invented notation when stating that by such a preconditioning

scheme one might obtain "a large value of X." (2, July 12).

Finally

this letter closed with a word of encouragement:
A knowledge of the best kind of steel for magnets and
how to temper and magnetize them is of great importance
to science and very few scientific men or instrument
makers know anything about it (2, July 12).
Following Maxwell's suggestion, Rowland extended his magnetic

researches during the next academic year of 1873-1874. He determined the permeability and the maximum possible magnetism of

nickel and cobalt, two components of steel whose magnetic properties

had never been extensively investigated before that time (281, p. 321-

90

Joule had transversely magnetized a cylindrical tube by
passing currents through its axis and along the length of its exterior
circumference (167, p. 187). Rowland had recorded details of
Joule's method in the 1868 notebook (16, vol. 1, p. 122).
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340).91 The experiments included a theoretical computation which

considered the correction necessary for the variation of FL or X

across the surface of the toroid section due to the changing intensity
of the magnetizing force across this section (281, p. 338).
Rowland intended to have this second paper published simultan-

eously in the United States with its appearance abroad in the Philosophical Magazine. Dana wrote in early May that he would publish
the paper "with pleasure" in the July number of the Journal. provided
that Rowland was confident that the article would not appear in England

before July (2, May 6, 1874). A week after his first note, however,
Dana wrote that he had forgotten an article that had been accepted the
previous month "which so fills the [ July] number that we cannot keep

our promise" (2, May 11, 1874). 92 Thus none of Rowland's most
important magnetic investigations found initial publication in the

American Journal of Science. 93 Circumstances also delayed the
91

Rowland's former classmate at Rensselaer, Edward Nichols
(b. 1850), was able to produce pure nickel and cobalt in "very clean"
furnaces at a Bethlehem, Pennsylvania steel plant (2, September 24,
1873 and November 12, 1873, Nichols to Rowland).
92

Dana explained that the August number was also full because
of a twenty-eight page article which occupied half of the entire issue.
He evidently was referring to a paper by Alfred Mayer which described
laboratory demonstrations of acoustical tuning forks (210, p. 81-109).
931n

May of the following year, 1875, the Journal was given publication priority to a short article written the previous January by
Rowland on the demonstration of diamagnetism in the classroom (273,
p. 357-361). This article also developed William Thomson's equations
in a useful form for measuring the coefficient of magnetization.
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publication of this second series of researches in the Philosophical
Magazine because Rowland had neglected to furnish Maxwell with the

data for one of the tables in the cobalt series (2, July 9, 1874, Maxwell to Rowland).

Rowland's work was given considerable attention by others in

England. Maxwell reported that Russian physicist, Aleksander
Stoletow, then at Cambridge, had read Rowland's original paper with

much interest and that several inquiries had been made at the British
Association Meeting at Belfast concerning Rowland's work (2, August
27, 1874). Maxwell suggested that the second paper on magnetism

would be best understood in England as a sequel to the paper of the

previous year. That was the format under which the "second" section
was finally published in the Philosophical Magazine in 1874 (281).

In the United States, less than a year before Maxwell's recognition of his work, Rowland had become acquainted with Colonel Peter

S. Michie (1839-1901), a professor of natural philosophy at West Point
whose specialty was astronomy. 94 Michie lived next door to Rowland's uncle, John Forseyth (1810-1886), who had been appointed
Chaplain of the Academy and Professor of "Geography, History and

Ethics" the previous year, 1871 (91, p. 46). During a visit by the
Rowland family to the Forseyth home in November 1872 one of

94

Michie published a text on astronomy in 1891 (219).
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Rowland's sisters notified her brother of the possibility of his meeting Colonel Michie, who was about to visit Rensselaer Institute in

Troy "and other institutions of learning to see what there is new" (2,
November 18, 1872, Mary to Rowland). Thus the two men became

acquainted. A year later, after Rowland's magnetic investigations
had been published in the Philosophical Magazine, Rowland sent a re-

print of his paper to Michie who acknowledged the research, "I congratulate you on your success and hope you will continue in the useful
work" (2, November 3, 1873).
Although Rowland enjoyed the recognition of Maxwell and had

found at least one sympathetic American colleague in the person of
Michie, his experiments during the winter of 1874-1875 were not

greatly appreciated at Rensselaer. Rowland's situation both in regard
to laboratory facilities and faculty administration had become intensely disagreeable to him at the Institute, and he was more than anxious
to leave. His laboratory evidently left much to be desired in the way

of facilitating exact experimental research, for he reported to his
family, "I have been working for the last week in a little shed attached
to the institute with the thermometer down so far that my breath froze

on my instruments" (2, February 23, 1875). What Rowland wanted
most was "a position where I shall have plenty of time to study and

experiment" (2, February 23). Following his uncomfortable experience
in the shed Rowland was allowed the use of a recitation room. It

81

contained a large iron stove providing an advantage in the way of

physical comfort. At the same time, however, the iron interferred
with his delicate magnetic measurements (13, p. 82).
By March 1875, perhaps because of a disagreement over labora-

tory facilities or criticism regarding the amount of time which he was
spending on his research away from his regular teaching, Rowland

found himself in severe personal conflict with the Rensselaer administration. He admitted that he was sick of the constant drudgery of

hearing recitations," the staple element of the Rensselaer curriculum
(2, March 22, 1875, to Mother). 95 With strong language he indicated

his desire to be
under men whom I could respect. I have no respect whatever

for Prof.[ essor] Drowne or for President Forsyth and consider them to be about as mean and contemtible [ sic1 specimens of humanity as there are anywhere (2, March 22). -6
The situation was particuarly frustrating. Rowland told his
family that he had received acknowledgment of his magnetic studies

in England, France, Germany and Russia (2, February 23, 1875).
"They all speak of me as an authority in the subject of magnetism" (2,

95See p. 10, above.
96

James Forsyth (b, 1817), lawyer-president of the Institute
was also opposed at that time by the senior class which was in rebellion against taking the customary geological study tour (253, p. 181).
Charles Drowne (b. 1824) was appointed director of the Institute in
1860. He retired due to ill heath in 1875 (253, p. 137).
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February 23). Yet aside from Peter Michie's brief congratulatory
comment, it appeared that Rowland's work might go unrecognized in

America for few could understand it. Once Rowland was even prompt-

ed to ask Maxwell to excuse him "for writing such a long letter for I
am alone and never had a chance to talk to anyone who had made the

measurement of electricity and magnetism a study" (29, [Spring
1875] ).

However, in April 1875 Edward Charles Pickering (1846-1919),

professor of physics at the Massachusetts Institute of Technology and

later director of the Harvard Observatory wrote to Rowland:

A longer interval has elapsed than I intended, before
acknowledging the copy of your admirable article of magnetic
permeability. We have so few original investigations in this
country, and so very few familiar with mathematical methods,
that I was greatly pleased on first seeing your article in the
Phil. Mag. to notice the U. S. attached to the signature (2,
April 12).
This letter initiated a life-long correspondence between the two

men. Rowland immediately answered Pickering 's letter reiterating
what he had written to Maxwell, that

for a long time [I] felt the need of being acquainted with
the scientific men of the country.. . There have been
times when I have been almost discouraged about being
able to do anything for science . . . (32, April 19, 1875).
Pickering learned how Rowland had studied the subjects of

electricity and magnetism:
I do not remember ever learning a single thing about
magnetism and electricity from anybody by word of mouth
. . . the first electric-machine, galvanic battery,
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electromagnet, galvanometer, Ruhmkorff coil, vacuum
tube, etc. etc. were those made by my own hands. And
indeed I have had to construct for myself all the the [ sic]
apparatus which I used in my researches, all my surplus
money having to be used in buying books (32, April 19).97
In his correspondence to Pickering Rowland also described two

precision instruments to be used in electrical measurements which
had been constructed at Rensselaer during the winter of 1874-1875.98

The first was a Weber electrodynamometer patterned after a drawing

given in Maxwell's Treatise (206, vol. 2, p. 330).99 The second
instrument was a sensitive galvanometer described in some detail in
a letter of May 1875 (32, May 10, 1875). 100
97 See

and 29

the discussion of Rowland's library bibliography on p. 25

above.

98

The construction and calibration notes for these instruments
are contained in a notebook of 1875 entitled "Absolute Galvanometer
and Electrodynamometer Calibrations" (7).
9 9Maxwell had derived the current-deflection function for the

bifilar suspension scheme employed by Rowland in this instrument

(206, vol. 2, p. 329).
100

Rowland used this instrument in resistance experiments performed in 1876-1878 discussed in Chapter VIII (299, p. 334). Calibration data for this instrument is extant (12, p. 101-107). The needle of
the galvanometer consisted of two thin laminae of "glass-hard" steel
which were attached to two opposite sides of a square piece of wood
(299, p. 334). He precisely determined the deflection position of the
needle by means of a mirror attached to the wooden block. The mirror
reflected an image of a vertical slit cut in brass. Rowland employed
the ingenious expedient of aligning the slit and its image by sighting
along the sights of his rifle. This greatly reduced parallax effects
(32, May 10, 1875, Rowland to Pickering). He believed the instrument to be "without a rival in accuracy; and I think I am acquainted
with most known forms of instruments for this purpose (32, May 10).
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After receiving Pickering's letter, Rowland was greatly encouraged and wrote to his family confident that it would not be too

long until his reputation was established in America and he would get

a chance to leave Troy. "How I long for some place where I would
be allowed to do my best!" (2, April 25). The situation did not improve at Rensselaer and Rowland complained to Pickering:

I intend to devote my life to research and I receive anything but encouragement here. I have got those two
instruments done [ electrodynamometer and galvanometer]
but they [Rensselaer authorities] will not give me any
place in which to use them and so they are of no use
while I stay here (32, May 10).
Rowland's intention was to use the electric meters to make a new

determination of the Ohm, a unit of electrical resistance specified in
1863 by a committee of the British Association for the Advancement

of Science (68, p. 92).
When Pickering heard of Rowland's difficulty he wrote immedi-

ately offering the use of the physical laboratory at Cambridge for the
summer (2, May 13). "Advanced physical work such as you propose

is just what we want done here and in many respects I believe our

appliances second to none in the country" (2, May 13). On further
consideration, however, Rowland expressed reluctance to accept the
invitation. He decided that additional apparatus not available at

Harvard would be needed, especially a tangent galvanometer with a

large coil diameter to obtain the greatest
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precision.

101

Rowland doubted that he personally could afford such

an instrument because "I have already expended so much on those

[instruments] I have

.

.

.11 (32, May 17, 1875, to Pickering). In

addition he had not found time to compute the necessary correction

factors for the two instruments already constructed. Finally he was
in an "undecided state of mind," for he still had "great expectation of
leaving Troy" that year although he had not yet decided when he would
do so (32, May 17).

Pickering wrote immediately that he was planning to build a
large tangent galvanometer which Rowland might use. Indeed the

compass for it was already ordered (2, May 18). However, by the
first of June, Rowland had decided definitely that he ought to go about

the experiments in a more "leisurely manner" (32, June 1, 1875, to
Pickering). He reasoned that there was "no use in repeating old

determinations of a quantity unless extreme care is taken and full
time allowed for them" (32, June 1). He wished to spend more time

than just a summer, even taking a year if necessary to make his
measurement of resistance "of equal weight with that of the Brit[ ish]

101

The coil of the galvanometer produced a nearly but not quite
uniform magnetic force upon the suspended needle. The larger the
coil diameter in relation to the length of the needle the fewer were the
number of algebraic terms necessary to account for the variation of
magnetic force along the needle's length.
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Ass[ ociation] " (32, June 1).

102

A position at a university claimed to be a "place of larger pos-

sibilities [than Rensselaer] in the way of experiment and research"
had been offered to Rowland in May of 1875 (2, May 5, 1875, George

Barker to Rowland). George F. Barker (1835-1910) invited Rowland

to accept the position of "Assistant in Physics" in the department
which Barker was then organizing at the University of Pennsylvania
(2, May 5). Rowland had made a prism observation of the spectrum

of an Aurora in the latter part of 1872 which Barker had published

with an acknowledgment of its source in the form of a brief note in
the American Journal of Science in 1873 (53, p. 320). The two men

were also acquainted through their mutual friend, Henry Bradford
Nason (1831-1895), at the time professor of chemistry and natural

science at Rensselaer (2, May 5).
Rowland replied that he was "favorably" impressed with the
idea of moving to Philadelphia (39, May 17, 1875, Rowland to Barker).

"It is my highest desire to be a scientific investigator and were I convinced that by coming to Philadelphia I would further my wishes in this

respect, I would not hesitate an instant" (39, May 17). He asked
Barker four questions:

102Rowland's

researches on standards of electrical resistance
are discussed in Chapter VIII, below.
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1st After assisting you with your duties connected with the
institution, could I devote the rest of my time to my own
investigations or would I be required to help you in yours?
2nd Would I be allowed to publish my results when and where
I pleased?
3rd Would the University ever furnish any of the apparatus
required for investigation?
4th What is the salary of an Assistant Professor?
(39, May 17).
Concerning the salary Rowland wrote:

There was a time when I cared very little about it and
only wished for a place where I would have time to study,
etc. But as I grow older I have to consider such matters
more. It is now five years since I graduated here and I
have been teaching four of them; besides this I have all
my life loved physics and take to it naturally. Also any
increase of salary only renders me more efficient seeing
that it is all expended in books and apparatus. Hence I
do not think I would be unreasonable in asking what I have
received this [last] year ($1600.) . . ." (39, May 17). 103

Barker replied that the salary accompanying the assistantship
was $1200 but he implied that in time the position of assistant professor at $1500 could be earned by Rowland (2, May 21, 1875). To justi-

fy the lower salary Barker explained that he had asked the trustees
for "six or seven thousand dollars" of apparatus and hesitated about

asking for more at the present time (2, May 21). In answer to Rowland's other questions Barker replied:

103

"In conclusion let me state that I am naturally of a proud
disposition and it would be intolerable for me to serve under anyone
whom I did not respect; hence it is with pleasure that I sign myself,
Yours Respectfully, Henry A. Rowland" (39, May 17).
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1st, all your time over and above that required in your
own instruction, and in assisting me in my experimental
lectures, I shall be very glad to have you devote to your
own researches. 2nd, I have no right nor has the Institution to say where you shall publish; nor_ is there any
disposition anywhere to do so. 3rd, all apparatus for
research which can be useful for class instruction, the
University will furnish to any reasonable amount. Other
apparatus than this I will unite with you in asking for
(2, May 21).

Evidently Rowland indicated that he was inclined to accept

Barker's terms, for Barker wrote in June that he was glad to learn
that Rowland's "decision was so favorable to us.

.

.

.

I regard you

therefore, as already one of us, in spite of your reservations.

.

."

(2, June 15, 1875). Meanwhile frustrated as President of the University of California at Berkeley, Daniel Coit Gilman had returned to the
east coast in January 1875 to accept the presidency of the newly endowed Johns Hopkins University at Baltimore.

104

In the spring of

1875 Gilman was searching for a faculty for the new school. He also

served on the Board of Visitors with Peter Michie at West Point
from May 31 to June 16, 1875 (35). 105 Rowland had also seen Michie

earlier in May to discuss apparatus for measuring the intensity of the

104

Alluding to his difficulties at Berkeley Gilman wrote, "The
University of California is nominally administered by the Regents;
it is virtually administered by the legislature" (121, p. 178).
105

The Board evaluated the teaching practices and standards of
education at the Academy.

earth's magnetism (2, June 20, 1875, Michie to Rowland).

106
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At West Point when Gilman asked Michie who might be con-

sidered for the Hopkins' chair of physics, Rowland's name was readily

available. According to Gilman's account, Michie told him the story
of the rejection of Rowland's magnetic study by the Board of the

American Journal of Science and of Maxwell's subsequent recognition

of the paper. Gilman wrote, "This at once arrested my attention and
we telegraphed to Mr. Rowland to come from Troy .

.

." (121, p. 15).

Gilman described his first meeting with Rowland:
He [Rowland] came at once and we walked up and down
. . . talking over his plans and ours. He told me in detail of his correspondence with Maxwell, and I think he

showed me the letters received from him. At any rate,
it was obvious that I was in confidential relations with a

young man of rare intellectual powers and of uncommon
aptitude for experimental science (121, p. 15).

After Rowland left West Point, Michie wrote to him:
My Dear Rowland,

I had a talk with Prof[ essor] Gilman after you left
and found him as I expected perfectly delighted at
meeting you, and his idea at present is to devise some
way by which you may be secured to the institution of
which he is the President at the earliest possible day
and let you go to work at once on your investigations. I
am quite sure that he will not rest until you are in just
the position which you yourself will be perfectly satis
fied, and I predict a happy, and renowned future for you.
I assure you that it gives me great pleasure in seeing

10

A month later Michie authorized Rowland to furnish such
apparatus to the Academy at a cost "not to exceed $600 (2, June 20,
1875).
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that you are becoming appreciated according to your worth,
and my only caution to you is to work surely and steadily
in the investigation of truth, without regard to any other
personal ambition or fancy than that which surely follows
from doing one's whole duty.
Your friend
Pet4*Z. Michie
I may say by way of postscript that he [Gilman] thinks
that the letters of Maxwell to you are worth more than
a whole stack of recommendations P.M. (2, [June, 1875] ).
Gilman meanwhile made the following notation in his appointment notebook of 1875: "Rowland of Troy + 25 yrs. $1600 now paid

work not apprec'd w'd like chance to work. Sent papers to N. H.
[New Haven] thrice rejected 'too young to publish such"' (as quoted

in Franklin, 114, p. 199). 107
On June 20, after his return to Troy, Rowland wrote to his

mother. As he had not yet left for the summer vacation he explained:

I am staying here for two reasons, the first is that I am
writing a paper on magnetic distribution and the second is

that I do not know where I am going. I went down to West
Point about a week ago and there met Prof. Gilman who is
President of Hopkins University the new institution they
are about to found in Baltimore with several million dollars
which they have got for that purpose. He was very much
pleased with me and is very anxious to secure me for his
institution but as they are not going to start until next year
he is at a loss how to do it. He intimated to me however
that if the trustees were willing he would like to pay me a
salary this coming year with nothing to do except to carry
on my investigations (2, June 20, 1875). 108
107 Gilman's appointment notebook of 1875 has

been lost from

the Johns Hopkins' Archives.
108 The

paper concerning "magnetic distribution" is a reference
to Rowland's researches discussed, on p. 74, above.
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The following day, in a rapid progression of events, Gilman
officially offered Rowland a position with the new university. Row-

land was invited to spend a year at his present salary ($1600) in
"investigations in your own departments, for publication, and by

helping us mature a plan for a physical laboratory and for the purchase
and construction of instruments" (2, June 21, 1875, Gilman to Rowland). Part of Gilman's proposal was for Rowland to spend three

months in Europe visiting the scientific institutions.

109

Rowland accepted Gilman's offer and wrote to Pickering requesting advice as to which institutions would be most profitably visited in Europe (32, June 28, 1875). Pickering congratulated Rowland

on the new position, "I trust we shall now see one laboratory in the

country where really first class work is done" (2, July 1, 1875).
Concerning the budget of Rowland's time abroad Pickering advised
him to study

not so much electricity and other subjects you have
already devoted so much time to, as to the branches of
physics, whatever they may be with which you are less
familiar.. . . Thus although you might find it pleasant
to pass much of your time at Cambridge with Maxwell, I
would think it would be more profitable to travel about,
collect{ ing] all the instrument makers catalogues you
can (2, July 1, 1875).

109

That same day, June 21, Michie answered a letter from
Gilman which had contained an invitation for him also to accompany
Gilman on a tour of European universities that summer. Michie
declined the offer for financial reasons (34, June 21).
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Barker expressed disappointment that,Rowland was not coming
to Philadelphia:

I infer that the offer made to you by Baltimore was so far
beyond anything which we could do that you accepted at
once without giving us another chance. While I sincerely

hope this may be the case, and that you may realize all
you anticipate, I cannot but believe still that the University of Pennsylvania is a stronger institution than the 110
Johns Hopkins University will ever be (2, July 6, 1875).
Rowland and Gilman sailed for Europe on July 7 (2, July 15,

1875, Rowland to Mother). They shared the same stateroom which
provided Gilman with an opportunity for further assessing his com-

panion. Gilman reported to the trustees:
Although he is very retiring and reticent, we became
quite well acquainted and all my impressions in respect
to his superior mental qualities, especially as a mathematical student and investigator in natural philosophy were
confirmed (34, July 23, 1875).
Also during the voyage the idea evolved that Rowland might extend

his tour beyond the three months suggested originally by Gilman.

Rowland informed his family that "the latest idea is to go to Germany

to carry on my experiments and learn the language, in which case I

shall be absent a year" (2, July 15).
On July 16 Rowland and Gilman arrived in Queenstown, Ireland

and went on to Dublin. Rowland visited the new science school at the

110

Barker based his opinion on financial considerations explaining, "We are worth as much now as they [Johns Hopkins] and
not being fettered by a name, money is flowing in" (2, July 6).
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Royal College and the Royal Society of Dublin's scientific collections.

tour.

Maxwell had invited. Rowland to visit Scotland during his
112

In Dublin Rowland received a welcoming telegram from

Maxwell providing directions to Glenlair (2, July 21, 1875).

113

Maxwell was occupied that July "with a new edition" of his book

on heat and a study of the "graphical methods" employed by the

American theoretical physicist, Josiah Willard Gibbs, in his theory
of thermodynamics (29, July 15)114 At the Cavendish Laboratory

directed by Maxwell the investigations were chiefly electrical, "in

particular the preparation of a helix to determine in absolute measure
the magnetic rotation of polarized light in water .

.

." (2, July 19,

111Rowland

kept detailed notes concerning the universities,
other scientific institutions and instrument workshops which he visited during his tour. The notes are extant in the Rowland collection at
The Johns Hopkins University in a small pocket notebook entitled
European Tour 1875 and cited hereafter as Rowland's Travel Journal
(20).
112

The invitation was contained in a letter of July 19 which
missed Rowland at Troy.
113

Glenlair was the family estate which Maxwell enlarged and
upon which he had built a new home in 1843 (79, p. 25).
114

Maxwell described his occupations of that summer in a
letter to Thomas Andrews (1813-1885), professor of chemistry at
Queens College in Belfast (29). By the new edition of his book Maxwell presumably referred to the fourth edition of his Theory of Heat
(205). Maxwell told Andrews, "Last winter I made several attempts
to model the surface which he [Gibbs] suggest[ ed] , in which the coordinates are volume, entropy, and energy" (29). A full account of
the plaster model which Maxwell presented to Gibbs in recognition of
the latter's contributions to the theory of thermodynamics is given
by Wheeler (369, p. 73-74).
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1875).

115

Preparations may also have been under way to measure

all the British Association's standard resistance coils at temperatures between ten and twenty-five degrees centigrade (2, November
29, 1875, Maxwell to Rowland).

116

In any event, such research was

carried out at the end of the year along with experiments to test the

validity of Ohm's law for large currents, a project which had been
instigated by Arthur Schuster (1851-1924).

117

It is likely that Rowland found the subjects of thermodynamics

and electrical resistance to be of the greatest mutual interest at
Glen lair. His mind was occupied that spring with plans to repeat the

resistance measurements of the British Association.

118

Rowland

had also made plans with Pickering to carry out a new determination

115 Maxwell

had been appointed director of the laboratory in
1871, but the facilities were not officially opened until July of 1874
(69, p. 349-351).
116

The apparatus provided by the British Association for their
Committee on Electrical Standards had been placed in the laboratory
in accordance with a resolution passed at the Edinburgh Meeting of
1871 (67, p. 69).
117 Schuster

had taken his Ph. D. degree under Gustav Robert
Kirchhoff in 1873 and had studied under Weber at GOttingen and
under Hermann Ludwig Ferdinand von Helmholtz (1821-1894) in
Berlin in the summer and autumn of 1874 (321, p. 243-244). A
lengthy account of these experiments was published by the British
Association in its report for 1876 (67, p. 37-39). Maxwell described
the work to Rowland in letters of November 29, 1875 and March 7,
1876 (2). See Appendix IV.
118

See p. 85,

above.

95

of the mechanical equivalent of heat (282, p. 75). Rowland and

Maxwell discussed the construction of an astronomical observatory
for the new Baltimore University, but Rowland reported that Maxwell

was "reticent" about the value of such a project (20, p. 8).

119

In

addition there is evidence that theories of electricity did not escape
their attention. 120
Rowland stayed at Glen lair until at least the twenty-sixth of
July before he went on to rejoin Gilman in London (41, July 26).

121

There the two men included in their sight-seeing the South Kensington Museum, the Kew Observatory and the Royal Institution (2,
August 8, 1875, Rowland to Anna). At the Royal Institution Rowland

made a point of seeing Faraday's "original" magnet and standing "in
122
Gilman left
the place where he used to lecture (2, August 8).
119

In the United States observatories were being constructed at
a rapid rate. In 1856 there were twenty-five and by 1882 there were
144 (250, p. 134).
120

See p. 116, below.

121

Maxwell acknowledged Rowland's presence in a letter to Sir
George Gabriel Stokes (1819-1903) ('42). Gilman reported to the

trustees, "Mr. Rowland has joined me after a visit to his friend Prof.
Clerk Maxwell of Cambridge, whom he found in Scotland--a Presbyterian elder,-- in England a University professor. They were together several days" (34, August 5). Concerning Rowland's reception
in England Gilman had already written to the trustees, "It pleased me
to see that the articles which Mr. Rowland has published have given
him a high place among scientific men. These gentlemen all know
him and treated him with great consideration" (34, July 23).
122

Rowland observed, "The place where he made many of his
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London for Paris, but the two men continued their correspondence.
Following the visit to the Royal Institution, Rowland's regard

for British scientific institutions began to diminish. After visiting
Kings College he wrote to Gilman that he was "considerably disappointed" with the collection of apparatus (34, August 14, 1875).

Furthermore, the physical laboratory and lecture room were
"inferior" because they had not been built for the purpose (34, August
14). Even when Rowland visited Oxford a few days later and saw

"the first physical laboratory built for the purpose" he reported:
The same old feeling of disappointment came over me.
For as usual the architect had got the best of physicist.
There are some fine pieces of apparatus but as a whole
they might far better have increased their stock than have
spent as they did L 10,000 for useless ornamentation (34,
August 14).
Rowland also was candid with his impression of English and

American scientific technology,
-I came over here with the notion-that' s'hou ld. find
everything and everybody better than in America but
one month has wrought an entire change. In many things
I see we can improve, but in how few! Taking up my
special line of inquiry, for instance, the workshops for
instruments have to me the appearance of museums ofantiquity and few of them use steam. Yet the workmen
are so much better than ours that the work turned out is
not often inferior to ours, and in small instruments or
where there are many pieces to be made by hand, they
are superior (34, August 14).

discoveries was in a very small dark room requiring gas in the daytime. But Faraday was a man who could see more in the dark than
many others in the light" (2, August 8).
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As far as scientific apparatus and laboratory facilities were
concerned there was "nothing to compare with what we have in

America, not only in apparatus but in ingenious expedients for illustrating points.

.

.

.

All the money and brains [ in England] goes to

making a fine building and none is left for other purposes" (34,
August 14).

123

As to the professors, Rowland noted, "They are men

like the rest of us!" (34, August 14). But he admitted one exception,
_

"After seeing Maxwell I felt somewhat discouraged for here I met
with a mind whose superiority was almost oppressive" (34, August
14).

In this context Rowland made a prediction concerning his own

role as a physicist:
I see more clearly the path in which I hope to excel in
the future. It lies midway between the purely mathematical physicist and purely experimental, and in a place
where few are working. Maxwell is a better mathematician
than I shall ever become, but then I think I may become at
least equal as an experimentalist" (34, August 14).
When Gilman received this letter he replied:
From what you say of your observations in England,
I do not think you will remain abroad next winter,-but I would not decide until I had taken a look at some
of the laboratories on the continent. . . . My impression is that Germany will show you more than France
or England (2, August 16, 1875).

123

He predicted, "The time is coming when England will find
herself behind, though in many things we cannot say that she is at
present" (34, August 14).

98

At the end of August 1875 at the British Association meeting at

Bristol, Rowland was placed on a committee for considering the
magnetization of iron, nickel and cobalt and led a discussion on mag-

netic distribution (67, p. 29). He was pleased by Sir William
Thomson's recognition that "'an American, Rowland, has even
measured the occult magnetism'

.

.

." (2, August 31, 1875, Rowland

to Mother). 124 Later at the meetings Rowland became acquainted

with Thomson and others who treated him "with the greatest con-

sideration" (2, August 31). When Gilman wrote to the trustees a
month later, he reported that Thomson had "emphatically" given a
strong recommendation of Rowland (34, October 3, 1875).

Following the Bristol meeting Rowland went on to Paris (2,

September 5, 1875, Rowland to Anna). There he was principally engaged in looking at instruments although he had still not received an

official appropriation from the trustees to purchase any equipment.
Few university laboratories were open due to the vacation period.125
124

Thomson referred to the hidden effects of variable permeability. See p. 36-37, above.
125Although

few laboratories had been visited, Rowland did not
feel that his time in Paris had been wasted. Later in November he
wrote to Gilman concerning the Paris visit:
((I must say that it has done me an immense amount of good
in the way of cultivating my taste for music, painting and
sculpture in all of which I delight and although my mind
naturally runs into specialties, yet I now see the advantage
of general culture. If I mistake not you have seen my defect in this direction and I shall always be thankful to you
for the opportunity to remedy it (34, November 5, 1875).
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Rowland met Gilman again in Paris and the two decided that Rowland

should go to Germany for several months in order to study the

language and possibly carry out some research (2, September 19,
Rowland to Mary).

Rowland was in Berlin by the end of October but was uncertain
how long he would remain (2, October 29-30, 1875, Rowland to

Mother). The research facilities which he had seen so far in
Germany prompted him to write to Gilman:
You were right when you said I would find no lack of

scientific spirit here and the apparatus shows it. In
America we have apparatus for illustration, in England
and France they have apparatus for illustration and experiment, but in Germany, they have only apparatus
for experimental investigation. Our country is hardly
ripe for the latter course though I should like to see it
pursued to the best of our ability (34, November 5, 1875).
As Rowland began his study of German he found himself getting

along much more easily than he had anticipated from his earlier
experiences with languages. 126 Although his progress in the learn-

ing of German was satisfactory to him, Rowland remained skeptical
concerning the possibility of doing any research of relevance in

Berlin. He told Gilman, "As far as I can see now the scientific work
I can do here will be small. I have always been used to working alone

126

above. He wrote to his family, "I have always
been under the impression that my memory for words was defective,
but I now find no difficulty in this respect because I wish to learn
. .
" (2, October 29-30).
See po. 8,
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and find it hard to do anything of value here" (34, November 5, 1875).
Evidently Rowland had already visited the laboratory of Hermann
Ludwig von Helmholtz (1821-1894) and had observed the crowded
conditions.

127

Rowland's allusion to his dissatisfaction over the working con-

ditions may have been to prepare Gilman for the news that at first
Rowland had been denied entrance to Helmholtz's laboratory. Rowland admitted to Gilman that when he first had gone to the laboratory

he had applied for permission to work "in a general way" and had
not introduced himself (34, November 19, 1875). Helmholtz had

refused him because the laboratory was full with several students
waiting to enter.
Rowland decided

to settle down and not think of the matter further until my
German was started. So that the matter rested until about
a week ago when I wrote him [ Helmholtz] a letter describing
a particular experiment I wished to make on the theory of
electricity. I went to him and asked if I could carry on that
experiment in the University. He was very polite this time
and said that he would clear out a room for me downstairs
where I could work. He says he has tried the experiment
in another form but did not succeed. However, he likes my
arrangement better and thinks it is very promising experiment.
127

Arthur Schuster (see footnote 117), who had performed experiments in the laboratory the year before Rowland's visit, reminisced at the close of the century about the "old laboratory of the
great Helmholtz, in which we were about half a dozen students carrying on research work in a room in which each of us had to be satisfied with a table" (323, p. 621-622).
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It is an extremely delicate experiment but I feel almost
sure of success as I think my method will overcome the
principal difficulties. Besides that, I make it a rule
always to succeed and if this method does not work, I
hope to find one that will. I am now having the apparatus
made at my own expense (34, November 19). 128
In describing to his family the circumstances surrounding his
admittance to the laboratory Rowland wrote that it was a "special
favor" that he had been allowed entrance for "the experiment I wish

to try is very interesting and besides that he [ Helmholtz] knows of
my other experiments" (2, November 29). Concerning Hemholtz's
laboratory, Rowland told Gilman, "I do hope that we may be able in

America to have a laboratory like that here where work of high order
is done and not little fiddling (?!!) experiments such as come from
some of our institutions (Stephens Institute ?)" (34, November 19).129

By December 20 the equipment for his experiments at the
laboratory had been constructed at his own expense and Rowland be-

gan his first tests (2, December 20, 1875, Rowland to Mother). The
problem was to determine whether an electrified disc turning at high
velocity produced a magnetic effect. Rowland was attempting to

128

The letter which Rowland sent to Helmholtz in November
1875 is extant and is discussed on p. 103, below.
129

Alfred Mayer was responsible for much of the research in
physics coming from Stephens Institute. See p. 55, above and n.
62. His papers were frequently published in the American Journal of
Science (209, 210).
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measure a force which he anticipated would be one fifty-thousandth

of that exercised by the earth's magnetism (34, November 19,
Rowland to Gilman).
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CHAPTER V

THE CONVECTION EXPERIMENTS (1868-1903)

The plan for the investigation carried out in Helmholtz's
laboratory in the winter of 1875-76 had been conceived by Rowland

several years prior to his arrival in Berlin, in fact before his
graduation from Rensselaer Institute. The plan was recorded in his
notebook of 1868 under the section entitled "Thoughts Suggested by

the reading of the third volume of Far[aday

Ex[perimental]

Res[ earches] in Elec[tricity] " (16, vol. 1, p. 59).

130

The experi-

ment immediately followed Rowland's notes on Faraday's galvanic

cell analogy (16, vol. 1. p. 60-61).131
After having initially been denied entrance to the laboratory in
Berlin, Rowland wrote to Helmholtz,

I have had this experiment in my notebook for years but
have not yet found an opportunity to try it. Should you
judge it of value I should be extremely glad to try it
(31, November 13, 1875).132
This statement was consistant with Rowland's complaint that
130

In an account of the Berlin experiment published in the
United States in 1878 Rowland confirmed that "the idea, of the experiment first occurred to me in 1868 and was recorded in a notebook
of that date" (280, p. 30).
131

132

The galvanic cell analogy is discussed on p. 37-41, above.

The date of this letter corresponds to that referred to by
Rowland in his letter of November 19 to Gilman. See p. 100-101,above.
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facilities at Rensselaer Institute were unsatisfactory for exact ex-

perimental research.
perimental

Later in 1879 he wrote, "I recognized that

the experiment would be an extremely delicate one, I did not attempt
it until I could have every facility, which Helmholtz kindly gave me"

(285, p. 442).
In his own account of the research in 1876 Helmholtz verified
that Rowland had "already conceived and fully considered the plan of

his experiments when he came to Berlin, without any previous influence (Einwirkung) on my part" (translated from 145, p. 211).
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In spite of Helmholtz's statement, Rowland found it necessary to
formally object later in 1879 that his investigation was "constantly

being referred to as Helmholtz's experiment" (285, p. 442). Rowland's complaint, published in the Philosophical Magazine, was that

if he got any credit at all for the experiment it was

merely in the way of carrying out Helmholtz's ideas, instead of 'all° the credit for ideas, design of apparatus,
the carrying out of the experiment, the calculation of results, and 'everything' which gives the experiment its
value (285, p. 442).
Although Rowland was responsible for the experimental design

the idea of the investigation clearly had been given by Faraday in the

133

134

See p.

80, above.

Einwirkung is translated as "cooperation" in the report of
these experiments in the Philosophical Magazine (141, p. 234).
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Researches:
If a ball be electrified positively in the middle of a room
and be then moved in any direction, effects will be produced, as if a 'current' in the same direction (to use the
conventional mode of expression) had existed . . . (108,
p. 524).
A charge such as that of an electrified ball existed only by "induction"

in Faraday's view; that is, in conjunction with electrification of an
opposite kind (108, p. 524). A charged conductor or particle was
always associated with a distant counterpart in an oppositely charged
state upon which the "extent" of the induction terminated (108, p.
524).

The effect of the induction was transmitted over a distance by

"intermediate particles" which in succession became polarized in the
same fashion as particles of a solid electrolyte interposed between
two electrodes (108, p. 524).
Elsewhere in the Researches. Faraday spoke of these particles

as being "contiguous", explaining that such particles were "next" to
each other although not in mutual contact (108, p. 362). Induction

was essentially "an action of contiguous particles" which permitted

the electrical force to be "propagated" along a distance, appearing at
its termination point as a force of the same kind and amount but

"opposite in its direction and tendencies" (108, p. 409). Thus if an

electrified object changed its position with regard to the object representing the terminal of its lines of induction, effects would be pro-

duced as if a current existed in the same direction (108, p. 525).
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From these considerations Faraday was of the opinion that the "unity
and identity" of currents of electrified objects in motion with other
current phenomena such as those arising from voltaic action was "not

so strange as it might first appear" (108, p. 524).
The purpose of the Berlin experiment was to test Faraday's
idea of convected electricity or, as Rowland wrote, for "determining
whether or not an electrified body in motion produces magnetic ef-

fects" (280, p. 30). Moreover,
There seems to be no theoretical ground upon which we can
settle the question, seeing that the magnetic action of a
conducted electric current may be ascribed to some
mutual action between the conductor and the current (280,
p. 30).
This conclusion was a consequence of Rowland's conjectures

regarding the basic nature of electricity. He entertained two hypotheses. The first viewed electricity as a substance similar to the
fluids postulated in the electrical theories of the eighteenth century. 135
In such theories an electrical fluid in motion produced effects which
were independent of any kind of interaction between the fluid and the

medium in which it resided. This was evident since the color, weight

or hardness of materials such as metal, glass, wax and sulfur were
not observed to be altered by the presence of the electrical fluid (246,

135

These theories are discussed by eighteenth century chemist,
Joseph Priestley (1733-1804) (246, p. 444-450).
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p. 444-450). In this sense the fluid existed in some fashion which
was independent of the medium which it occupied.

Rowland's second hypothesis apparently was derived from ideas

again found in Faraday's. Researches (110, p. 447-451). It appears
that particular attention was given to Faraday's. "Thoughts on Ray

Vibrations," for Rowland considered the possibility that the magnetic

action of electricity was due to a kind of "vibration" (16, vol. 1, p.
61). Faraday had used the term to describe radiation.

This he

viewed as a "high species of vibration in the lines of force which are
known to connect particles and also masses of matter together" (110,
p. 451). The electric and magnetic lines of force were the "seat of

the vibrations through an aether .

.

." (110, p. 448).

However, vibration was not the basic action in only the pheno

menon of radiation, for Faraday noted, "Electricity is transmitted
through small metallic wire, and is often viewed as transmitted by

vibrations also" (110, p. 448). Furthermore, when electric lines of
force intercepted atoms in a wire Faraday was inclined to believe that
these

intervening particles of matter (being themselves only
centres of force), . . . take part in carrying on the force
through the line, but when there are none, the line proceeds
through space (110, p. 450).
It was possible that the magnetic effects accompanying the trans-

mission of electricity in a wire arose from a vibratory interaction of
the lines of force with atoms of the metal. There would be no such
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"mutual action," as Rowland put it, if electricity were a fluid (280,

p. 30). Instead the magnetic effects would arise only from the motion

of the electricity itself as it carried along the wire.
Rowland devoted three pages in the second volume of his 1868

student notebook to Faraday's speculations regarding the atomic

centers of force quoted above (16, vol. 2, p. 42-44). Faraday had
argued in 1844 that the "most prevalent" view of the constitution of

matter which considered the atom as "material" and "having a certain
volume" led to difficulties in explaining the conducting or insulating

properties of materials (109, p. 294). Such atoms in solid bodies
seemingly were separated by intervening space since the volumes of

materials changed under various conditions of heat or mechanical

strain. Yet such an assumption forced this intervening space to take
on certain dichotomous properties; the space was required to be "a
non-conductor in non-conducting bodies, and a conductor in conduct-

ing bodies" (109, p. 287).

Moreover, Faraday had warned that the prevalent concept of
the atom was not always "carefully distinguished from the facts" and
often appeared "to him who stands in the position of student, as a

statement of the facts themselves, though it is at best but an assumption .

.

." (109, p. 285). Rowland took notice of the warning, writing:

Faraday has justly remarked, that we know nothing of it
[ the atom] except through its forces or properties.
.Now let us take all these away one by one, and what is
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left? It is a something of which we cannot conceive and
which we have no right to suppose exists (16, vol. 2, p.
43).

To suppose that atoms were made up of material thus perceived was
for Rowland "a very unphilosophical way of doing, to go beyond our

knowledge in this manner, and to set ourselves to work creating
things. All theories must agree with facts" (16, vol. 2, p. 43).

In view of the electrical difficulties of the conventional atomic

concept, Faraday described the "advantage" of the atomic theory of
Roger Joseph Boscovich (1711-1787) (109, p. 290). Boscovich's

atoms as Faraday described them were "mere centres of forces or
powers, not particles of matter, in,which the powers themselves re-

side" (109, p. 290). Faraday discussed the possibility of the forces
of two atoms mutually penetrating each other "to the very centres,
thus forming one atom or molecule" (109, p. 292). In this sense
matter was continuous throughout a substance. It was not necessary

"to suppose a distinction between its [matter's] atoms and any intervening space" (109, p. 291). The difficulty in the conventional

atomic concept resulting from the consideration of electric insulation
and conduction disappeared.

Clearly indicating the source of his reference, Rowland had
recorded Faraday's ideas under the heading "Atoms" and the note "A
point around which is gathered an 'atmosphere' of forces (Boscovich
v[ ide] s[ upra] Faraday)" (16, vol. 2, p. 42). Rowland subscribed

110

to the idea that paired atoms could "coincide with one another, and
the forces acting from one and the same center would produce a
compound atom or molecule" (16, p. 42). The difficulty, Rowland
noted, of conceiving how the atoms could ever be separated again

and retain their identity had been eliminated by Faraday, who had

livery beautifully illustrated this idea" (16, p. 42). Rowland referred
to Faraday's discussion of the phenomenon of two ocean waves which

for a moment coalesce and form one wave "but afterward separate
into their own individual selves" (p. 42).

136

In the older view of matter, Rowland observed, "It has been
found necessary to suppose the nucleii to be very far apart .

.

."

(p. 43-44). He drew an analogy to the stars and their gravitational

forces as representing the "atoms or nucleii" (p. 44). For Rowland
the tendency to picture the atoms as farther and farther apart forced
the conventional theory to grow in resemblance to that of Boscovich

(at least vide supra Faraday) with its emphasis on centers of force.
This led Rowland to the conclusion that "the time will come when the

nucleii will vanish and the theory of Boscovich and Faraday [will be]

received in all its simplicity" (p. 44),

137
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Faraday described the analogy as the "conjunction of two
sea waves of different velocities into one, their perfect union for a
time, and final separation into the constituent waves . . ." (109, p.
293).
137

He wrote in parentheses immediately following this line,
"Not apparent simplicity, but actual simplicity" (p. 44).
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The experiment which Rowland recorded in his 1868 notebook

was organized in two sections in order to test each of the two hypotheses regarding magnetic action described above. In the first part
of the experiment as reproduced from his notebooks in Figure 12,
below, Rowland proposed that a wheel (of unspecified metal) be

mounted on a soft iron axis which had been entirely deprived of

magnetism by heating to redness (16, vol. 1, p. 60-61). A number
of radial saw cuts for the supression of conduction currents were to

be made in the wheel. The system then was to be electrified and
made to revolve by a silk cord around a small pulley mounted on the

iron axis. Rowland thought that if magnetism occurred it would be
concentrated by the iron axis and would deflect the astatic needle

system represented at the left of Figure 12. 138
If no magnetism appeared the saw cuts were to be filled with

metal and an insulated ball placed near the wheel while the latter re-

mained electrified (16, vol. 1. p. 60). The ball would cause an
accumulation of electricity at an adjacent point on the wheel. This

electricity would move relative to the wheel in a direction opposite

to that of the rotation. Rowland thought, "If electricity be a, 'fluid'

1381n

astatic systems a spaced pair of magnetic needles was
aligned with axes parallel but with poles reversed in polarity in
order to minimize the net torque on the system arising from the
earth's magnetism. The magnetic force under study was then directed upon one of the needles.
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then magnetism should be produced in the first case" in which the

saw cuts were present (p. 60). He argued that there was no difference between this case and a situation in which the electricity might
flow in a wire around the iron axis. In the former arrangement the

"conductor moves and in the other it is stationary" (p. 60). The
conductor played no role in producing magnetic action if electricity

was "a fluid in the ordinary sense of the term" (p. 60). He was convinced that "the idea of a fluid will not suit electricity unless the first
experiment [with saw cuts] succeeds in producing magnetism" (p.
61). On the other hand, under the

theory that electricity is a vibra-

tion" magnetism would be produced "in the second case [ saw cuts

filled] but not in the first" (p. 61 ) .
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Figure 12. The charge convection experiment as proposed by Rowland in his notebook of 1868 (16, vol. 1, p. 60).
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Rowland's idea is clear. In the first situation if magnetism
were produced it must come from the motion of the electric fluid

alone since the radial slits prevented the electricity from moving

across the surface of the disc. Interaction from the relative motion
of electricity and the disc was not possible. However, such- interaction could take place in the second case in which electricity possessed a relative motion opposing the direction of rotation.
In his letter to Helmholtz in November 1875 Rowland reiterated

the essential theoretical positions of his 1868 hypotheses:

The question I first wish to take up is that of whether it is
the mere motion of something through space which produces
the magnetic effect of an electric current, or whether those
effects are due to some change in the conducting body which,
by affecting some medium around the body, produces the
magnetic effects (31, November 13, 1875).
Rowland favored the last possibility: "The fact that it is the conduct-

ing Bodies which attract or repel each other and not the electric

currents leads one to believe the latter true" (31, November 13).
If electric currents in proximity behaved as autonomous fluids
they should detach themselves from their host conductors. This was

contrary to most observation. It was true that in the case of a spark

there was the appearance that the electricity left the conductor. However, large currents could be maintained in conductors without
sparks if the electric potential were kept at a low enough level.
Rowland had operated his own electromagnets under the latter
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conditions (16, vol. 1, p. 31-33). If currents did not act autonomously their mere motion in space would not produce magnetism. The
alternative which Rowland favored was some change or interaction
within the conducting body.

The two part experiment which Rowland proposed to Helmholtz

in 1875 was nearly identical to the experiment described in the notebook of 1868. Rowland presented first the plan which he favored to

produce magnetic effects. A "circular disc of metal" revolving
around a vertical axis would be enclosed on one side by two (conduct-

ing) sectors as represented in Figure 13, below. Rowland anticipated the action as follows:

On raising the electrical potential of the sectors, that of
the disc being zero, the disc is electrified at the point
opposite the sectors, and on revolving the disc we have
no absolute motion of electricity yet the electricity is
being constantly conducted from one part of the disc to
another (31, November 13).
This plan differed from that recorded in the 1868 notebook only in the
geometry of the element which induced the charge in the disc. Sec-

tors of metal had replaced the ball which was originally suggested.
Again the magnetic action was to be indicated by the deflection of a

sensitive needle system.
In the second section of the experiment Rowland proposed that

the disc be exchanged for "one of vulcanite covered with thin tinfoil

having radial slits so as to make a poorly conducting yet continuous
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surface" (31, November 13).139 The sectors were eliminated. Rowland again explained the anticipated action, "When the apparatus is
charged and the disc revolving we have [ o] n the disc an electrified
surface moving with a great velocity yet without conduction" (31,
November 13). If electricity acted like a fluid, a magnetic effect was

to be expected.

Figure 13. The form of the charge convection experiment proposed by Rowland to Helmholtz in
1875 (31, November 13).
There is evidence in the November letter that Rowland had con-

sulted Maxwell about the experiment, presumably during their visit
together the previous July. Rowland told Helmholtz, "Maxwell
139

Ebonite or Vulcanite, as it was known in the United States,
was a hard, non-conducting material composed of caoutchouc (Om
rubber) and sulfur. Structural rigidity and strength were achieved
by making the sulfur proportion fifty percent or more by weight and
by curing the mixture at 300 degrees Fahrenheit (174, p. 97).
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assumes that the last case will produce magnetic effects although he
has since told me he had no reason for the assumption'. (31, November 13, 1875). In the Treatise of 1873 Maxwell indeed had indicated
his belief that magnetic effects would be produced but he did not give

reasons for the assumption:
If the electric surface-density and the velocity can be made
so great that the magnetic force is a measurable quantity,
we may at least verify our supposition that a moving electrified body is equivalent to an electric current (206, vol. 2,
p. 370).
In the Treatise Maxwell had estimated the possibility of observing the convection magnetism under ideal experimental conditions.

To do this he used data from a series of experiments carried out by
William Thomson in 1859-60 which measured the electromotive forces

corresponding to various lengths of sparks (355, p. 247-259). With
this data Maxwell estimated the maximum magnetic effect which

might be expected by a non-conducting surface, electrified to the
highest degree possible before discharging in air, and moving with a
velocity of one hundred meters per second. A value about 1/4000 of
the earth's horizontal magnetic force was obtained which Maxwell

thought could be measured (206, vol. 2, p. 370). He suggested that
the electrified surface might be that of a non-conducting disc.
Maxwell further noted that he was unaware of any attempts to per-

form such an experiment (206, vol. 2, p. 370).
In the months prior to Rowland's arrival Helmholtz had been
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supervising experiments concerned with electrical discharges. He
wrote that during these experiments "the question came into consideration whether electric convection is dynamically equivalent to the

flow of electricity in a conductor" (141, p. 233). The research was
intended to test Helmholtz's extension of the "potential theory" of
magnetic actions developed by Franz Ernst Neumann (1789-1895) in
1845 (223, p. 40). 140

Neumann assumed that electric currents acted on each other at

a distance. He described this action in terms of an electrodynamic
potential for closed (continuous) thin wire circuits. This potential
was proportional to

ii' cos e ds ds'
r

where r was the distance and e the angle between current paths of

lengths ds and ds'. The current magnitudes were i and i'.
By the introduction of a dielectric medium which could be in-

finitely polarized, Helmholtz extended this theory to include so-called

"open circuits." In such circuits electricity was not thought of as
being conducted beyond physical discontinuities in wires in any
140

In 1885 Joseph John Thomson (1856-1940) discussed potential theories, among others, in a. report to the British Association
(347, p. 97-150). Thomson's view of Rowland's Berlin experiments
is discussed on p. 153-154 below.
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fashion similar to that of a conventional current bearing wire (143,
p. 35). In Helmholtz's theory electric action was continued beyond

open circuit terminations by the act of polarization. In contrast,
Maxwell had avoided consideration of such open circuits by introducing the concept of electric displacement. The rate of change of

electric displacement served as a current in "empty" space (the

ether) as well as it did in matter. 141 In this sense all circuits were
closed.

Based on his theory Helmholtz had shown that the end of a wire

bearing an electric discharge would exert a force on a closed toroidal
magnet which was magnetized in a fashion tangent to its circular

axis (143, p. 65). That is, such a force was to be expected if the end
of the wire constituted an open circuit. Conversely, according to the
potential theory if the circuit was not open there would be no force.
An experiment to test the question was proposed by Helmholtz and

carried out by one of his students, Nikolai Nikolajewotsch Schiller
(1848-1910) in the summer of 1875 prior to Rowland's arrival in

Berlin (146, p. 405).

Schiller uniformly magnetized a steel ring along its circular

141

Heinrich Hertz was aware that Maxwell's equations could
be obtained as a special limiting case of Helmholtz's theory (148,
p. 20). Woodruff has described the role of Helmholtz's work in
making Maxwell's theory intelligible to German physicists including
Hertz (376, p. 310-311).
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axis and suspended the ring in a closed metal case (presumably non-

magnetic) (320, p. 458). An electric discharge into the air was
maintained from a point near the box. No mechanical action was observed even though computations predicted a deflection of clearly

discernible magnitude. The implication was either that the potential
theory was incomplete or that open circuits were not involved in the
system. It was possible that electricity was convected by air repelled

from the terminal point of the electric machine. If so the discharge
"completed" the circuit and this accounted for the absence of any
measurable deflection. Thus when Rowland arrived that winter in
Berlin Helmholtz was deeply involved with the question of whether

electric convection was electrodynamically equivalent (elektrodynamisch gleichwerthig) to the flow of electricity in a conductor

(145, p. 211).

142

In one of his experiments Rowland used an ebonite disc about

twenty-one centimeters in diameter and half a centimeter in thick -

ness (280, p. 30). 143 The disc was gilded on both sides and revolved
up to sixty-one times a second about its vertical axis. Above and

142

Helmholtz explained that by electric convection he meant
the "conveyance of electricity by the motion of its ponderable

carriers" (translated from 145, p. 211).
143

This account has been taken from that published by Rowland

in 1878. The composition of ebonite is discussed in n. 139, above.
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below the disc were placed glass discs each about thirty-nine centimeters in diameter containing center holes allowing clearance for the

disc's axle. The glass discs were gilded in annular rings whose
surfaces were usually turned toward the disc and as a rule were
electrically connected to the earth. The ebonite disc was electrified
by means of a point which approached within one-third of a milli-

metre of the [disc's] edge and turned toward it" (280, p. 30). Iron
was not used in any of the apparatus.

Near the upper disc an extremely sensitive astatic needle,
shielded from electrostatic action, was suspended by a support
attached to the laboratory wall. 144 A small mirror attached to the
needle allowed minute deflections to be observed by reflecting a

beam of light into a telescope over a path of a meter or more. The
electric shielding was complete enough so that no perceptible trace
of action could be found on the needle as long as the ebonite was sta-

tionary, even when the electrification of the disc was reversed (145,
p. 212),

At the beginning of his experiments, however, Rowland discovered that when the disc was swiftly revolved the light beam was

deflected even if the large Leyden battery which normally served to

electrify the disc remained disconnected. Rowland reported that this
144See

n. 138, above.
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effect was finally traced to magnetism accompanying currents in-

duced in the disc's supporting axis by the earth's magnetism. The
effect was greatly reduced by turning down the diameter of the disc's

axis on a lathe (280, p. 31).
Even after this modification, however, the effect remained
large. Thus Rowland was forced to attempt to separate the magnetic
action arising from the axle from that which the disc might produce.

This he did by alternately reversing the electrification of the disc
while observing whether or not the beam of light was deflected from

its equilibrium position. Since the effect of the magnetism of rota-

tion of the axis was several times that of the moving electricity and

due to the extreme sensitivity of the astatic needle, numerical re-

sults were difficult to obtain. After several weeks of trial, which
were interrupted by the closing of the university for the Christmas

holidays, a distinct deflection of several millimeters was reported
(280, p. 31).
Rowland wrote that this qualitative effect, after once being

obtained, never failed. In hundreds of observations extending over
many weeks, the needle always answered to a change of electrifica-

tion of the disc." Furthermore, as he expected, "On raising the
potential above zero the action was the reverse of that when it was
lowered below" (280, p. 31). The total deflection of the needle on

reversing the electrification was about ten or fifteen millimeters and
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he noted, "This quantity varied with the electrification, the velocity

of motion, the sensitiveness of the needle, etc." (280, p. 31).
A deflection also was observed when he scratched away the

gilding in radial lines to prevent the possibility of annular currents
(280, p. 31). However, to be perfectly certain that conduction effects did not take place Rowland replaced the ebonite by a glass disc

mounted over a single stationary gilt plate connected to the earth.
Again deflections were observed although they were weaker with only

one side of the plate highly electrified (280, p. 31).
He was not content with mere qualitative observations of the
needle deflection and also computed the magnetic force which might

be expected from the disc, To do this he used the method by which
Maxwell originally had estimated the effect. 145 Rowland's object

was to compare computed and observed increments of deflection.

In these computations he assumed that the electricity was uni-

formly distributed over the surface of the disc. 146 The fringing effects or excess of the electrical distribution on the edge was accounted

145

Rowland mentioned these computations in correspondence
to his family at that time (2, January 1876). Maxwell's idea of the
experiment is discussed on p. 116, above.
146

Rowland did not give the details of this computation until
1878 in the account of the experiment which was published in the
United States (280, p. 35). The thickness of the glass and the
ebonite was neglected in the computations.
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for by a formula again found in Maxwell's Treatise (206, vol. 1, p.
241). Rowland assumed that the magnetizing force due to any element of the disc's surface would be proportional to the quantity of

electricity revolving in that element per unit of time.
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Taking the

origin of coordinates at the point of the disc under the needle and the

center of the disc on the x axis, the radial component of force expected from both disc surfaces and acting in planes parallel to these

surfaces was written as

X=

8 Tr No- a

e +b

(c +b) '

(b+x)dxdy
2

2

(a + x +

y2 )

3/2

Here,

the number of revolutions of the disc per second.
a-

= the density of the surface electrification.

a = the distance of the needle from the disc.
b = the distance of the needle from the axis of revolution.
c

= the radius of the disc.

The constant, v, represented the ratio of electrostatic to
electromagnetic units. This constant was necessary in the

147

The speed of revolution was closely held by a governor and
determined both from gear ratios and the pitch of a siren attached
to the system.
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denominator of the above expression in order for the expected magnetic force to be computed in electromagnetic units, that is, in the
same system in which the observed deflection was measured. The
conversion factor was needed because a- was most conveniently

measured in electrostatic units.

148

The constant, v, possessed the

fundamental dimension of length divided by time arising from the

alternate theoretical force equations upon which the electrostatic
and electromagnetic systems had been constructed.

149

By the 1870's the value of v had been the subject of several
investigations based on electrical methods.

150

Maxwell's hypothesis

in the 1873 Treatise was that light was "an electromagnetic disturb-

ance" and that the "agreement or disagreement of the values of V

[speed of light] and of v furnishes a test of electromagnetic theory
of light" (206, vol. 2, p. 387). He gave the following tabular comparison of the two velocities (p. 387):
Velocity of Light (metres per second).

Ratio of Electric Units v

314000000

Weber.. ..... 310740000

Fizeau

Aberration, etc. and Sun's Parallax
308000000
148 The

Maxwell

288000000

(cont.)

integrand of this expression is clearly dimensionless.

149 These

systems are discussed in Appendix V.

150Investigations

of v carried out at Johns Hopkins are dis-

cussed on 208-218 below.
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Foucault

298360000

Thomson

282000000

In order to compare expected and observed magnetic deflections
Rowland had to assume some value for v. He chose the value given

in the table above by Maxwell himself, that is, 288 million meters
per second.
The computation of x, the radial magnetic force component,

was a tedious process because of the elliptical integral which it involved. Rowland expanded this function to get an approximation con-

sistent within the accuracy of his measurements (280, p. 35). This
amounted to about two significant figures. The magnetism effected

by the fringing excess on the disc's edge was computed and added as

a correction. Finally the electrical potential of the disc which fixed
the surface density of the electricity was determined by measuring
spark lengths and employing the same data from the experiments of
William Thomson which Maxwell used (206, vol. 2, p. 370).
The involved numerical computations consumed several weeks
of work.

151

However, the measurement of the magnetic effect indi-

cated by the experiment was somewhat easier, although still a

delicate process. To obtain this force in absolute measure Rowland

151Rowland

reported that his "retiring hour" had averaged
2: 00 A. M. during January. "The reason is that I have had so
many calculations to make on my experiments" (2, January 16,
1876).
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employed the method of vibrating an astatic needle system under the

influence of the rotating disc. 152 Rowland's measured and computed

values of deflection are shown below for three series of experiments
compiled from a total of sixty-two readings of individual deflection
positions.153

Measured Magnetic Force
(horizontal component)

154

Expected Magnetic Force
(horizontal component
computed using Maxwell's
value of v)

Series .I

Series II

Series. III

.00000327

.00000317

.00000339

.00000337

.00000349

.00000355

Rowland noted that the difference between expected and measured

values of force was three, ten and four percent respectively using
Maxwell's value for v. However, he observed, "The value,

v = 300,000,000 meters per second, satisfies the first and last

152

The method in a similar form had been used by Coulomb
and is discussed in Appendix II.
153

The electrification was normally made positive, negative,
and then positive again. This gave three readings although on
occasion Rowland reversed the electrification three times instead of
two, presumably to check that the needle returned to its previous
position (280, p. 37).
154

1/2

Force possessed the fundamental dimensions of (length)
/2
(time)-1 in the electromagnetic system in which Rowland
(mass)
employed the units of centimeters, grams and seconds respectively.
These are the dimensions in the absolute electromagnetic system
given by Maxwell in the Treatise (206, vol. 2, p. 242).
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series of the experiments best" (280, p. 40).
Since v occurs in his computations of expected magnetic force
(including the edge fringing correction) as a simple factor it is not
difficult to compute the value of the constant which corresponded to

the mean values of Rowland's first and last series of experiments.
155
The result is a value of v equal to 299 million meters per second.

A similar computation which includes the second series yields 305

million meters per second.
Because Rowland published the numerical values of the sixty-

two needle positions it is possible to examine the results of the

Berlin experiment in even greater detail. The variability of Rowland's results may be studied by computing the relative values of v

which are implied by the deflection information. To do this a central
reference value of v must be assumed which in this analysis is that
given by Rowland as best fitting his first and last series of data.

156

The statistical distribution or histogram of nineteen such correspond-

ing values of v is represented in Figure 14, below.
155This value was obtained from the expression,
288

(327 + 339) = (337 + 355) x 106
156Maxwell's

value or any of the others tabulated on p. 124,
above, could have been used as well for this purpose since doing so
would not significantly affect the shape of the distribution presented
in Figure 14. The method of computation is similar to that illustrated in n. 155.
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Figure 14. A distribution of v derived from Rowland's
experiments in Berlin in 1876 (280, p, 36-38).
About three fourths of Rowland's data implied velocities lying within

ten percent of the central value which he mentioned. However, some

velocities varied as much as twenty-seven percent from the central
value. The shape of the histogram suggests a normal distribution.

157

The second form of the convection experiment which Rowland

shad recorded in his notebook of 1868 was also attempted in Berlin.

However, instead of using a stationary charged sphere to induce

157

The pattern of the histogram is distinctively different from
that derived from later experiments performed in 1889 shown in
Figure 21, p. 159.
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electrostatic action on the rotating disc Rowland used two inductors
positioned on either side of the ebonite. The arrangement is schema-

tically represented in Figure 15, below. The ebonite was regilded,

presumably on both surfaces facing the sectors. Scratches for the
suppression of radical currents were placed on these surfaces in the
form of concentric circles. The sectors were electrified while the
gilded surfaces were connected to the earth through the central axle.

Figure 15. A schematic representation of the stationary sector experiment performed by Rowland in Berlin in 1876.

The first form of the experiment indicated that convected
charges produced magnetic effects. Furthermore this magnetism
apparently did not depend on any interaction of electricity and its
conductor. In addition to this a second investigation was carried out

to study the magnetic effects of convection and conduction currents
simultaneously. In this regard Rowland described methods of com-

puting the currents which might be generated by the scheme
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represented in Figure 15.
. . . either we can consider the electricity at rest and
the motion without interaction of the disc through it to
produce an electromotive force in the direction of motion
. . . or, as Professor Helmholtz has suggested, we can
consider the electricity to move with the disc and as it
comes to the edge of the inductor to be set free to return
by conduction currents to the other edge of the inductor so
as to supply the loss there (280, p. 33).

Using Helmholtz's interpretation Rowland reasoned in the following

manner. He represented by C the magnitude of the convection current induced under the sectors which covered 1/nth part of the circumference of any one of the conducting gilded rings (280, p. 33).

When the current, C, left the vicinity of the sector it was expected
to divide according to Ohm's law. Since the ratio of the Ohmic
resistance of the ring under the segment to that lying outside it was

1/n to (n-1)/n the conduction current returning under the sector was
-C (n-1)
n

while outside the vicinity of the sector the conduction current was
-C
n

.

According to a law given by Kirchhoff in 1845, net conduction

currents could not be created or destroyed (178, p. 513). Thus if
convection currents followed this law it was possible to write,
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-C
n

-C(n-1)

+C

n

(convection current
under sectors)

(conduction current
under sectors)

0

(conduction current
outside sectors)

It followed that the magnetic effect to be expected near the sectors
would correspond to a current of approximately
+ C - C(n -1)
n

or

C

.

This was 1/nth of the effect that would be expected by electrifying
the entire disc on the presumption that conduction and convection

currents exchanged identities as Helmholtz had suggested.
Any measured deviation from the magnetic effect expected

from a current C/n in magnitude would provide evidence that the
two currents could not exchange identities. This would imply a

difference in the physical nature of the currents. Within the limits
of the accuracy of the experiment no deviation was discernible leading Rowland to the conclusion:
. . . electricity produces nearly if not quite the same magnetic effect in the case of convection as of conduction, provided the same quantity of electricity passes a given point
in the convection stream as in the conduction stream (280,
p. 33).

In a mid-January letter to his mother , Rowland had mentioned the charge convection experiment which was then nearing
completion:

"Like all other experiments one leads to another and
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so one can keep on indefinitely" (2, January [16] , 1876). Rowland

may have been referring to his attempt to carry out an inverse version of the convection experiment, that is, the observation of the
electrification of a body due to a changing magnetic force. In correspondence in 1877 Helmholtz mentioned Rowland's attempts in

this regard by referring to:
The experiment on magneto-electric induction in insulators, which you had tried yourself using the apparatus
with vulcanite discs revolving between the poles of an..i 58
electromagnet . . . (trans. from 2, April 28, 1877).
The experiment was also alluded to by Maxwell in a. letter of
March 1876 to Rowland:

Glad to hear you have succeeded so well with the magnetic action of electric convection, but the experiment
must require a great deal of preparation. To detect
the dielectric polarization of ebonite moving in a magnetic field seems still more difficult (2, March 7, 1876).
At one time Rowland apparently thought that some new action

had been observed. He told his family, "Besides the effect I originally sought after, another has been observed and thus I [have]
a chance of making another discovery also" (2, January [16]

,

1876,

to Mother). However, a verse from a serio-comic poem by Maxwell
suggests that Rowland did not deem his success to be permanent:

158A

translation of sections of this letter has been published
by Simpson (327, p. 428).
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13ut Rowland, .

.

. no, nor Oliver .

.

Could get electromotive force,
Which fact and reason both aver,
Has change of some kind as its source,
Out of a disk in swift rotation
159
Without the least acceleration (204, p. 645).
1

Some students of Helmholtz were equally unsuccessful in their

attempts to demonstrate the inverse action in 1877 (2, April 28,
1877, Helmholtz to Rowland).

In early February of

1876.

Rowland had reported to Gilman:

I have now nearly completed my experiments at the University and will soon commence any final calculations. I have
been highly successful and have not only detected the magnetic action of the revolving electrified disc, but have also
measured it with tolerable accuracy. At first I obtained
no result, but by working at it, avoiding all sources of
disturbance, and giving the highest delicacy to the apparatus,
I have at last succeeded in obtaining a result. The force
measured is 1/50,000. of the earth's magnetism and that
within half an inch of a disc revolving sixty times in a
second. I am very pleased at the result of two or three
months labor. I think it may have some effect on the theory
of electricity (34, February 2, 1876).
Rowland also had written to his family explaining that the experi-

ment was not a thing which would "produce a great stir because

159

The "Oliver" Maxwell referred to was Oliver Lodge (18511940) (204, p. 645). Faraday also had been unsuccessful in his
attempts to measure a state of tension in non-conducting bodies rorating near magnetic poles (108, p. 549). Neither was Faraday successful in other experiments in which powerful electric currents
were suddenly formed and then made to cease around insulators.
He did not stop believing that the special state existed because it
"must be of exceedingly low intensity . . .[ and} may be discoverable by some more expert experimentalist . . ." (108, p. 549).
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there will be too few to see its importance" (2, January 26, 1876, to
Mary).

Helmholtz requested that an account of the work be given immediately to the Berlin Academy of Science. In addition, he assumed

all the costs of the experiments which amounted to about eighty

dollars (2, February 21, 1876, to Anna). According to Rowland,
Helmholtz showed great interest in the research throughout its
duration:

He is very quiet and dignified and pays very little attention
to those working under him and so I feel quite pleased at
his condescension in coming in to see how I am getting
along every day (2, February 21), 160

160

It was Helmholtz's custom to make daily rounds according
to Arthur Schuster (321, p. 244).
Throughout their association Helmholtz, according to Rowland,
treated him with "great consideration" (2, February 21). All the
same Rowland was candid in his remarks to Gilman concerning the
director of the Berlin Laboratory:
Prof. Helmholtz' character interests me much. Although the
foremost physicist on the continent he is by no means brilliant
and in some of his suggestions I can sometimes fancy there is
a trifle of stupidity. His wonderful genius lies in his power of
concentration. When he thinks about a thing of any complexity
his whole mind is on it. I have sometimes thought that one
might knock him down without his feeling or knowing it. It is
in this way that he brings forth his great results but if he does
not think thus deeply his thoughts are almost as other men. As
an experimenter, he is quite poor. In these aspects he reminds
one of Newton who, to all appearances, was not very "smart"
but yet had a wonderful power of concentration like Helmholtz
.

." (34, February 2).
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Helmholtz presented the account of Row Land's experiment to

the Berlin Academy of Science in March 1876 (145). There he stated:

Mr. Rowland has now carried out a series of direct experiments, in the physical laboratory of the University here,
which give positive proof that the motion of electrified
ponderable substances is also electromagnetically operative
(147, p. 234).161
Helmholtz's account of Rowland's experiment received wide publication (145). The paper in the form in which it was presented to the

Berlin Academy in March was translated in the Philosophical Maga-

zine in September 1876 (141). The American Journal of Science also

published an English translation in that year (141). A French translation appeared in 1877 (142). At that time Rowland was occupied

with the organization of the new physics department at Baltimore and
with experiments on the Ohm and the mechanical equivalent of
heat.

162

Thus his own version of the convection experiments was

not written up and published in the United States until January 1878
(280).

161

This translation of the original account was published in the
Philosophical Magazine in the same year (141). The German text
read:
Hr. Rowland hat nun eine Reihe directer Versuche im
Physikalischen Laboratorium der hiesigen Universiat
ausgeftihrt, welch den positiven Beweis geben, dass auch
die Bewegeng elecktrisirter ponderabler KOrper elektromagnetisch wirksam ist (145, p. 211).
162

See p. 226-230, and 206-208, below.
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CHAPTER VI

A QUARTER OF A CENTURY OF INTERPRETATION
AND NEW EXPERIMENTS

The significance of the experiment which Rowland performed

in the winter of 1876 was studied and interpreted by physicists for

the remainder of the century. Helmholtz himself thought that the outcome could be explained by at least two alternative hypotheses (145,
p. 216). The magnetic effect measured by Rowland could be described

not only by theories which assumed such action to take place at a
distance but also by theories in which the intervening medium played

a prominent role.
As an example of the former, Helmholtz suggested the theory
of Whilhelm Eduard Weber (1804-1891) in which the convected elec-

tricity corresponded to an electric fluid in motion. With this fluid
was associated a magnetic action at a distance as postulated by
Ampere's laws which formed the basis of Weber's theory.

163

In

Weber's theory the magnitude of this magnetic action depended on the
velocity of the fluid which in Rowland's experiment was assumed to

163

Andre Marie Ampere (1775-1836), French physicist.
Weber's theory was published in 1848 in Abhandlungen der KoniglichSachsischen (366). It was reprinted in Electrodynamische
Maassbestimmungen in 1871.(373). Maxwell discusses the theory in
his Treatise (206, vol. 2, p. 420-431).
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be the velocity of the disc (366, p. 211).
Alternatively Helmholtz thought that the magnetic action could

be described either by Maxwell's theory or Helmholtz's own potential
theory which employed the concept of dielectric polarization (145,
p. 216). In these theories "the volume-elements of the stratum of

air situated between the resting and the moved plates suffer continual
displacements (Schiebunsen) in the direction of a rotation round

radially directed rotation-axes" (translated from 145, p. 216). As
represented in Figure 16, below, the components of polarization of
these volumes which coincided with material elements of the disc

and plate surfaces underwent continual displacement. The vertical
components of polarziation of the rotating volume elements, w,, x,

y, and z, at positions such as those represented by A, B, and C
presumably cancelled each other leaving a net displacement of

polarization in the direction of rotation. Helmholtz thought that
"the arising and disappearing components of this polarization would

constitute the current which is indicated by the astatic pair of needles"

(translated from 145, p. 216).
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Figure 16, An interpretation of Rowla.nd's experiment
drawn from a description given by Helmholtz
(141).

The fact that Rowland's experiment was not crucial to competing theories of electromagnetism was of little concern to two

researchers in Japan. In the fall of 1876 John Perry (1850-1920)
and William Edward Ayrton (1847-1908), both British professors at
the new Imperial College of Engineering in Tokyo, had designed

what they claimed to be "an apparatus for testing whether a moving

body having a definite electric charge would, like a current, deflect
a magnet" (240, p. 401). The two men were not concerned with
theoretical interpretations of the convection experiment but only

that magnetic action took place at all, Such action was essential to

their theory that the earth's magnetism could be attributed to convected charges.
The only description of the operation of Ayrton-Perry apparatus

139

was that it could be used in conjunction with an "ordinary electro-

static machine" (240, p. 401). In order to minimize electrostatic
leakage the men delayed their experiment until the conclusion of the

rains and the advent of the dry season following the Japanese winter.
In the interim they discovered the report of Rowland's experiment,

translated from Helmholtz's account of the research, in the September issue of the Philosophical Magazine (141). Accordingly they

never carried out their investigation.
However, in 1879 they cited Rowland's experiment together with

a recent discovery of William Crookes (1832-1919) as evidence for a

new theory concerning the earth's magnetism and atmospheric elec-

tricity (240, p. 401). Crookes had given an account of his discovery
in a widely published paper of 1878 "On the Illumination of Lines of

Molecular Pressure, and the Trajectory of Molecules" (90). In his
experiments a "stream of molecules" in a vacuum discharge was
visibly deflected by an electromagnet (90, p. 62). Crookes assumed

that the stream or "ray" of molecules carried electricity. Ayrton
and Perry believed that the deflection of the stream was evidence of
the magnetic action of convection currents.

According to their theory the earth's magnetism was attributed

to a terrestrial electrostatic charge set in motion by the earth's
rotation. They assumed that the matter making up the core of the

earth was iron which not only concentrated the magnetism but
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influenced its distribution on the earth's surface. The terrestrial
charge was fixed by the electrostatic capacity of the earth. This
was estimated by computing the capacitance of a sphere of corresponding size isolated in space (240, p. 407). The men computed the
number of voltaic cells which would be necessary to charge this

sphere to an electrostatic potential such that under diurnal rotation
the distribution of magnetism would correspond with that observed

on earth. The number of cells thus estimated amounted to fifty-four

million (240, p. 408).

Ayrton and Perry did not think that this figure was excessive
since they estimated that a spark from this potential would not discharge in air between plates more than four hundred feet apart (240,
p. 408). The earth, which was isolated from other celestial bodies

by many miles of space would not be subject to such discharges.

Furthermore, the high potential explained electrical storms which
occurred whenever "a great mass of water vapour" was suddenly
formed and condensed on earth altering the lines of "electrostatic
induction" reaching to the sun (240, p. 409).
The idea of a charged earth in motion producing magnetic effects was not unfamiliar to Rowland who had entertained an identical

theory more than a decade earlier. This was recorded in his
science notebook of 1868 which also contained his plan for the con-

vection experiments (16, vol. 1, p. 84-85). In his notebook the
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theory was cross-referenced to the experiment (p. 85).
Rowland suggested in his 1868 notebook that the magnetism of

the earth might be explained by supposing that the sun and earth pos-

sessed different electricities "or at least different from the rest of

the universe" (16, vol. 1, p. 84). His sketch of his scheme has
been represented in Figure 17, below. The earth, E, and the sun,
S, are shown along with a distribution of positive, P, and negative,

N, electricities.

EARTH

SUN

Figure 17. Rowland's "Theory of the Earth's Magnetism"

(16, vol. 1, p. 84).
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If the earth contained equal quantities of positive and negative

electricities while the sun remained entirely positive, the electricities on the former would become distributed as indicated in Figure

17. As the earth revolved the two electricities would be repulsed
and attracted by the charge on the sun. The result would be opposite

electricities of equal magnitude moving in the same direction relative to the earth's diurnal rotation. No net magnetic effect would

result. However, Rowland believed that if one of the electricities
predominated

magnetism will appear being caused by the revolution of
the earth; for the electricity remaining stationary and
the earth's moving causes the same effect as if the earth
was stationary and the electricity moved (16, vol. 1, p.
84),

In the same notebook of 1868 Rowland has proposed a second

form of the charge convection experiment to test his theory of the

earth's magnetism. As shown in Figure 18, below, a brass ring, b,
was to be cemented to an India rubber disc, c, which in turn would
be rapidly revolved around its hollow axis, e.

The hollow axis permitted a demagnetized iron rod to be
inserted to serve as a core for concentrating the anticipated magne-

tism. If an electrified body was brought near the ring, Rowland
thought that no magnetism would appear (16, vol. 1, p. 85). However, if the ring was connected with the earth for an instant, then
magnetism would arise in the iron rod "of a kind that would be

143

produced in it by the electricity of the electrified body revolving in

the ring in the direction of the motion" (16, vol. 1, p. 85). That is,
the electricity which had not been drawn off by conduction to the

earth would be attracted to the electrified body and would move in a

relative direction opposing the ring's motion. The effect would be
that of an electricity of opposite sign moving in the direction of the
ring.

Figure 18. Rowland's charge convection scheme for testing his

theory of the earth's magnetism (16, vol. 1, p. 85).

Since he had at one time attempted a similar explanation of
the earth's magnetism Rowland was not long in commenting on the

theory proposed by Ayrton and Perry in 1879. In a paper presented
to the Physical Society of London at the end of June in that same

year, Rowland reported that when he was in Berlin in 1876 he had
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suggested to Helmholtz that the earth's magnetism might find an
explanation based upon the convection experiment (278, p. 93).
Rowland also disclosed that in 1876 he had made computations of

the electrification required to produce magnetism of the magnitude

observed on earth. He found the electrification was "entirely too
great to exist without producing violent perturbations in the planetary

movements, and other violent actions" (278, p. 93). He therefore
believed that the theory was impossible and presented computations

in support of this position.
Rowland found that an enormous electrification of about 41 x
10

1

5

volts was needed "under the most favorable circumstances" to

account for the earth's magnetism (278, p. 97). He noted that this
potential would produce a spark about six million miles in length in

atmospheric air of ordinary density and observed that Ayrton and

Perry had computed a potential less than this by a factor of about
four hundred million (278, p. 97).164 He predicted that the two men

had made some error in their computation pointing out that his new
computations checked nearly in magnitude with the results of the

Berlin experiments.
164

After computing the huge potential, Rowland wrote, "I
saw what an immense effect it would have in planetary perturbations;
and I even imagined to myself the atmosphere flying away, and the
lighter bodies on the earth carried away into space by the repulsion"
(278, p. 97).
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In the Berlin experiments the disc had rotated about five
million times as fast as the earth and with a potential of ten thousand
volts. A magnetic force about one fifty thousandth of that of the

earth had been produced. Rowland multiplied these factors; that is,
he multiplied five million by ten thousand by fifty thousand at got

about 2.5 x 1015 volts (278, p. 97). This was close to the value
above which he had calculated.

By July of 1879 he was able to analyze Ayrton and Perry's

theory in greater detail and indeed found an error in their work.
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The exponent of a factor in their computations of the magnetism

arising from the rotating charge had been written with a negative

rather than with a positive algebraic sign. The correction of the

error increased their result by a factor of some six hundred million
since the exponent operated on a term involving the number of centi

meters in the earth's radius. This was about the magnitude of the
error predicted by Rowland.
Although Rowland had convinced himself in 1876 that the earth's

magnetism could not be attributed to a charged earth in rotation, he
did not abandon altogether the possibility that the convection of

165

Rowland reported that he had not seen Ayrton and Perry's
paper "in full" until that time. He pointed out their exact error in
a brief appendix published with the paper read to the Physical
Society (278, p. 97).
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electricity was involved in the phenomenon. In a letter written from
Baltimore to Helmholtz in April 1877 Rowland described an experi-

ment which he had carried out to test whether the motion of the earth
around the sun produced magnetic action (31, April 5, 1876
)166

The first objection to the theory that struck me was,
that not only the relative motion but also the absolute
motion through space of the earth around the sun might
also produce action (278, p. 93).
The experiment as Rowland described it to Helmholtz involved

an astatic needle system moving with the earth which would test if
there was "any action when both magnet and electricity moved" (31,

April 5). A sketch of the scheme drawn by Rowland is reproduced

in Figure 19, below.

Figure 19. Rowland's experiment to investigate possible magnetic
effects resulting from the motion of the earth around
the sun (31, April 5).
166

This letter was evidently, misdated by Rowland. See n.

221 and p. 197, below.
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The discs, A and B, drawn by Rowland in cross-section,
formed a condenser and were "charged in the same manner as in the

Berlin experiment" (31, April 5).167 Astatic needles at C and D

were enclosed in metallic electrostatic shields. A deflection of
needle, D, could be observed throug4 the tube shielding it which was

left open at one end for this purpose.
The experiment was tried at noon with the needles pointing east

and west. Rowland's idea was that
when the plates were charged and were moved forward by
the motion of the earth around the sun, they would act in
opposite directions on the enclosed needle [C] , and so
cause a deflection when the electrification of the condenser
was reversed (278, p. 93).

That is, if the motion of the charged plates relative to the sun constituted convection currents, the electricity would set up magnetic

forces acting to deflect the astatic needle system.

Rowland reported

to Helmholtz, however, that no action was detected "even with a

very delicate apparatus" (31, April 5).
Evidently Rowland intended the experiment to test the possible
existence of a medium in which the motion of the earth might produce

magnetic effects. He wrote to Helmholtz,

1671n

the Berlin experiment one of the discs was connected to
the earth and the other to an electrostatic machine. See p. 119,
above.
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Of course there could be no action . . . unless there was
a magnetic medium and as this may be carried along by
the walls of the room I shall try the experiment once more
on the house-top (31, April 5).

Magnetism might arise from electric charges only when they were
convected in a motion relative to this magnetic medium which seem-

ingly pervaded the entire solar system. Since the charged discs and
astatic needles were not in motion relative to each other, any observed magnetic action might only be ascribed, as Rowland put it, to
"the absolute motion through space" (278, p. 93).

Later in 1879

Rowland reported that he had tried the experiment "in the most care-

ful manner" and that "there was not the slightest trace of action after

all sources of error had been eliminated" (278, p. 93).
Although the experimental findings of the Berlin researches
were not useful for explaining the Earth's magnetism Rowland's work

seems to have been generally accepted by European physicists for a

period of several years. Helmholtz himself had endorsed the experiment as giving "positive proof that the motion of electrified ponderable

substances is also electromagnetically operative" (141, p. 234).
Based on the results of Rowland's work and the concept of energy
conservation a French physicist, Gabriel Lippmann (1845-1921), had
suggested in 1879 that an inverse convection effect must exist (189).

This was the electric effect of a changing magnetic force which Rowland and two of Helmholtz's students had unsuccessfully attempted to
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measure in 1876-1877, 168
Moreover in 1881 Joseph John Thomson (1856-1940) presented

a mathematical demonstration that Rowland's experiment was in
agreement with Maxwell's theory of electric displacement (342).
Maxwell had written in the Treatise of 1873 that when an electromotive force acted on a non-conducting medium

current cannot flow through the medium, but the electricity
is displaced within the medium in the direction of the electromotive intensity, the extent of this displacement depending on
the magnitude of the electromotive intensity, so that if the
electromotive intensity increases or diminishes, the electric
displacement increases or diminishes in the same ratio . . . .
The variations of electric displacement evidently constitute

electric currents (206, vol. 1, p. 65).

Thomson studied the case of a hypothetical charged sphere moving in

space. The moving charge changed the electromotive intensity in its
vicinity setting up displacement currents according to Maxwell's
theory. The study had been motivated in part by Crookes' experi-

ments in which Thomson thought that "particles of matter" highly

charged and moving with "great velocities" seemed to play a promi-

nent role (342, p. 229). 169
Thomson computed the magnetic force which might be expected

168

See p. 132-133, above. Lippmann probably was not aware
of these attempts since the German researches were never published.
169

See p. 139,

above.
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from the displacement current of a moving sphere electrified to a
degree just below the point of discharge in air and moving with a

velocity of one hundred meters per second. The maximum magnitude
of force which he expected under such circumstances was about ten

times that measured by Rowland in Berlin (342, p. 236). Thomson's
computations indicated that the smaller effect observed by Rowland

might be ascribed to the charged volume-elements of the stratum of

air situated between the ebonite and glass plates of his apparatus.

170

These were the elements which Helmholtz viewed as undergoing continual displacements (Schiebungen) when the disc rotated (145, p.
217).

171

Another English physicist, Sylvanus Thompson (1851-1916),

wrote to Rowland in 1884 convinced that the latter had "established

experimentally the truth that a moving charge is the true magnetic

equivalent of a current" (2, January 23, 1884). Thompson wished to
obtain drawings of the Berlin apparatus which had not been published

in any of the accounts of the 1876 experiments (2, January 23).

He

placed enough confidence in Rowland's work to request permission to

use the drawings in a "forthcoming work .

170

.

. on Physics" (2,

The velocity of the surface of Rowland's disc was much less
than one hundred meters per second (280, p. 30).
171

See p. 137, above.
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January 23), 172

However only a few months before Thompson's letter, the convection experiment had been tried again in Germany and with negative

results. In November 1883 Ernst Lecher (1856-1926), a physicist at
Vienna presented an account of experiments which involved both

charged discs of brass and of pasteboard (Pappendeckel) covered

with graphite which were mounted on steel axles (184, p. 151). Although the diameter of the discs used by Rowland and Lecher was

nearly identical (about twenty-two centimeters) the minimum rotation

speed employed by Lecher was three times greater.
Unfortunately Lecher's brief account of the experiment did not
include any mention of whether magnetism induced in the rotating

steel axle was a problem as it had been for Rowland in Berlin. In

any event, Lecher's experiments received lengthy discussion by his
colleagues at Vienna who stressed the desirability of carrying out a
"sehr genaue and absolut identisch Wiederholung der Rowlandischen

Versuche" (184, p. 151). In a footnote to his short paper Lecher
announced that just such an exact repetition of Rowland's experiment

was in preparation and that the results were soon expected (184, p.

1721n

1884 Thompson published a text on electricity and magnetism which included a discussion of Rowland's experiment (340,
p. 395). However, the book did not contain any drawings of Rowland's apparatus.
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153). Nevertheless, evidence that new experiments were ever per-

formed has not been found in the literature.

Evidence from other German researches contradicted Lecher's
experimental findings. In 1885 Wilhelm Rontgen (1845-1923), while

studying under Helmholtz, tested for the magnetic effect of displacement currents hypothesized by Maxwell. ROntgen designed an experiment in which an ebonite disc was revolved near oppositely

charged inductor plates positioned on one side of the dielectric's

circular surface (261, p. 195). His idea was that the ebonite would
undergo continuous electric displacement as it spun near the induc-

tors charged with opposite electricities. Since the inductors did not
touch the disc this did not carry an intrinsic charge except for that
which might have inadvertantly leaked onto its surface through im-

perfect insulation.
The effect which R.cintgen expected was smaller in magnitude

than Rowland had reported in Berlin. Nevertheless, ROntgen repeat-

ed the Berlin experiment in order to obtain some idea of the sensi-

tivity of his system. To do this he purposely charged his disc by
contact with the terminal of an electrostatic machine. He reported
clearly discernable deflections of "8" to "10" scale divisions of his

astatic system (261, p. 196).
ROntgen believed from these observations that his apparatus

was sensitive enough to indicate a magnetic effect from displacement
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currents if such occurred. When observations were indeed carried
out with the oppositely charged inductors, deflections "generally

amounting only to a fraction of a division" were reported (259, p.
387). Yet in a thousand or more observations in which a commutator

was employed to reverse the electricities on the inductors an observer
who was ignorant of the commutators' position was "able almost with

out mistake to determine every time the direction of deflection"
(259, p. 287), For Rontgen this evidence was enough to conclude that

a change in "dielectric polarization" exerted an electromagnetic
force "exactly like an electric current flowing through a conductor
. .

." (259, p. 388).
Rowland himself performed new researches on convection cur-

rents in 1889 (310). He was joined by his student, Cary Talcott
Hutchinson (1866-1939), then a fellow in physics at Johns Hopkins

University. The men knew of Lecher's negative results although

they had not seen his paper (310, p. 446). However, the new experiments were not primarily planned to provide further evidence sup

porting Rowland's earlier findings. Rather the intent was to carry
out measurements of greater precision than Rowland had accomplished

in Berlin (310, p. 447). The new experiments also provided an oppor-

tunity to accurately determine the ratio of units, v, whose precise
measurement has frustrated Rowland since 1879.
173

173

See p. 208-218, below. The new experiments also constituted
the subject of Flutchinson's Ph. D. dissertation (156).

154

In attempting to gain this precision Rowland and Hutchinson

used a different geometry than that employed in the 1876 experiment.
In Berlin Rowland had placed his astatic needle near the edge of the

disc because the magnetic effect which was assumed to be proportion-

al to the speed of the disc would be maximized at that position. How-

ever, the off-center position led to an elliptical integral in the expression for the expected magnetic force.

It was necessary to

replace this integral with an approximate algebraic power series
which numerically was difficult to evaluate.
The new experiments were designed to eliminate much of this

difficult numerical computation, which was itself subject to arithme-

tic error, by avoiding the elliptical integral. This was accomplished
by placing the lower needle of an astatic system in a symmetric position at the center of two discs revolving in parallel planes about a
common axis. 175 A drawing given by Rowland and Hutchinson of

their experimental arrangement is reproduced in Figure 20, below .176
174See

p.

123, above.

175

This did not eliminate the necessity of using an elliptical
integral in the description of forces acting on the upper needle at N'
shown in Figure 20. However, the distance of the upper needle from
the discs was so large that these forces entered as second order
terms in the computations. In the Berlin experiments elliptical integrals were involved in the computation of forces on both astatic
needles.
176

The apparatus represented in Figure 20 is extant in the
Smithsonian Museum Division of Electricity Collection (Catalogue
number 318, 515).
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Two discs, D, were used to provide the possibility of an effect
which would be strong enough to measure conveniently with the

needle, N, in the magnetically weaker central position. At this position the two discs were also expected to provide a more uniform
magnetic force than had been produced near the edge of the disc in

the Berlin experiment (310, p. 447). In addition, the two axles could
be turned in opposite directions to cancel the magnetic effects induced in the rotating axles by the earth's magnetism.

Other features of the 1889 apparatus included the brass gears,

C and C', which served to trip revolution counters, v. All other
parts of the apparatus were also made of non-magnetic materials.

Stationary hard rubber discs at R served to support auxilliary coils
of wire through which known currents were sent to calibrate the
needle deflection. The revolving discs at D were situated in guard

rings, G, to reduce the fringing of the electrificiation at the edge of
the discs. The computation of correction terms for this effect was
thus avoided.

177

Gilded glass plates, y, formed condensers with the

discs in order to maximize the electrical charge. The horizontal
lines, w, indicated near the top of Figure 20 represented long,
weakly magnetized rods which could be adjusted vertically and

177

Rowland was forced to compute these correction terms in
the Berlin experiments. See p. 123, above.
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radially to control the sensitivity and damping of the astatic needle
system.
The experimenters encountered many difficulties with this

more sophisticated apparatus. When the discs were first operated
at one hundred twenty-five revolutions per second the shaking of the

entire system was intense enough to transfer vibrations to the support, C, which in turn made the needle position too unsteady to determine (310, p. 448). This effect was eliminated by putting each leg
of the table on which the needle support rested in a box of sawdust

and by placing a heavy stone slab on the table itself.

As soon as an attempt was made to electrify the apparatus,
difficulties involving insulation were encountered. The winter evidently had been unusually damp and "leakage was abundant" (310, p.
455).

178

When this difficulty had been overcome the first systema-

tic observations were made in January 1889 (310, p. 449). The

system, however, did not behave as anticipated. After nearly two
months of searching, Rowland and Hutchinson discovered that they

had not accounted for the capacitive effect of the counting gears (C'

in Figure 20) upon the charged discs.
178The

179

Even after this effect was

Baltimore Sun Almanac recorded the rainfall for the
months of November 1888 through April 1889 as 27.46 inches. That
compared with 19.97 inches for that period during the previous year
(247, p. 142).
179

See Appendix VII.
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suppressed, deflections for one direction of rotation of the discs
were always smaller than for the opposite mode (310, p. 457). The

reason for this was never well understood; the experimenters thought
that "a disturbing cause of some kind is still undoubtedly present

. ." (310, p. 459). It was also possible that the astatic needle
was "affected by currents or magnets in other portions of the labora-

tory, so far away as not to be guarded against .

.

" (310, p. 459).

Such disturbances would not have to be large since the magnetic force

expected from the discs was only 1/125,000 of that of the earth. This
was less than half of that measured by Rowland in Berlin.
The possibility of some kind of disturbance is suggested by the

shape of the histogram in Figure 21, below, drawn using the values

of v, the ratio of units computed during the 1889 experiments. The
distribution may be compared with that in Figure 14, above, which
represents Rowland' 1876 experiment.180 The distribution in Figure
21 has the appearance of that which might be obtained from data

recorded under intermittant electric or magnetic interference. A
normal distribution is not as clearly suggested as in the 1876 data
shown in Figure 14, above.
180See

p.

181

128, above.

181The 1889 experiment produced twenty final values for v

while only nineteen were tabulated in Figure 14 representing the 1876
experiments. The difference has been neglected in this comparison.
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Figure 21. The frequency distribution of v in the
Rowland-Hutchinson charge convection experiments of 1889 (310, p. 458).
In the 1889 account of their convection experiments Rowland

and Hutchinson criticized Rontgen's displacement experiments of the

previous year. They believed that the magnetic effects which he had
reported might have arisen from convected charges which had leaked

onto his discs through imperfect insulation (310, p. 446). Rontgen
defended these experiments, by which he claimed to have demon-

strated the magnetic effect of dielectric displacement, by publishing
a second paper describing his experimental procedure and apparatus

in greater detail (258, p. 93-108). He paid particular attention to
his methods of insulation (258, p. 98-99).
As evidence for the adequacy of this insulation Rontgen called

attention to experiments performed by Franz Himstedt (1852-1933),
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a colleague at Wurzburg. Himstedt had published an account of con-

vection experiments performed in Germany in the same year that
Rowland and Hutchinson had carried out the new experiments in
Baltimore (151), Himstedt acknowledged learning of the Rowland-

Hutchinson work after his own experiments had been completed (I51,

p. 571). After learning of Lecher's negative results Himstedt decided to repeat the experiment for the purpose of removing any
doubts that electric convection would cause (hervorgerufen) magnetic

effects (151, p. 561). In some of his experiments Himstedt had used
the same apparatus employed by Rontgen. The equipment had proven

itself capable of retaining an electric charge indicating that the insulation was adequate in Rontgen's experiments.
Himstedt not only wished to show that convection currents pro-

duced magnetic forces similar to those described by Ampere's law
but also to confirm quantitatively that the magnitude of these forces

was directly proportional to the speed of rotation and to the surface
density of electrification. 182 Rowland had demonstrated these latter
effects but only in a qualitative manner in 1876.

183

Figure 22 below,

is a graphic representation of part of the data from Himstedt's ex-

periments. The magnitude of the needle deflection, a, appeared to
182See

n. 162, above.

183See

p. 122, above.
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be nearly in direct proportion to the speed of rotation and the poten-

tial determining the surface charge density. 184

v = 4100 [ volts]
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Figure 22. Himstedt's charge convection data graphically interpreted (151, p. 567).
The experiments of Rowland, Hutchinson, Rontgen and

Himstedt provided formidable evidence in contrast to Lecher's

1841n

order to determine the potential Himstedt used data
given by Gustav Adolf Liebig (1861-1897) from experiments carried
out at Johns Hopkins University in 1887. Liebig, a student of Rowland's, made use of an electrometer designed by Rowland and ordered from a Munich firm during the 1875-1876 European tour (188,
p. 107).
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sparsely documented researches. The proposition that a charge in
motion exerted magnetic effects was not again experimentally challenged until the turn of the century. In 1900, while studying for a

doctoral degree at the University of Paris, Victor Cx4mieu attempted to detect the inverse convection effect which had up to that time
eluded Rowland. The experiment had been suggested by Gabriel
Lippmann who had argued in 1879 that such action must exist (83,
p. 1545). 185

In his earliest experiments in which he attempted to demon-

strate the electric effect of a changing magnetic force, Cremieu
suspended a charged "aluminum" disc between the poles of a power-

ful electromagnet (82, p. 581). He observed no deflection (rotation)
of the disc when the poles of the magnet were reversed even though
he claimed that the computed deflection would easily have been dis-

cernable. Unfortunately, Cremieu like Lecher who obtained nega-

tive results in testing for the direct convection effect, published few
details of his experimental arrangement.
Cre'mieu assumed that if the revolving disc produced a magne-

tic effect this would vary as the condenser system was alternately
charged and discharged. The changing magnetism in turn was

185

See p. 132-133, 148, above. Oliver Lodge claimed to
have detected the inverse effect in 1889 (193, p. 479).
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expected to induce a current in the copper coil which would be indi-

cated by the galvanometer. However, no such current was indicated
although the computed effect was sensibly large. Part of Creimieu's

data is tabulated below (83, p. 1548).

Electric Potential

Revolutions

of Disc [ volts]

per second

Calculated
Deflection

Observed
Deflection

4500

100

25.9 mm.

0 mm.

5100

100

29.4 mm.

4 mm.

5100

120

35.2 mm.

3.2 mm.

In all, Cremieu performed four series of experiments. In
the first when the aluminum disc was charged to a high potential,

arcing occurred to the condensing plates. Therefore lacquered

glass plates were added to the inner sides of the condenser plates
(83, p. 1548). To prevent arcing in a second series, Crmieu used
an aluminum disc covered with a thin coating of caoutchouc or India

rubber, the same material used in the production of ebonite. In a
third series an ebonite disc was employed which was gilded in sectors on both sides and then covered with caoutchouc. In a fourth

series the condensing plates were covered with sheets of mica over
which was pasted tinfoil in sectors covered with a thick layer of

caoutchouc. The object of the sector arrangement in the latter two
series of experiments was to prevent the possibility of the charge

164

slipping with respect to the disc (83, p. 1548). All of these arrangements produced negative results. During the winter of 1900-1901

Crmieu continued his experiments replacing the galvanometer and
coil system with an astatic needle. He continued to obtain negative

results (85).

British, American and German reactions to Cremieu's experiments were soon forthcoming. In 1901 British electrician, Harold

A. Wilson, published an article criticizing Cremieu's work (374).186
Wilson reported that his attention had been particularly directed

toward a careful re-examination of Cremieu's work because its findings conflicted with other "important" phenomena of which convection

effects afforded "a simple explanation" (374, p. 144). In particular
Wilson cited the deflection of cathode-rays in a vacuum which had

been measured by J. J. Thomson in 1897 (343). Another such
phenomenon appeared to be the transverse effect on a current in a
conventional conductor under the influence of a magnetic force.
This had been demonstrated in 1879 by Rowland's student, Edwin
Hall.

187

Wilson attributed Cx4mieu's failure to measure any magnetic

186

Wilson's article was communicated to the Philosophical
Magazine by J. J. Thomson (374).
187Hall's

work is discussed in Chapter IX.
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effect to faulty insulation (374, p. 147). Wilson suspected that

"brush" discharges occurred and depleted Cremieu's discs of elec-

tricity. Crgmieu replied that he had already suspected inadequate
insulation and had taken care to clean all ebonite and mica parts and
to varnish them with shellac dissolved in "absolute alcohol" (84,
p. 236). Wilson did not retract his objection. Cremieu, on the other
hand, remained convinced enough of his findings to design new ex-

pe-ri-ments testing for the possible existence of open circuits, such

as those postulated in the potential theories a quarter of a century
earlier (86, pk. 1108). 188

Yet Irish physicist, George Francis Fitzgerald (1851-1901),
was not as anxious as Wilson to discredit Cremieu's experiments.
Fitzgerald had communicated personally with Rowland in 1894 con-

cerning the convection researches. 189 Fitzgerald had questioned
whether "the Rowland electric convection effect" would be produced

with a rotating disc on which the gilding was "perfectly continuous"

and not "divided by radial or other scratches" (2, April 13, 1894).
188

190

See p. 117, above.

189

Fitzgerald and Rowland had been friends since the early
eighties. Their mutual interests were spectroscopy and fox hunting
(41, October 22, 1882, Rowland to Fitzgerald and 2, October 26,
Fitzgerald to Rowland).
190The Rowland-Hutchinson experiments of 1889 incorporated

radial scratches on the moving discs as well as similar scratches
on the condensing plates (310, p. 447).
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Rowland replied that the Berlin experiments included trials with a
continuous glass plate without any gold leaf attached. This arrange-

ment had produced the magnetic action (41, May 12, 1894). How-

ever, he noted, "I do not remember making the experiment with continuous gold leaf and complete side [ condenser] plates, but I may
have done so" (41, May 12).

Rowland noted that his convection experiment as well as Edwin

Hall's experiment were performed "to find the nature of electric
conduction" (41, May 12, 1894).

191

Rowland believed that both of

these experiments showed that "magnetic action is due to the so
called moving charge" (41, May 12). Yet he was puzzled that magne-

tic attraction between wires seemed to show that the force acted on
the wires and not on the charge while in Halls s experiments there was

evidence that the charge itself was affected. Rowland could only

reiterate to Fitzgerald the hypothesis under which the Berlin experiments originally had been proposed to Helmholtz in 1876:

I was in the hope of finding that the magnetic action of a
current in the wire was due to some change in the wire
caused by the current. This seems is not so. And yet

the forces are between the wires! This is still a puzzle

to me (41, May 12).

Fitzgerald offered no solution. His inquiry, he wrote, had been

191Hall

showed that a potential transverse to the path of a current accompanied a magnetic force perpendicular to the current.
See p.

2 57 -2 58 ,

below.
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prompted by English mathematician, Joseph Larmor (1857-1942),
who had

an idea that the charge on the surface of a body can slip
along over it with hardly any resistance and that if you
had tried with continuous metallic plates you would have
found that there would have been no magnetic action.
He says someone has been repeating your experiment and
has got negative results which he explains in this way. It
also helps him in a theory of magnetic reflection that he
is propounding. 192
The so called Hall effect, due to you, is evidently
a secondary action. 193
It is of course very remarkable that the action is on
the matter on which the charge is moving and not on the
charge but I am not sure that we ought not to expect' that
for it is a mechanical force and mechanical force is always exerted on matter and not on the ether notwithstanding (?) Faraday's and Maxwell's stress on the ether. What
we call an electric charge is a quality of the surface of the
matter and if this is moving, on the matter or with the
matter that makes no difference, if this is moving relatively
to the ether in its neighborhood there is a different force on
the matter than there would be if this surface quality were
not moving,
I suppose if one could quite clearly understand all

these puzzles one could frame a satisfactory theory as to
the structure of the ether (2, May 26, 1894).

Nowhere in this letter did Fitzgerald mention the Michelson-Morley
experiments of 1881 and 1887 which had failed to detect an ethereal
wind (218). This omission as well as the general puzzlement

identity of the experimenter referred to is not known.
A search of the literature has not uncovered any published paper of
the period which reported negative results.
1931n his May 12, 1894 letter to Fitzgerald, Rowland claimed
considerable priority for Hall's discovery. See n. 294.
192 The
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expressed by Fitzgerald might indicate that Michelson's optical experiment was not considered crucial to the possible reaction between

an electric charge and the ether.
Moreover in a paper to the British Association in 1900 Fitzgerald maintained the position that too little was known of the "theory

of ethereal effects of a charge of electricity forced to move by
mechanical actions" to be certain that both Rowland's and Cre'rnieu's

observations were not correct (113). Fitzgerald thought that the difference in experimental results might have something to do with
Crgmieu's method which involved magnetic induction in a coil placed

near the disc. It might be possible for a charge of electricity, while
being accelerated by moving matter, to produce an action on the
surrounding ether. This action might neutralize the electric force
in the wire of the coil which otherwise would be produced by the
changing magnetic induction from the moving charge. In CrImieu's

experiments the electric force setting up currents in the coil attached
to the galvanometer might be neutralized by the charge of the moving

disc. In Rowland's experiments no such coil was used. Rather the

magnetic effect was indicated directly by an astatic system.

194

As the controversy spread, two American graduate students

194

Cr4mieu had also failed to measure a magnetic effect with
the latter method, but Fitzgerald did not acknowledge that he was
familiar with those particular experiments. See p. 164, above.
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undertook separate repetitions of the convection experiment in 1901.

Edwin P. Adams (1878-1956), a student of Professor John Trowbridge
(1843-1923), repeated the experiment in a new form in the Jefferson

Physical Laboratory at Harvard University (46). Adams noted that
all the investigators before him had employed discs. Instead he revolved sixteen spheres mounted on brass spokes and charged to the

greatest possible potential before breakdown in air. Adams thought
the plan was "the most natural method of procedure" (46, p. 286).
He acknowledged that the idea of the experiments had been adopted

from the plan suggested by J. J. Thomson in 1881 (342, p. 236).

195

The balls were charged by a ten thousand cell storage battery
generating 18,900 volts which had been constructed by Trowbridge

for use in spectrum analysis experiments (357, p. 371; 46, p. 289).
The magnetic effect was to be indicated by means of an astatic

needle system. The speed was about fifty revolutions per second
which produced a sphere velocity of about three miles a minute.
When the apparatus was operated the excessive wind produced

necessitated that special mechanical shields be constructed around
the whirling machinery.
Adams obtained a magnetic effect and proceeded to compute

the ratio of units, v. In six groups of experiments this varied

195See

p.

149, above.
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between 2.6 and 3.1 x 1010 centimeters per second (46, p, 299).

He

attributed the variation mostly to the changing speed of the electric

motor driving the apparatus. The experiments were often run between one and five a.m. when the load on the mains of the Cambridge

power plant varied less (46, p. 290). Magnetic disturbances produced by electric trolley cars near the laboratory were also bothersome.

In Baltimore, meanwhile, one of Rowland's students, Harold
Pender (1879-1959), began new convection experiments in late 1900

(237, p. 195). Motivated chiefly by Cx4mieu's negative results,
Pender purposely employed the method introduced by the French
physicist in which a coil and galvanometer were used to indicate
magnetic action. Fender used a two-disc system rotating about a

horizontal axis similar to that of the Rowland-Hutchinson experiments
of 1889. Indeed the equipment, with the exception of the coil and

galvanometer, had been constructed by Rowland and Hutchinson

shortly after the 1889 experiments but never put to use (237, p.
188).

196

Fender's drawing of the apparatus is reproduced in Figure 23,
below. The purpose of constructing the new instrument is indicated

196

This apparatus is extant in the Division of Electricity collection at the Smithsonian Institution Museum of History and Technology (Catalogue number 318, 514).
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Figure 23, The Rowland-Pender apparatus (237, p. 214),
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by the drawing. The gilded discs, D, made of micanite revolve between "condensing-plates" formed by rings of tinfoil cemented to

ebonite plates, C. (237, p. 188-189).197 Since the discs were enclosed between the plates, the capacitive effects of the support

structure and other parts was considerably reduced. Capacitative
action from the support structure and gears had caused anomalous
effects which delayed the Rowland-Hutchinson experiments of 1889

for two months. 198

The coil which Pender used to measure magnetic effects is

represented at I in Figure 23, above. The discs were charged and
discharged twelve to twenty times per second from a Voss electric
machine. 199 The varying charge under rotation was expected to pro-

duce fluctuating magnetic effects, and these to induce a current in
the coil.
Deflections of the galvanometer indicating such a current were

first observed a few days before Christmas in 1900. However,
"accidental deflections" from "extraneous effects" made quantitative

measurements impossible (237, p, 195). According to Pender much
197

Micanite was a commercial product made of small sheets
of mica cemented together with shellac or other insulating cement.
198See
199A

p. 157,

above and Appendix VII.

detailed description of this static electric machine is
given in Harris's Frictional Electricity (136, p. 90-91).
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of the difficulty came from the electric trolley lines which were as
much of a nuisance in Baltimore as they had been for Adams in

Cambridge. However, by operating in the late evening and early
morning the magnetic effect was observed with regularity by March.

Even so at times an effect was noticed on reversing the charge with

the discs at rest. Eventually this was traced to failures of insulation, and the effect was "suppressed" by a thorough cleaning of the
apparatus with benzene and alcohol (237, p. 196).

When Pender computed the ratio of units from several series

of measurements it varied plus or minus eight percent from its
mean value which was 3.03 x 10 1 0 centimeters per second (237, p.

205-206). He tried changing the speeds of the discs, the polarity of
the charge, and the rotation direction of the discs both in respect to
each other and to the rest of the apparatus. The results from all
cases he believed were consistant to "show beyond any doubt that

electric convection does produce magnetic action" (237, p. 207).
The written account of the experiments was not completed until June

10, 1901, but the magnetic effect had been observed and this news
was communicated to Rowland before his death on April 16, 1901

(237, p. 208).

Pender's experiments did not satisfy Crmieu. Pender himself had admitted to occasional problems of insulation. Crgmieu

thought that there was a possibility that electricity leaking from
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Pender's discs acted as an ordinary conduction current and was

responsible for the reported magnetic effect (78, p. 454-455). Magnetism from the trolley lines was also a possibility.
To meet these objections Pender organized a new series of

researches to demonstrate the effect under a wide variety of experimental conditions (238). The speed and potential of the disc would

be varied over a wide range as in Himstedt's experiments. 200 However, computations would be made of the ratio of units, which
Himstedt had failed to do. To reduce the possibility of spurious

magnetic and vibrational disturbances, Pender moved his entire
apparatus to the McDonogh School twelve miles northwest from the

center of Baltimore and two miles from the nearest electric line
(238, p. 293). Before the experiments were begun, tests were made

to establish that the lines were too distant to cause magnetic interference.

At first the apparatus was set up in a tower garret of one of the
buildings, but mechanical jarring of the galvanometer was enormous.
This was traced to the wind which caused the whole building to rock

perceptibly (238, p. 292). The equipment was moved to a basement
room with a cement floor. Under these conditions the needle of the
galvanometer could be adjusted, to about one and a half times the
200See

p.

160-161,

above.
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sensibility used in Baltimore. Much attention was given to the insulation. in various parts of the system which underwent regular clean-

ing before each series of readings.
In the experiments at the McDonogh School the greatest devia-

tion from the mean of the data was 4.4 percent, an indication of the
improved electrical and mechanical stability of the experimental

arrangement (238, p. 296). Using speeds and potentials in various
combinations, Pender computed the ratio of units from a series of
twelve observations. The values of v grouped to within three per:

cent of their mean value which Pender reported as 3.00 x 1010 centi-

meters per second (238, p. 299). However, he pointed out that
the exact coincidence of the value of v as determined
from the above experiments with its known value must
be considered as an accident only, for an error of at
least one percent might readily have occurred in the
determination of the constants of the apparatus (238, p.
299). 201

During the course of his experiments Pender had attempted to
use a solid aluminum disc in place of the gilded disc. However, he

discovered that magnetic disturbances caused by traces of iron in
the aluminum "foiled" the first attempts even though "the purest
metal obtainable was employed" (238, p. 299). A question was

201

The ratio of units had been determined to be very close to
this value at The Johns Hopkins University in 1889-1890. See. p.
216,

below.
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therefore raised concerning the validity of the Crgmieu experiments
which had employed an aluminum disc.

Pender believed that the McDonogh School experiments con-

firmed "beyond doubt that 'electric convection does produce magne-

tic action' .

.

." (237, p. 232). However, Crmieu had been just as

convinced that "la convection e'lectrique ne produit pas d'effet

magnetique" (80, p. 330). In view of the repeated conflict of experimental findings Cre/mieu reviewed the history and present state
of the convection experiments in a paper of 1902 (79). In this he
wrote:

La seule conclusion possible de l'ensemble de faits
que je viens de resumer, c'est qu'il faudra encore
beaucoup d'expgriences (79, p. 771).202

Under the initiative of the French mathematician, Jules Henri
Poincare'(1854-1912), such a repetition of experiments was arranged
in the Fall of 1902 (239, p. 385-386). In a theoretical study of 1902,

Poincart had defended Cremieu's use of certain screens employed at

various times to prevent direct electrostatic effects on his induction
coil (245, p. 84). It had been claimed that these shields might serve
to house spurious currents masking the sought for magnetic effect
(244, p. 351). Among the proponents of this objection was Harold

202 "The

only conclusion possible from the ensemble of facts
which I have just reviewed, is that it will be necessary to repeat
many of the experiments. . . ."
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Wilson, an early critic of Cre.mieu's work (374, p. 146-149).203
At the suggestion of William Thomson, Paris was suggested as

a suitable place for Cre'mieu and Pender to seek a resolution to their

contradictory experiments. After receiving Poincare's invitation to
begin experiments at the University of Paris in January 1903, Pender
obtained funds from the Carnegie Institute to finance his trip abroad.

The Johns Hopkins Trustees put all the necessary equipment at his
disposal including the disc apparatus constructed in 1889 following

the Rowland-Pender experiments of that year. 204 The expenses of

the actual experimenting were met by the Institut de France.

In Paris, Pender set up his apparatus under conditions as
"nearly similar as possible to the original disposition" in the
McDonogh School experiments (239, p. 387). The same degree of

mechanical and magnetic stability as had been achieved in the

Baltimore countryside could not be realized. Nevertheless, both
men observed the qualitative magnetic effect which Pender had re-

ported in his papers. Moreover, the proportionality of the effect
with the speed of rotation of the discs and the surface charge density
was confirmed "within a sufficient degree of approximation" (239,
p. 387).

203See
204

p.

164, above.

See n. 196, above.
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Meanwhile Cremieu set up his experiments nearby in an

arrangement "almost identical" to that of his original experiments
(239, p. 387). The only exception was a new galvanometer replacing

the original instrument which had been destroyed. The men reported
that although the effects due to charging and discharging the disc at

rest were not entirely eliminated they obtained "with a sufficient de-

gree of certainty the same negative results as in the original experiment" (239, p. 387).
Working side by side for the next three months Fender and

Crmieu struggled to account for the consistant disagreement of their

experiments. Creimieu's system was tested for electrical leakage
and brush discharges at elevated voltages but no such effects were
detected (239, p. 388). The possibility of slow electric oscillations

in Fender's apparatus was investigated by changing the resistance
and capacitance of his charging circuits (239, p. 391). The two

experimenters observed no such phenomena. Fender's system was
even operated without its condensing plates by arranging the two

discs to be opposite in electrical charge as well as direction of
revolution. This arrangement was thought to reduce the possibility

for the suggested charge slippage by Fitzgerald and Larmor.
Although the galvanometer deflections were smaller with this

205See

p. 167, above.
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scheme they were in the correct direction and agreed with calculated
values. Finally the single sector experiment performed by Rowland

in Berlin in 1876 was successfully repeated in Paris.

206

After these tests the men concluded that Fender's system did
produce a magnetic effect in the direction and of the order of magni-

tude required by the idea of electric convection (239, p. 397). The
most important question remained unanswered, however.

What

concealed the effect from Cr4mieu in his early researches as well
as in the experiments conducted jointly with Pender?

Further analysis of Crmieu's experimental schemes indicated
that they always differed in at least one detail from the arrangements

used by Pender. CrImieu's moving charge surfaces and condensing
plates were nearly always covered with a thin layer of some dielectric, usually with caoutchouc or India rubber but often with sheets

of mica. These dielectrics were used to realize high surface densities of charge without arcing between the discs and plates. Crmieu's
supposition was that a dielectric, like caoutchouc, would not only
prevent such leakage but would also insure a more perfect entrain-

ment of the charge as the disc revolved.
206

207

Cdmieu and Pender

See p. 129, above.

207 Fitzgerald had written personally to Rowland nearly a. dec-

ade earlier to inquire if the Rowland effect would be produced on a
rotating disc in which the gilding was continuous and not divided by
radial scratches (2, April 13, 1894). See p. 165, above.
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both agreed that until the experiments of 1902-1903 "A priori, one
could see no inconvenience resulting from the presence of the
caoutchouc" (239, p. 404).

When an experiment was performed, the men discovered that
if discs were covered with the caoutchouc the magnetic effect

diminished and dissymmetries with regard to the direction of the

deflection occurred. Furthermore, with the rubber film a lack of
proportionality between potential and magnetic effect was obstrvet.

Sheets of parafin or mica attached to the surfaces of the discs'

wise produced many of the same effects, Moreover, when used on
Pender's apparatus, mica considerably diminished the previously
observed magnetic effects. The results of one such series of

measurements are given below (239, p. 405).
Galvanometer
Deflection mm.

Discs bare, condensing plates bare

140.

Discs covered with mica, condensing plates bare

100.

Discs and condensing plates covered with mica

15.

Although the dielectric clearly had the effect of reducing the
deflection, the men did not have enough time remaining at their

disposal in Paris to investigate the specific mechanism of the
action, Nevertheless, they were satisfied that the action accounted

for Crmieu's negative results. They hypothesized that the charge
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considerably penetrated the mica or caoutchouc acting in some way

to suppress the electrostatic action of the disc and plate. Moreover
they were able to establish experimentally, that the suppression of
the magnetic action occurred at certain well-defined voltages for

each kind of dielectric, being independent of the electric field produced by this voltage (239, p. 405-406).

Pender and Crmieu concluded from their work that
1.

2.

3.

A charged continuous metallic surface turning in its
own plane opposite fixed parallel condensing plates
carried its charge with it.
The entrainment of this charge produced a magnetic
field in the direction demanded by the assumption of
a magnetic effect due to electric convection and in
accord with the calculated value to ten percent.
Charged isolated sectors without the presence of condensing plates produced a magnetic effect in the
direction of the proper size demanded by this
assumption (239, p. 408).

Yet concerning the significance of these experiments the men

simply stated that

It is not for us to say if these magnetic effects are really
due to electric convection in the sense in which Faraday
and Maxwell understood this expression, nor to decide if
they are in accord with the fundamental hypotheses of the
present theories (239, p. 409).
Maxwell, however, had already expressed himself on the

matter if only in an exchange of Serio-Comic verse with Professor
Peter Guthrie Tait (1831-1901). In June 1877, a year after Rowland's

experiments in Berlin, Tait had inquired of Maxwell:
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Will mounted ebonite disk
On smooth unyielding bearing,
When turned about with motion brisk
(Nor excitation sparing),
Affect the primitive repose,
Of + and - in a wire,
So that while either downward flows,

The other upwards shall aspire?
Describe the form and size of coil,
And other things that we may need,
Think not about increase of toil
Involved in work at double speed.
I can no more, my pen is bad,
It catches in the roughened pageBut answer us and make us glad,
THOU ANTI-DISTANCE-ACTION SAGE! (204,

644).

Maxwell replied:
The mounted disk of ebonite
Has whirled before, nor whirled in vain;
Rowland of Troy, that doughty knight,
Convection currents did obtain
In such a disk, of power to wheedle,
From its loved North the subtle needle.
'Twas when Sir Rowland, as a stage

From Troy to Baltimore, took rest
In Berlin, there old Archimage, 208
Armed him to follow up this quest;
Right glad to find himself possessor

Of the irrepressible Professor.

But wouldst thou twirl that disk once more,
Than follow in Chi lde Rowland's train,
To where in busy Baltimore
He brews the bantlings of his brain; . .

208

. (204, P. 645).

Helmholtz, the chief magician (204, p. 645).
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CHAPTER VII

BUILDING A DEPARTMENT OF PHYSICS AT THE
JOHNS HOPKINS UNIVERSITY (1876-1893)

Rowland was expected by Gilman and the trustees to inspect

apparatus in the science cabinets of the European universities during

the 1875-76 tour. At the same time he was to make inquiries at the

commercial instrument shops in order to advise the trustees regarding the purchase of equipment for the new physics department at

Baltimore. As early as August 1875 he had formulated criteria for
this equipment.

He recommended to Gilman that the apparatus be divided into

two categories. One group would include "first class" quantitative

instruments for use in "original research and the higher instruction
in the physical laboratory" (34, August 14, 1875). The second group

was to be for more qualitative use in lectures and elementary instruction. Rowland advised that orders be placed with instrument makers

immediately for pieces in the first group since these took so long to

constrct. He told Gilman, "Give me time and apparatus and if our
university is not known, it will not be my fault" (34, August 14).
Gilman formally notified Rowland early in December that the trustees

were prepared to receive his specific recommendations and indicated
that they anticipated an apparatus appropriation of three to five
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thousand dollars (34, December 7, 1875).
At that time Rowland had not been given a professional title

although he had been made an assistant in physics and his annual
salary had been raised from $1600 to $2000 (34, December 7). His

exact responsibilities at Baltimore had not been specified. Rowland
expected vaguely to be "connected with the physical laboratory in
some way .

. .

(34, January 6, 1876, Rowland to Gilman). In spite

of this unpretentious and indefinite position Rowland did not hestitate

to set forth some strong opinions concerning the kind of equipment

he wished purchased for the new laboratory. He was emphatic that
money should be spent on research apparatus and "not for the illus-

tration of lectures" (34, January 6). Furthermore he stipulated that
the laboratory itself was to be fitted more for research than for instruction "though the latter is not to be neglected" (34, January 6).
The equipment which Rowland wanted was the best available for

precise measurement. He told Gilman that though it was
sometimes possible to produce good work with poor apparatus
just as it is possible to cut down a. tree with a penknife yet
there is other work which cannot be done by any possibility
without calling to our aid all the resources of mechanics .
[and] to this last class belong many of the higher questions
in mathematical physics (34, January 6).

Therefore Gilman was informed that Rowland's inquiries had been

made "more for the best mechanics than for the cheapest" (34,
January 6).
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Rowland recommended a list of ninety-six items totaling
$6,429 and advised that the equipment be ordered immediately in

order that it be available in Baltimore at the beginning of the
September term.209 He called Gilman's attention to the fact that

about a quarter of the above sum ($1,640) was to be spent on appara-

tus for the measurement of the "three fundamental units, space,

mass, & time" (34, January 6). Defending this large proportion of
"elaborate apparatus" Rowland explained that "absolute measure-

ments in other departments of physics depend finally on these, the
fundamental units

. .

." (34, January 6). He suggested that if it

were necessary to reduce the cost to within the five thousand dollar
limit mentioned by Gilman that it would be "better to strike out one

entire subject rather than cripple them all" (34, January 6). In
such a case he recommended elimination of $1270 worth of acoustical equipment which would reduce the suggested appropriation to
$5, 159.

Although this equipment was to be specifically designed and

constructed for research, Rowland thought that all of it could be

209

Later in 1878 Rowland saw the need for a collection of
demonstration equipment, especially for use by the ordinary physics
students. He asked the trustees for an additional five thousand
dollars claiming, "There are very few first class institutions in the
country so poorly supplied with apparatus for demonstration as this
one" (2, May 6, 1878, Rowland to the President & Trustees of the
Johns Hopkins University, copy).
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used for "lecture purposes as well [as] in the laboratory" (34,
January 6). That is, all of the equipment could be shown to the

physics classes "although it may not be of such a nature that it can
be used before them" (34, January 6). Rowland concluded his
recommendations with the request that if Gilman decided to consult
anyone concerning the list that he should "choose one like

Prof[ essor] Pickering who has an intelligent interest in research
and who will not look upon every instrument as useless which is not

fitted to instruct a boy of twelve" (34, January 6). Rowland later

told Pickering that nearly all the instruments chosen were "for investigation and none of them were [ sic] for amusing children" (32,
May 17, 1876).

Gilman chose instead to send Rowland's list to another American astronomer. Simon Newcomb (1835-1909), a scientist at the
United States Naval Observatory in Washington, had studied mathe-

matics under Benjamin Peirce (1809-1880), receiving the degree of
Bachelor of Science in 1858 from the Lawrence Scientific School at
Harvard. In 1877 Newcomb left the observatory to take charge of
the Nautical Almanac office (225, p. 892). There part of his task

was the compilation of formulae describing the gravitational perturbation of the various plants by each other.
210

210

His scientific work had been recognized internationally. He
had been elected a member of the Royal Astronomical Society of
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In a letter to Gilman of mid-February Newcomb commented on

Rowland's list "with much diffidence, as Mr. R[ owland] knows

much better than I can, what is wanted" (34, February 17, 1876,
Newcomb to Gilman). However, Newcomb thought that the apparatus
which had the least priority on Rowla,nd's list was that for, making

absolute measurements of space, mass, and time. Newcomb
wondered that those pieces were "curiously enough some of the

items which he [Rowland] seems to deem most urgent .

. .

I am

not aware that in physical experiments anything more than relative

measurements are required" (34, February 17).
Newcomb was especially concerned with the first five items
on Rowland's list.211 Those items Newcomb thought would be

needed if "a geodetic survey was in contemplation but that otherwise $60 worth of equipment from some local instrument shop would

suffice (34, February 17). On the other hand,

The optical fit out strikes me as rather meagre; it might
include a large collection of lenses, several specimens
of photometers, water tight glass cases for testing the

London in 1872, being awarded its gold medal in 1874. He had received honorary degrees from Yale and Leyden in 1875'(225, p.
892).
211 These

items were listed by Rowland as "1 Standard Meter
. $40. 2 Standard measures divided to millimeters . . . $40.
3 Comparator, for measurement etc. . . . $200. 4 Dividing Engine,
for measurement, etc. . . . $400. 5 Spherometer (best, from
Perreaux) . . . $80." (34, January 6).
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optical qualities of liquids, concave mirrors, etc. (34,
February 17).212
In conclusion, Newcomb noted that Rowland had not recommended

the purchase of an electric lamp for illustrating lectures.
Newcomb's letter did not reach Baltimore in time to influence

the decision made by Gilman and the trustees. About a week before

the letter was written, the trustees sent Rowland authorization to
make purchases not to exceed $6429" (2, February 9, 1876, from

Trustees Executive Committee). At the end of February Gilman
did send Rowland a copy of Newcomb's comments but emphasized

"use your own judgement" (2, February 28, 1876).
Following the completion of his Berlin researches Rowland

had continued his tour of scientific institutions in central Europe
and did not receive Gilman's letter until late March in Vienna.
There he replied:

I am surprised that Professor Newcomb remarks that in
Physics only relative measures are required. To be sure
such was the case once but one of the most important changes
now taking place is the introduction of the absolute system
into all departments of Physics, and particularly in magnetism and electricity . . . there is a wider field open in this
direction than any other and it can only be entered by having
the most perfect instruments (34, March 26, 1876).
In regard to Newcomb's observations that no electric lantern was

212

Rowland allocated only about half the sum for optics
($1110) as compared to that recommended for mechanics ($2139) or
electricity and magnetism ($2080) (34, January 6).
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included on the list, Rowland replied that "projection apparatus
must be obtained by the 'Demonstration Department' and not by the

'working D p[artrnent] '" (34, March 26).
Although Gilman and the trustees had confidence in Rowland's

ability to select suitable apparatus they had not planned to make

him head of the department. Gilman's original design was to combine chemistry and physics and he had tried unsuccessfully to obtain Wolcott Gibbs from Harvard to chair the joint department.
When Gibbs declined the offer on January 18, 1876, he recommended

in his stead John Trowbridge of the Lawrence Scientific School (34,

January 18, 1876, Gibbs to Gilman). Gibbs suggested to Gilman
that Rowland and Ira Remsen (1846-1927), professor of chemistry

and physics at Williams College, be made associate professors.
Gibbs proposed Edward Pickering as an alternate candidate if
Trowbridge could not be obtained (34, January 18). Gilman con-

sulted Rowland who did not express a strong preference for either

Pickering or Trowbridge (34, February 7, 1876, Rowland to
Gilman). Therefore Gilman followed Gibbs' first recommendation

and invited Trowbridge to Baltimore to act as an "adjunct" professor sharing the physics department with Rowland (2, March 30,
1876, Gilman to Rowland).

At the end of March, however, Trowbridge declined Gilman's
offer indicating family opposition to the move (34, March 29, 1876,
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Trowbridge to Gilman). Almost simultaneously Gilman informed
Rowland that the trustees were probably ready to offer him a.

professorship (2, March 30, 1876). During the next month Rowland's
appointment was confirmed at an annual salary of $3000; but an

adjunct professor had not been found (2, April 18, 1876, Gilman to
Rowland).
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Before his return to the United States in May, 1876, Rowland
discussed his appointment and the organization of the new department

during a second visit with Maxwell at Cambridge. Rowland told
Gilman that Maxwell, however, did not "give me any ideas on the
subject" (34, May 17, 1876). The plans for an adjunct professor
were acceptable to Rowland "provided anybody could be obtained who

made optics and acoustics a specialty (34, May 17). This proved
difficult to do.

After Trowbridge had declined Gilman's offer, Rowland tried

to entice Pickering to come to Baltimore, "Could we only get to,
gether permanently we might form a partnership like Gauss & Weber"

(32, June 1, 1876). Pickering replied that he would like
nothing better than to be a Weber to your Gauss, or a Gauss
to your Weber. I do not feel only strongly tied to the Institute,
but fear my objectives are too high to be reached for many
years to come (2, June 11, 187[6] ).
213

Remsen was appointed to head a separate department of
Chemistry in the same month. This account differs only in minor
points from that given by Hawkins (140, p. 45-48).

191

Pickering was in the midst of preparing plans for the construction
of a new physical laboratory. Rowland advised Gilman that from the

"tone" of Pickering's correspondence that "it would be impossible to
move him" without giving him a chance to conduct his own laboratory"

(34, June 16, 1876),
As another possible candidate, Rowland had mentioned to
Gilman the name of Charles S. Hastings (1848-1932) who had taken

his Ph.D., in optics with special attention to solar spectroscopy,
from the Sheffield Scientific School at Yale in 1873 (34, May 17,

1876).. Rowland and Hastings shared a common friend in Rowland's

Rensselaer classmate, Edward Nichols (b. 1850) (2, January 11,
187[ 6]

,

Nichols to. Rowland). During the three years following his

graduation, Hastings had studied abroad spending part of his time
under Robert Kirchhoff in Heidelberg and Helmholtz in Berlin (182,

p. 383). Hastings was working in the Sorbonne when Rowland was

performing his own experiments in Berlin (2, January 11, 187[ 6] ).
On the other hand, Gilman had suggested Samuel Pierpont
Langley (1834-1906), professor of physics and astronomy at Western

University of Pennsylvania, for the adjunct professorship. Rowland
doubted, however, that Langley would "come to a place without an

observatory" (34, June 25, 1876, Rowland to Gilman). Rowland's

prediction proved correct. 214
214 Langley remained at Western University until 1887 when he

192

In July when an adjunct professor to teach optics had not yet
been found Rowland made an effort to improve his own background

in this subject, particularly since Gilman had already entertained
the idea of leaving Rowland "in sole charge for the first few

months" (2, March 31, 1876, Gilman to Rowland). Faced with the

possibility of this increased responsibility after his return to the
United States Rowland journeyed to West Point where he again made

use of the technical library.215 There he reported to Gilman that
he was working on the "theory of diffraction" and "Airys, undulatory

theory of optics" (34, July 26, 1876). Rowland admitted that "optics
was my weak point but I take considerable interest in it now and I

may end by making it one of my strong points" (34, July 26). At

the same time he told Pickering, "I have never seen the spectrum
of a good diffraction grating but have made a small one by photo-

graphing a sheet of ruled paper" (32, July 26).
The small appropriation which Rowland had recommended for

optical equipment might have been related to his admitted lack of

preparation in this subject in 1876. However, this does not seem
to have been the case for acoustics for which he had proposed an
accepted the post of assistant secretary of the Smithsonian- Institution under Spencer F. Baird (1832-1888). Upon Baird's death
Langley was appointed secretary and likewise retained the position
for life (183).
215

See p. 29, above.
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even smaller sum and had marked for near elimination if the

trustees had decided to limit his purchase to $5000. Rather he
told Gilman, "Acoustic instruments always seem to me more like
playthings than anything else but I suppose we must have some" (34,
July 26, 1876).

Not all of Rowland's time at West Point was spent studying
optics. While there he also prepared formulae for computing

calibration constants for the electrical instruments ordered in
Europe (34, August 3, 1876, Rowland to Gilman). In addition he

investigated mathematically a number of problems involving "elec-

trical distribution" on geometric surfaces of revolution (34, August
3). Finally in August he made preparations for moving to Baltimore,

sending ahead eight boxes of books along with his personal collection

of instruments.
When Rowland arrived in Baltimore, Gilman showed him two

former boarding houses at the corner of Howard and Little Ross

Streets which the trustees had secured as temporary facilities for
the new university. According to Gilman, Rowland said that all that
he wanted in one of the buildings for the physical laboratory was
"the back kitchen and a. solid pier built up from the ground" (121,

p. 71). This kitchen located in the rear of the south building became known as the "annex" and underwent enlargement and altera-

tions during the first academic year (163, p. 6). By the spring of
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1877 Rowland described the laboratory as consisting of "seven

rooms and a cellar, situated in the 'Annex', all of them with a
south exposure, they are of various sizes but none of them large (4,
P. 3).
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These rooms were furnished with solid piers which extended

to the cellar "to sustain such instruments as require steadiness"
(4, p. 3). Some of the windows were reinforced with wide marble

sills for the same purpose. From one of the rooms along the outside of the building an eighty foot manometer tube was attached to a
ventilating flue. The system could produce pressures to "thirty

atmospheres" (4, p. 3). Another room contained a furnace for high
temperature work and another room was used for optical experiments and photography. On the first floor of the annex was Rowland's
private scientific library containing about eight hundred volumes,
which was "open to advanced students" (4, p. 4).217 The cellar

contained banks of electric batteries. For magnetic measurements
separate rooms were provided "in a locality free from magnetic

disturbances" (4, p. 4).
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This early description of the courses and facilities at
Johns Hopkins is taken from a manuscript in Rowland's hand. This
description of the laboratory was published with minor grammatical
changes in an Official University Circular of 1877 (293, p. 4-12).
217

More than four times the number listed in Rowland's
second library catalogue compiled in 1871-75. See p. 25, above.
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Three men worked in the laboratory with Rowland during the

first academic year. Following Rowland's suggestion to Gilman,
Charles Hastings was appointed to the faculty. Hastings did not

share administrative responsibility of the department, however, but
rather was placed under Rowland as an associate in physics.
Hastings had responsibility for "experimental lectures & class

exercise" in general physics. He also taught the optics sections
of the "mathematical physics" for advanced students (4, p. 1112).218

To teach the general undergraduate course in the physical
laboratory William White Jacques (1855-1932) came from the

Massachusetts Institute of Technology as a fellow in physics (4, p.
13).219 As his instrument maker, Rowland hired Theodore C.

Schneider (1848-1901) away from the Gurley Instrument Company

in Troy, New York (2, October 21, 1876, Schneider to Rowland).
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Schneider had worked for Rowland at Rensselaer Institute (2,

September 1, 1876, Schneider to Rowland). Schneider's shop in
Baltimore was located on Eutaw Street in a dwelling adjacent to the

218 Hastings wrote several works on optics, among them Light:

a Consideration of the More Familiar Phenomena of Optics (139).
219 Jacques took his Ph.D. under Rowland in 1879 (158).

220

See n. 10, above.

196

annex. Rowland described him as "an experienced instrument maker
& capable of making almost any instrument requiring exactness" (4,
P. 5).
Rowland himself was responsible for the-advanced courses in

"mathematical physics" including thermodynamics, electricity and

magnetism (4, p. 12-13). He wrote that the "grade" or level of his
lectures would be such as that found in "Maxwell's 'Treatise on

Electricity

.

.

.1" (4, p. 13). This course of study was "particular-

ly designed for those who have chosen this subject for their life

work" (34, p. 1). Rowland outlined his philosophy of instruction:
Throughout the whole course an effort has been made to
allow neither the experimental or mathematical side of
the subject to predominate but to so balance the two that
the best knowledge of the subject may be obtained. In
this respect it is believed that this course of instruction
in Physics will meet a long-felt need in this country, and
hoped that it will attract that class of students who would
otherwise go to Germany to pursue their studies (4, p. 12).

The students for such a course "or others desiring to carry on
researches in any department of Physics will be specially welcome
but sufficient evidence must first be given that they are fitted to make

researches of value" (4, p. 2). These students were to be provided
"every facility for experiment at least in those portions of the subject which bear on the mathematical theories" (4, p. 11). The first
students were evidently not prepared for the high level of mathematics which they immediately encountered. Hastings informed Rowland
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that they "labored under the disadvantage of unfamiliarity with even
elementary forms of mathematical thought .

.

.0 (2, [1878] ).

The most important facility for experiment with which the students would be provided was apparatus. This had been purchased

from ''makers of reputation" and was

principally for exact experiment & research . . . . No
money has been wasted in the purchase of large & costly
apparatus for show and none has been spared where the
accuracy of a research might be impaired by an imperfect
instrument . . . As nearly all exact measurements in
physics, such as wavelengths of light, the mechanical
equivalent of heat, the strength of an electric current, the
intensity of magnetism etc. , depend upon the fundamental
units of mass, length, & time, the apparatus for the
measure of these will be very complete (4, p. 5-6).
It was clear that Rowland intended to carry out investigations of great

precision at Baltimore. In the spring of 1877 he wrote to Helmholtz,
"We have very fine apparatus here for electricity & magnetism and
I expect to make some good researches before long in the determination of constants" (31, April 5, 187[

7]

).

Rowland's intentions for the work of the new physical laboratory

at Baltimore already criticized by Newcomb, were further questioned
by Charles Sanders Peirce (1839-1914), philosopher, logician and a

meterorologist for the United States Coast Survey, who in 1878 visited Johns Hopkins and recorded his impressions of Rowland and the

221This letter was misdated 1876 by Rowland for it was obvious-

ly written from Baltimore.
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laboratory. As early as 1875 William James (1842-1919) had
recommended Peirce for any chair "of Logic & mental science"
(when Gilman was trying to assemble his faculty) (34, November 25,

1875, James to Gilman). There is no reason to believe that Gilman
had ever abandoned completely the idea of an adjunct professor in

physics and may have invited Peirce with this possibility in mind.

At any rate Peirce was under the impression that he had been

recommended by his father, Benjamin Peirce, for the "place

of

general professor of physics" (34, January 13, 1878, Peirce to
Gilman).

Before his visit to Johns Hopkins, Peirce had worked as a
mathematician at Cambridge under the direction of his father from
1861-1867 (112, p. 278-279). Starting in 1873 with the Coast Survey
he had been engaged in pendulum measurements for exact determina-

tion of the earth's gravitational force at stations in Europe and
America. In the year that he visited Johns Hopkins Peirce published
Photometric Researches which had been conducted at the Harvard

Observatory (112, p. 279). At that same time (1877-1878) he also
published the series of articles in the Popular Science Monthly in
which was partially incorporated his version of pragmatism which
helped lay the foundations of this philosophy in America (233).

Peirce visited Rowland's laboratory in 1878 and afterwards

wrote a nineteen page letter to Gilman assessing Rowland's work
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(34, January 13, 1878).222 The letter was clearly aimed at promoting Peirce's candidacy to the Johns Hopkins faculty. Indeed Peirce
had made this explicit to Gilman,

It would be a great pleasure to

me to enter your society of scholars in Baltimore (34, January 13).

Peirce thought that three sets of "qualities" were requisite
for the head of the physics department:

1st, those which go to make a talent for physical research,
2nd, the mathematical and general ability which may lay out
large & judicious plans of research and guide that talent
to great results, and 3rd, the capacity for organization &
administration requisite for making the laboratory &
carrying on the work & business of the department (34,
January 13).

Peirce observed, "In regard to Mr. Roland [ sic] it is easy to see
his strength in the first respect and his relative weakness in the
third" (34, January 13). Peirce correctly assessed Rowland in this
respect. More often than not Rowland was far too engrossed in his

researches to concern himself with the administrative trivia connected with the operation of the department. One colleague recalled
times when Rowland "appeared as if drugged from mere inability to

recall his mind" from the pursuit of his science (211, p. 16).
In Peirce's opinion physical research was also of three kinds
and in the following order of importance: first, the "making out of

222

This letter has been published (112, p. 365-368 and 240,
p. 325-330).
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new phenomena"; second, the investigation of laws; and third, the

measurement of constants. However, the order of technical skill
and discipline required was just the reverse.
Physicists have a tendency to rate mens' talent according
to the purely technical standard; but they ought to be rated
to form a mixture of both considerations . . . . To find a
new phenomenon is more or less a matter of chance. But
to observe it and to recognize it as new and to take the first
steps in analyzing it and determining its frequency of occurrence requires a real genius (34, January 13).
Peirce believed that:
the new phenomena which now remain to be discovered are
probably only of secondary importance, and moreover the
kind of reasoning here brought into action wants the salutary
severity of exact science. It is not so good for the pupils.
On the other hand, the exact measurements of constants,
though I should be the last to disparage it, does not in my
opinion call for as high qualities of mind as the investigation
of laws. In Mr. Roland's [ sic] work so far as I could see
everything was designed for the study of constants of a very
fundamental kind. It is work of real solidity and importance,
and appears inspired by a sound mathematical conception of

the subject. Mr. Roland's work is ambitious; sometimes
too much so. Thus, he talks of making an original subdivision of the metre, one of the most difficult problems of
metrology . . . . I also observe that Mr. Roland is not
always acquainted with important researches intimately connected with his own . . . On the whole, I have conceived a
very high opinion of him, without, at the same time, in my
present lights placing him upon such a pinacle at all as Mr.
Sylvester serves to do (34, January 13). 223

Peirce proposed that the "happiest solution" for Rowland's
weaknesses would be to have two full professors of physics.

223J. J. Sylvester (1814-1897), professor of Mathematics, and
a member of the original Johns Hopkins faculty of 1876.
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Implying himself, Peirce suggested that one man be made administrative head of the department. The other, Rowland, would be free

to pursue his own researches but under administrative limitations.
The head of the department would lay out "a comprehensive plan of

physical investigations" covering the next ten years "to make the
work done by professor and, pupils as efficient as possible" (34,
January 13).227 The scheme would "fill the precise want" of the

department as Peirce then saw it under Rowland's direction (34,
January 13). Peirce admitted that there were

a good many instruments relative to electricity particularly
with which I am not practically familiar . . . . However,
being a delicate manipulator in other branches of physics
and in chemistry, I should not fear taking hold of anything
. .
Though I am a logician, I consider it necessary
.
to have a laboratory (34, January 13).
Peirce was in accord however with certain aspects of Rowland's
teaching. He was pleased that Rowland's efforts were not "occupied

with improving 'lecture experiments'

.

. .

such matters are not

only utterly trivial, but they are also untrue instruction (34, January

224

As to the physics curriculum for "general" students Peirce

thought:

The moral lessons of physics & its logical lessons should be
branded on the soul of the scholar. He [ the student] should
get an idea of what a physicist is; his purpose, his ideas, his
methods, his life. The main laws of physics should be taught
him in a hundred applications. But calculations of vapor
densities and all such things, as well as all that is calculated
only to produce a confused effect on the memory should be
omitted (34, January 13).
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13).22

5

Peirce thought that the small amount of apparatus which

Rowland had for demonstration was "good, sensible, not too elabor-

ate, not mixed with apparatus for research" (34, January 13).
Peirce admitted that in the "short time" which he had spent
with Rowland he could not "make a complete estimate of his

powers" (34, January 13). Even though the visit may have been
brief and made in the context of seeking a competitive appointment
at Johns Hopkins ,226Peirce's observations of Rowland cannot be ig-

nored in consideration of the intellectual stature of their source.
An examination of the directions of the investigations which were in

various stages of planning or execution at the time of Peirce's visit
both supports and contradicts his observations.
For instance, Rowland's efforts and those of his students
were by no means aimed exclusively toward the determination of

constants. A substantial part of their work was concerned with the

22 5He

continued:

the professor's object ought to be to let the pupil as much
into the interior of the scientific way of thinking as
possible, and for that purpose he should make his lecture
experiments resemble real ones as much as possible, & he
should avoid those exhibitions of natural magic which impress
the mind with a totally perverted idea of science (34, January
13

226

Peirce was never given the position which he proposed to
Gilman although he did join the Johns Hopkins faculty in 1879. He
was appointed a lecturer in logic while continuing his work for the
Coast Survey and remained at Johns Hopkins until 1884 (140, p. 191).
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test of electromagnetic theory. In the year of Peirce's visit Rowland published his full account of the Berlin experiments (280). In

that same year he published "Note on the Theory of Electric Absorption" which extended slightly Maxwell's theory of residual

charge in dielectrics (286).227 The year following Peirce's visit
Rowland published a refutation of Ayrton and Perry's theory of the

earth's magnetism (278).228 At that same time Rowland published
a theoretical interpretation of new electromagnetic phenomena observed by his student, Edwin Hall (296).229
Peirce's accusation that Rowland was "not always acquainted

with important researches intimately connected with his own" is

largely contradicted by the regular and numerous citations to the
work of others found in Rowland's own published papers, Rowland's

large and growing technical library as well as the numerous reprints of the researches which he received from colleagues around

227 Maxwell's theory treated only parallel plane geometries

(206, vol. 1, p. 452). Rowland extended this to more general dielectric configurations (286, p. 56). Later in 1881 this effect was
experimentally investigated in glass, quartz and calcite by Rowland

and Edward L. Nichols (1854-1937) (312). Nichols was the editor
of the Physical Review from 1893 until 1912 and is not to be confused
with Rowland's classmate at Rensselaer mentioned on p. 145, above.
228

See p. 145, above.
229See p. 266-269, below.
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the world provided him with this information.

230

Particularly in the studies of charge convection and magnetic

permeability carried out before Peirce's 1878 visit to Baltimore,
Rowland clearly displayed his awareness of relevant research preceding his own. In fact it was his practice to introduce his subject

from an historical viewpoint. For example, in his report presented
in 1879 on the experiments to determine the mechanical equivalent of

heat, eleven pages were devoted to "Historical Remarks" which included a table of thirty-three determinations of the constant dating
from 1845 (282, p. 143).231 In his paper on the absolute value of

electrical resistance Rowland summarized eight major experiments
performed over the prior twenty-nine years including a detailed
analysis of the work of Friedrich Kohlrausch (1840-1910) and the

British Association (299, p. 281-291). 232 Moreover, Rowland's
students followed his example as typified by Hutchinson's and Fender's

historical remarks on charge convection (310, p. 445-446 and 237,
230 These reprints were discovered during the course of the

present study in the Gilman Hall storage area at Johns Hopkins University where they had been catalogued under a single card entitled
only "Rowland Pamphlets". Ten of the volumes containing papers
dealing mostly with electricity and magnetism were transferred to
the Rowland Manuscript Collection for the purposes of this study.
During his lifetime he assembled fifty-five volumes containing an
estimated eleven hundred copies of such reprints (316).
231See

p. 206-208,

below.

232See p. 222-223,

below.
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p. 179-181).233

However, Peirce's accusation that the major occupation of the
laboratory at Johns Hopkins was the determination of physical con-

stants is supported at least in formal title by other work in various
stages of planning or execution at the time of his visit. Major efforts included studies "On the Mechanical Equivalent of Heat" (282),

experiments not published until 1889 "On the Ratio of the Electro-

static to the Electromagnetic Unit of Electricity" (308) and "Research on the Absolute Unit of Electrical Resistance" (299).

Of the three Baltimore studies the researches on the ratio of
units and the absolute value of electrical resistance were carried
out in a theoretical context overlooked or possibly unrecognized by

Peirce. The brevity of his visit with Rowland may have been

partially responsible for this. It was also possible that Peirce's
admitted lack of practical familiarity with electrical instruments
obscured his understanding of these experiments. In any event,

studies of fundamental constants seem to represent no small investment of Rowland's time and laboratory resources at Baltimore.

233

See p. 153 and 170, above.
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CHAPTER VIII
THE MEASUREMENTS OF PHYSICAL
CONSTANTS AT BALTIMORE

Of all the researches at Johns Hopkins to determine physical
constants few were as time-consuming and carried out in as great
detail as Rowland's investigation of the mechanical equivalent of

heat. As early as 1876 he had made plans to perform these experiments jointly with Pickering, but this scheme was "frustrated by the

great distance" between their universities (282, p. 75). Because of
this, Rowland carried out the research alone, aided financially by an
appropriation made by the American Academy of Arts and Sciences

from the Count Rumford Fund. The project which was begun in 1878

lasted two years. A one-hundred-twenty-five-page report ensued
which included accounts of subsidiary investigations in thermometry

and calorimetry.
At one point the work was delayed when Rowland encountered

difficulty in attempting to compare his thermometer to those of Joule

who had made several determinations of the constant earlier in the
century.234 During a trip to Europe in the spring of 1879,235

234 See Joule's researches on heat 1843-45 (168, 169, 171).
235 Rowland was in Europe chiefly to escort his oldest sister,

Anna, on a summer tour (29, June 30, 1879, to Maxwell).
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Rowland complained to Maxwell that a thermometer had been brought

from Baltimore "to compare with Joule's but nobody seems to know

whether he would compare it for me. This seems strange to me with
my enthusiasm for science" (29, June 30, 1879, from London).
Eventually, whether through Maxwell's intervention or not, Joule
corresponded with Rowland and during the following winter carried

out the desired collation (2, December 8, 1879, Joule to Rowland,
from Manchester).
The comparison was necessary to check the existance of a
minute effect observed by Rowland during the course of the investigation. He had discovered an unexpected decrease in the specific heat

of water from "0° to about 300 or 35°" centigrade (282, p. 77). In
the account of his work published in 1880 Rowland admitted that he
had

fought against a conclusion so much at variance with my
preconceived notions, but was forced at last to accept it,
after studying it for more than a year, and making frequent
comparisons of thermometers, and examinations of all other
sources of error (282, p. 130).

The research of unequaled accuracy, had turned up evidence of a
new phenomenon (377, p. 76). In 1880 Charles Peirce joined with a

group of his colleagues who were also prompted by the results of

these experiments to petition Gilman and the trustees to bestow an
honorary doctoral degree upon Rowland.

236 The following year the

236 The degree was conferred in 1880. Johns Hopkins professors
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work won the prize offered by the Venetian Institute in an inter

national competition for a critical paper on the mechanical equivalent
of heat.

Experimentation on another constant, the ratio of units, was begun

in December 1878, nearly a year following Peirce's visit (15, p.

1237
).
As with his work on the mechanical equivalent of heat, Rowland had evidently made plans to carry out these researches long
before the work was actually begun. The equipment for the study had
been ordered in Europe in 1876 and was probably in Baltimore at

least two months before Peirce's inspection.238
Rowland carried out the ratio-of-units experiments with the
assistance of Edwin Herbert Hall and Lawrence Bunting Fletcher,

signing the petition were J. J. Sylvester, B. L. Gildersleeve, C. D.
Morris, H. N. Martin and Ira Remsen. In addition to Charles Peirce,
others endorsing the petition were his father, Benjamin Peirce, John
Trowbridge and J. Willard Gibbs (34, February 16, 1880, Petition to
Gilman).
237 For the reason given below an account of this research was

not published until 1889. However, the laboratory record of the investigation is extant (15).
238

By mid-November 1877 the treasurer's books at Johns
Hopkins had recorded bills drawn against the physics department in
the amount of $11,421.62 or nearly twice the amount of Rowland's
1876 authorization (see p. 188, above). This sum was spent only for
apparatus, freight and customs fees, and the materials used by
Schneider, Rowland's instrument maker. Schneider's salary was not
included in this sum. The implication is that much more equipment
beyond that originally ordered by Rowland, which had included the
necessary apparatus for these electrical studies, was in the laboratory when Peirce paid his visit (34, November 15, 1877, Gilman to
the trustees).
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University Fellows in Physics at Baltimore (308). The Johns

Hopkins investigation was by no means the earliest attempt to deter-

mine the value of this ratio or "v" as it was designated in Maxwell's

Treatise (206, vol. 2, p. 369). The electromagnetic measurement
of v had been the subject of at least ten prior investigations (317,
p. 558). The extensive interest in the ratio was chiefly due to its

implications for Maxwell's theory. He had written in the Treatise

that the agreement of the ratio of units with the measured velocity of
light "furnishes a test of the electromagnetic theory of light" (206,

vol. 2, p. 387). Since the test depended upon the number of decimal
places to which experiment might demonstrate agreement of the two

constants, investigations of v required instruments of precision, and
these had been assembled by Rowland at Baltimore.

A spherical electrical condenser was one such piece of equip-

ment of central importance to the ratio of units measurements. This
had been constructed from hollow brass balls about 8.9 and 10.1
centimeters in radii which had been nickel plated and could be sus-

pended alternately within a larger brass shell.
pended

The spheres and

shell had been machined with high precision. The dimensions of

the condenser were determined on a dividing engine using calipers

239

The larger sphere and outer shell are extant in the Division
of Electricity collection of equipment at the Smithsonian Institution's
Museum of History and Technology (Catalogue Number 318, 513).
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and the copy of the standard meter brought by Rowland from
Europe.

240

The variation in the radius of the larger sphere as

determined by twelve comparisons to the standard meter was about

+ .006 centimeters. Six measurements of the smaller sphere indicated a variation of + .0015 centimeters. This variation corresponded to less than six and two parts out of ten thousand respectively.
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It was necessary to determine accurately these radii since
they fixed the electrical capacitance of the spherical condenser. In

electrostatic units the capacitance was given by Rr/(R-r) where R

represented the outer radius of the sphere and r represented the
inner radius of the shell. Rowland's method of measuring v consisted of charging the condenser to a potential which was determined

by a precision electrometer. The total charge stored in the condenser was then accurately known since it was equivalent to the

product of the potential and the electrical capacitance computed from

the expression above. When the charge was passed through the coils
of a calibrated galvanometer a magnetic needle was deflected. The

240

Simon Newcomb had questioned the importance of this

equipment for the laboratory. See p. 187, above.
241

The same condenser was used by one of Rowland's students
in another determination of v made in 1889 (see p. 215, below).
The dimensions of the spheres and shell have been taken from the
account of these later experiments (257). The details of the variation
of the radii were not recorded by Rowland in his laboratory notebook
of 1878-1880 which contains the record of this experiment (15).
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electrometer measured the potential of the charge in electrostatic
units; the galvanometer indicated the effect of the same charge but

in electromagnetic units. From the two measurements, therefore,
the ratio of units, v, could be computed.
At first Rowland was optimistic concerning the outcome of the

research and wrote to Maxwell early in April, 1879:
I believe the experiment is a link in the proof of your
[electromagnetic] theory seeing that the result is, by
the first rough calculation, 299,000,000 metres per
second, though the corrections may amount of 1/2 per
ct. or so" (29, April 7, 1879).
Rowland indicated his desire to complete the work before the coming

fall and asked Maxwell to read an account of the research before the

Royal Society. Maxwell agreed to do this but at the same time
cautioned Rowland to pay particular attention to his galvanometer.
The instrument was "no doubt .

.

. far the most accurate but has

necessarily considerable inertia and is therefore somewhat sluggish
in its indications" (2, April 22, 1879, Maxwell to Rowland, from
Cambridge). For this reason Maxwell was glad that Rowland had
taken precautions to observe the deflection of the galvanometer "with

a microscope, so as to get results from the first beginnings

of

motion" (2, April 22).

From his notebook record it is apparent that Rowland encountered numerous difficulties throughout the ratio-of-units experi-

ments. Near the beginning of the investigation a large current was
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passed accidentally through the galvanometer. Subsequent deflections

were unsteady rendering uncertain an entire series of data (15, p.
53).

In one computation the natural logarithm of two was mis-

recorded creating a computational error amounting to nearly ten
parts out of ten thousand.242 Another series of data was discarded
when it was discovered that one more measurement of the condenser
charge had been made electromagnetically than had been made elec-

trostatically. This error called into question the correspondence of
nineteen pairs of data of one series of measurements (15, p. 56).
addition to these difficulties what appeared to be a change in the

"natural [magnetic] field" in the laboratory was observed in late
February 1879 which was greater than that which could be ascribed

to the ordinary diurnal change of the horizontal intensity of the

earth's magnetism. Rowland thought that it was possible that "some
change in temperature of the room or in position of masses of iron
in the neighborhood caused a sudden and abnormal change in the con-

ditions of the experiment" (15, p. 92).
When Rowland computed the correction factors for twenty-nine
measurements taken between December 1878 and March 1879 his

data indicated a mean value for v of 297,900,000 meters per

242

46).

The figure 0.30130 was entered instead of 0.30103 (15, p.
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second.
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This figure was well within one half percent of the value

of v mentioned to Maxwell but was in a direction away from recent
determinations of the velocity of light. 244 Rowland was not satisfied
to publish his findings and wrote to Maxwell that work on the ratio
would be delayed until the following Autumn.

245

When he finally decided to publish the results of this research
in 1889 Rowland cited an anomalous effect associated with the charg-

ing and discharging rate of the condenser as the reason for his decade
of procrastination (308). He had anticipated Maxwell's warning con-

cerning the galvanometer and had made provision to charge and dis-

charge the condenser as often as five times each second. By this
means the effect indicated by the galvanometer was increased thereby

243

This average has been computed during the course of the
present study from twenty-nine values of v tabulated by Rowland on
loose leaf sheets placed in the last pages of his laboratory notebook
(15). The correction factors are discussed on p. 214, below.
2441n

1874 French physicist, Alfred Cornu (1841-1902), had
reported this velocity as 3.004 x 1010 centimeters per second (76,
p. 1363). Albert A. Michelson had determined the velocity to be
3.001 x 1010 centimeters per second from experiments performed
in May of that same year at the Naval Academy in neighboring
Annapolis, Maryland (214, p. 76).
245A

European tour which Rowland took in the summer of 1879

with his eldest sister, Anna, contributed to the delay of the investigation. This letter to Maxwell was written during the tour from
London. In the letter Rowland indicated he did not expect to pay a
visit to Maxwell (29, June 30, 1879).
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facilitating observation of the needle's motion. In order to account
for the variation in needle position and velocity during subsequent

discharges he had deduced mathematical correction factors, 246

In Figure 24, below, the measured values of v are tabulated
(as given by Rowland) after the application of these factors (308, p.
313).

Number of Discharges
Value of v including
correction factor
[x10-6 meters/second]

1

298.80

2

298.48

3

4

5

297.26

297.15

296.69

Figure 24. Values of v including associated correction
factors (308, p. 313).
Rowland explained that the "systematic falling off in the value of the

ratio" when the correction factor was the reason for his "delaying the
publication for ten years" (308, p. 315). He went on to observe;
Had the correction . . . for the number of discharges been
omitted, this difference [effect] would have vanished; but
the correction seems perfectly certain and I see no cause
for omitting it. Indeed I have failed to find any sufficient
cause for this peculiarity which may, after all, be accidental (308, p. 315).
Rowland refused to ignore completely the anomalous effect of

the correction factor when he published his data in 1889. He did,
however, suggest that weighting factors should be applied to his
246The

Appendix VI.

derivation of these factors is examined in detail in
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measurements which favored the experiments with lower discharge

rates. This process produced a value of v equal to 298,150,000
meters per second. Rowland admitted:
It is impossible to estimate the weight of this determination.
It is slightly smaller than the velocity of light, but still
so near to it that the difference may well be due to errors
of experiment. Indeed the difference amounts to a little
more than half of one per cent (308, p. 315).247
When Rowland finally decided to publish the research in 1889,

the occasion was the publication of another measurement of v made
by one of his students, Edward Bennett Rosa (1861-1921) (262).248

Rosa used the same spherical condenser employed by Rowland in

1879. Rosa's method, however, was to discharge the condenser into
an arm of a wheatstone bridge.249 A relationship existed between

the capacity of the condenser, the number of times it was charged and

discharged per second, and the resistances in the various arms of the
bridge.

52 0

The method depended on an accurate determination of the

247

The value of the constant which Rowland computed was between . 49% and . 59% lower than the value for the speed of light
measured by Michelson and Newcomb between 1879-85 (226, p. 119,
194). See p. 217, below.
248

Rosa received his Ph.D. in physics in 1891 from Johns
Hopkins University (263). He joined the National Bureau of Standards
in 1901 becoming its chief physicist in 1910 (162, p. 304).
249See
250

Appendix IV, Figure 30.-

The capacitance, C, in electromagnetic measure of the condenser was approximately given by a /(ncd) where a, c, and d were
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bridge resistances. A decade earlier, in 1879, Rowland had chosen
to measure directly the effect of the discharge in the two electromagnetic systems because the absolute resistance of a wire "was a
very uncertain quantity (308, p. 304).251 Rosa published a mean

value for v equal to 2.9993 x 1010 centimeters per second (262, p.
312).

In 1890 J. J. Thomson and George Frederick Charles Searle
(b. 1864) published an account of experiments to measure the constant
which used a method similar to Rowland's but which employed a

cylindrical rather than a spherical condenser (348, p. 587). The
men reported that they did not observe any indication of the effect

related to the changing rate "such as was very marked in Professor
Rowland's experiments" (348, p. 620). They found a value for v of
2.9955 x 1010 centimeters per second (348, p. 620).

The Rosa and Thomson-Searle experiments demonstrated the

correspondence of v to within a few parts in 10,000 of the values of

values of resistance in the arms of the bridge and n was the charging
and discharging rate. If C' was the capacitance of the condenser in
electrostatic units as determined from geometric constants, then
C'/C = v2. Thus an advantage of the method was that any error
entered into the determination of v by only one half (262, p. 299).
251

Rowland's international efforts to establish resistance
standards are discussed on p. 237-249, below. Rowland's claim
was correct as is evidenced by the large variation in the 1879 values
of the mercury resistance standard represented in Figure 33, Appendix IX.
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the velocity of light measured by Albert A. Michelson (1852-1931)
and Simon Newcomb during the years 1879-1885 (226, p. 119, 194).

Rosa concluded in his paper of 1889:

Although we cannot yet say whether v is greater or less
than 300,000,000 meters per second, it seems certain that
it is within a tenth per cent of this number, and it is hoped
in the continuation of this investigation to narrow considerably further the range of uncertainty (262, p. 312).
By the end of the century no fewer than thirty papers had been pub-

lished with this objective in view (317, p. 558).
It was because of the unexplained effect of the correction factor
that prior to 1889 Rowland had refused to disclose numerical values
from experiments of 1879 even when the request for such data had

come from a very distinguished American physicist. In 1883 Willard
Gibbs had written to Rowland:

I do not see that any determination of the ratio of the electrical
units has given a value as large as Newcomb's velocity of
I mean, when the results have been corlight in air . .
rected for error of resistance standard. I leave also your
convection experiments out of account. Have you ever been
able to get as large a value as the velocity of light? If you
have a provisional value, w[ ould] you have no objections
to communicating, I should be very glad to know it. Of
course I would not publish it without your consent, although
I should like to have the liberty to do so. As far as I see,
the results come out about one per cent less than the velocity
of light (2, November 28, 1883).
Evidently Rowland refused to allow Gibbs to publish even a

provisional value for v. When Gibbs wrote a "Review of Newcomb's
& Michelson's 'Velocity of Light in Air and Refracting. Media" in
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January 1886, a tabulation of experimental determinations of the
ratio of units dating from 1878 did not include an entry from the

physical laboratory at Baltimore (116, p. 63). 252 Rowland was
following his own dictum in withholding the account of experiments

which he did not wholly trust. In 1880 he had written that such ex-

periments "only confuse the physicist, and are worse than useless"
(282, p. 130).

Experiments to determine the absolute value of electrical

resistance were nearing completion when Peirce visited the laboratory (299, p. 439). Rowland was involved with the determination of

such standards for nearly two decades. As late as 1893 he presided
over the Chamber of Delegates to the International Electrical Congress which met during the world's Columbian Exposition in Chicago

for the purpose of establishing international electrical standards

(157, p. vi). However, he had become interested in the subject as
early as 1875 when he discovered what he believed to be errors in

certain resistance experiments made by the British Association.

253

The British experiments had been carried out by an Association
sub-committee appointed in 1861 at the instigation of William

252

Part of this review dealt with a consideration of the differences in the velocities of waves from that of groups of waves (116,
p. 63).
253

See p.

84, above.
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Thomson (68, p. xviii). The committee had been appointed to study

and to make recommendations of standards for all electrical quanti-

ties including resistance. There was little question concerning the
need for international conformity. In its report of 1864 the committee

published a list of thirteen different resistance designations then in
use around the world (68, plate 1, facing p. 165).
The British Association Committee was responsible not only

for determining "the most convenient [ ideal] unit of resistance" but

also for finding "the best form and material for the standard representing that unit" (68, p. xvii). The central resolution adopted by the
group at its first meeting in 1862 was that a material standard would

be adopted, which at a temperature of seventeen degrees centigrade
should approximate 107 meter/second "as far as present data allow"

(68, p. 15).254

The distance involved represented one quadrant of

the earth's circumference through the equator and the North Pole.
Smaller units of resistance were found inconvenient to measure in

the laboratory (68, p. xix). The designation, Ohmad, was suggested
for the physical standard but the abbreviated form, Ohm, was adopted

by the committee. As early as 1864 the material standard was also
referred to by the committee as the British Association Unit or

254

The dimensions of resistance in the electromagnetic and
electrostatic systems are discussed in Appendix V.
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simply the B.A. unit (68, p. 159).
Experiments to measure and construct the material standard
were carried out at Kings College, London in 1863 with apparatus

designed by William Thomson (68, p. 70-72).255 In Thomson's

plan a small magnet was suspended at the center of a revolving coil
of wire whose terminals were connected together to form a continu-

ous electrical circuit. As the coil turned about its vertical diameter
the earth's magnetism induced a current in the wire which in turn
became the seat of a secondary magnetic force acting on the small

magnet suspended at the center of the system. The secondary force
acted to oppose the influence of the earth's magnetism.
The elegance of Thomson's method lay in its independence, of

any variation in the magnitude of the earth's magnetism. This was

the result of the earth's magnetic force appearing as a factor of equal
weight in both the deflecting and restoring forces of the equation of
motion of the suspended magnet. 256 Thus the deflection of the latter

was chiefly a function of the velocity of the coil and its resistance.
255A

replica of apparatus similar to that designed by William
Thomson is on permanent display in the Smithsonian Institution's
Museum of History and Technology (Catalogue number 318,204).
256

However, the method was not independent of the direction
of the magnetic meridian which indeed shifted during the experiments
and had to be compensated for by other means (68, p. 70-71). The
center magnet was extremely sensitive and indicated "the passage of
steamers on the Thames" with deflections "of very sensible magni-

tude" (68, p. 72).

221

Conversely, it followed that resistance could be determined by
measuring magnet deflection and coil speed.

The committee reported that the results of the Kings College
experiments were "not unsatisfactory" for the maximum deviation in

the means of several days experiments from the mean of the entire
group was only four-tenths percent (68, p. 75). Nevertheless the
committee thought that the experiments should be checked "by a

fresh series of experiments with a new coil in a distant place, when

every separate measurement will necessarily be repeated" (68, p.
75). Clerk Maxwell and Henry C. Fleming Jenkin (1833-1885) car-

ried out such a set of experiments in 1864, and they concluded that

standards constructed from the mean results of the experiments of
1863 and 1864 would differ by only 0.16 percent (68, p. 161),

The committee concluded that "in the present state of electri-

cal science, the result now obtained is satisfactory, and will justify
the immediate construction of final standards of electrical resistance"
(68, p. 161). There was no doubt that "with the lapse of time and
inevitable progress of knowledge, still better determinations will
some day be made" (68, p. 161). But the committee was not of the
opinion that

still more perfect agreement would be worth the very great
time, the labor, and the money which would have to be bestowed upon it . . . [because] The amount of probable error
in the present determination is so small as to be insignificant
for any practical applications (68, p. 161).
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Copies of the B.A. standard were made and stored for second-

ary reference standards. With the resistance unit defined and its
material counterpart constructed the committee requested that it not
be reappointed. This request was approved by the General Committee

of the British Association in 1870 (68, p. 292).
However, the committee was no sooner dissolved than a

German physicist, Friedrich Kohlrausch, published a paper which
questioned the validity of the Association measurements (181).257

Kohlrausch charged that some of the individual values of resistance

in the British experiments exhibited differences from their mean

values as large as 1.4 percent and that four values differed by 2.3
percent from the mean (181, p. 299). He also pointed out that
according to whether Thomson's coil turned clockwise or counterclockwise the data varied as much as 8. 5 percent.
Because of the uncertainty in the British investigations
Kohlrausch conducted his own experiments. His procedure was first

to determine the number of earth quadrants per second represented

by a certain German resistance standard, the Siemens unit. The
unit was named for its inventor, Ernst Werner Von Siemens (1816-

1892), and was specified as the resistance of a column of mercury of

257

An abstract of Kohlrausch's paper was communicated to the
Gottingen Academy of Sciences in November, 1870 (130).
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one meter length and one square millimeter in cross section at a

temperature of zero degrees centigrade (324, p. 18). Kohlrausch
compared his measurement of the Siemens unit with a copy of the

B.A. standard and found the latter to be equal to 1.0184 earth

quadrants per second or nearly 2 percent larger than had been intended by the British Committee (181, p. 354).
Kohlrausch's paper was paramount in calling Rowland's atten-

tion to the problem of measuring electrical resistance. In the
spring of 1875 Rowland still at Rensselaer, told Edward Pickering
that Kohlrausch's experiments and any others which neglected the
"self- induction" of wires conveying changing electric currents would

yield data which was "only true for certain cases" (32, June 1,
1875).

In circumstances of rapidly varying current this error

would be larger than otherwise. Rowland wrote Pickering that including a term for the self-induction effect in Kohlrausch's experiments "leads to a very complex differential equation which I have not

yet solved" (32, June 1).
Pickering concurred with Rowland's criticism and suggested
that he use Kohlrausch's data to compute the exact magnitude of the

error (2, June 13, 1875). After nearly a month's effort Rowland was
able to solve the pertinent differential equation and discovered that
the correction would bring Kohlrausch's value more nearly into
agreement with that of Maxwell and Jenkin. Rowland could not
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compute specific numerical values, however, "because Kohlrausch
has not given the data necessary" (32, June 28, 1875, Rowland to
Pickering). Rowland questioned the German but not the English
experiments since

the calculations for the Brit. [ ish] Assoc. [iation] were made
by Maxwell and one might as well look for an error in the
Principia although there are quite a number of small ones in
Max. [ well's] Treat[ ise] on Elec[ tricity] . (32, June 28). 258
Unable to compute exact corrections for Kohlrausch's measuremerits, Rowland published only the modified differential equation in
1875 (284).259

However, he had by that time become further inter-

ested in the problem and he expressed his intention to Maxwell of

carrying out independent measurements of the British standard.
Rowland sent Maxwell a picture of the electrodynamometer which

was intended for the experiments with a note that the instrument was
one of a number which Rowland was constructing "for accurate work

in electricity & magnetism as fast as my salary will allow" (29,
n. d. , 1875).

260

While Rowland was in Europe during 1875-76 his correspondence
258

An obvious reference to Sir Issac Newton's Mathematical
Principals of Natural Philosophy (227).
259The

effect of the self-inductance was represented by one
term of the equation which if removed reduced the equation to the
form given by Kohlrausch (181, p. 302).
260

This was the same apparatus which Rowland described to
Pickering in 1875 and which is discussed on p. 83, above.
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ith Maxwell continued to be largely concerned with methods of

easuring electrical resistance. 261 After seeing German apparatus,
owland told Maxwell, "So far it seems to me that the accurate

easurement of resistance either absolutely or relatively is an
English science almost unknown in Germany" (2, March, 1876, copy
of original). The dimensions of one of the critical coils used in

Kohlrausch's experiments did not appear to Rowland to be capable of
accurate determination when Rowland inspected the apparatus at the

University of Gottingen. Rowland noted in his Travel Journal that if
Kohlrausch could determine the area of the coil "within one per cent
he would be doing well" (20, p. 70).

Kohlrausch's experiments were not the only measurements

which indicated that the B.A. unit did not accurately represent one
earth quadrant per second. In 1873 a Danish physicist, Louis

Lorenz had published a paper in which the B.A. standard was reported to be about two percent lower than the Ohm (194, p. 261).

Lorenz's method was designed after Faraday's experiment in which
electricity was produced by a disc rapidly rotating under a magnetic
force (111, p. 422-423). In Lorenz's scheme the difference of
electrical potential measured between the center and edge of the disc
was a function of the resistance between these points.

261See

p. 93-94, above.
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However, when Rowland published his own investigation of

the B.A. standard in 1878 he pointed out that Lorenz's experiment
was performed "more to illustrate the method than to give a new

value to the Ohm" (299, p. 291). Even so Rowland observed that a
difference of four percent existed between the German and Danish
experiments. "Such a great difference in experiments which are

capable of considerable exactness, seems so strange that I decided
to make a new determination by a method different from any yet

used" (299, p. 281).
In his account of these new experiments on the Ohm, Rowland

criticized the work of Kohlrausch and the British Association on both
technical and theoretical grounds. In spite of his expectations to

the contrary, Rowland discovered arithmetic errors in some of the
British computations (299, p. 288). In addition he thought that it
was possible for extraneous currents to be induced in the heavy
metal frame which had supported the revolving coil in the British
experiments. Kohlrausch had also called attention to this possibility

(181, p. 299), but Rowland went on to suggest that these currents
specifically were the cause of the variation in the indicated value of

resistance when the direction of the inductor coil was reversed.
262

262

It was not made clear in the British reports of 1863-64
whether or not the magnetic needle aligned itself in a position symmetric to the coil frame when the direction of rotation was reversed
(68). Therefore it is possible that the spurious currents influenced
the needle with a different magnitude and angle of force depending on
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The British data implied that the indicated resistance, R, was
dependent on the direction and velocity of rotation and increased with
this velocity, as Rowland pointed out, "in some unknown" proportion

(299, p. 287). Since the exact relation of resistance to velocity was
not known, Rowland analyzed the effect by n ans of a general power
series in the following manner.
He wrote: R00 = R(1 + Aw + Bw 2 + etc.), where R0was the

"true" resistance, A, B, etc. were arbitrary constants, and w was
the angular velocity of rotation (309, p. 305). Therefore, the mean
value of R 0 for opposite directions of rotation was
R

0

= R(1 + Bw 2

+

Dw4

+ etc.

.
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By substituting representative values of R and w taken from
the British data for different directions of rotation and by neglecting

all terms except the first two in the above series Rowland was able
to estimate the value of R 0 corresponding to a hypothetical zero
velocity of the coil. The result was a B.A. unit equal to 0.9934

earth quadrants per second. Rowland admitted, "The rejection of all
the direction of rotation.
263

This relation follows easily from elementary algebra not
provided by Rowland. For one direction of rotation,
R0
R(1 + Aw + Bw 2 + etc.).
For the opposite direction,
Ro = R(1 - Aw + Bw2 - etc.).
The mean value of R0 was obtained by adding these relations.
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the higher powers of w renders the correction uncertain" (309, p.
305). However, he believed that the analysis showed the correct

direction of the error. The "Ohm is somewhat smaller than it was
meant to be" (309, p. 305).
Rowland criticized Kohlrausch's work because of an inconsistency in the dimensions of his computations. Although absolute

resistance had "the dimensions of space/time" in Kohlrausch's
method "the fourth power of space and the square of time enter"

(299, p. 290-291). But in addition,
The instruments are defective, because the earth-inductor
was of such poor proportion and made of such large wire
that its average radius was difficult to determine . . . It
seems probable that a paper scale, which expands and contracts with the weather was used. And lastly, the results
with this inductor and by this method have twice given greater results than anybody else has ever found, and greater than
the known values of the mechanical equivalent of heat would
indicate (299, p. 291). 264
Rowland also argued that Kohlrausch's results were inconsis-

tent from energy considerations. At that time, 1878, Rowland himself was in the process of carrying out a new determination of the
mechanical equivalent of heat.265 The mechanical equivalent of

heat could be measured from the indicated temperature of a liquid

264The

operation of an earth-inductor is discussed on p. 75

above and in Appendix III.
265See

p.

206-208, above.
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which was heated by the energy dissipated by an electric current in

a given resistance. If Kohlrausch's value of the B.A. unit was used
as the basis for determining this resistance, the indicated value of
the mechanical equivalent of heat was larger by more than three
percent than that given by Joule in 1872 from independent experi-

mental. methods (170, P. 23, 26, 27, 31). Kohlrausch's value had
the same effect with nearly the same resulting magnitude of discrepancy when Rowland tested it against his own determinations of the
heat equivalent made in Baltimore.266

Rowland's method of measuring resistance in 1878 was not

entirely original. Instead it involved a refinement of a scheme used
by Kirchhoff in 1849 (177, p. 412). The physical work performed by

one electric circuit moving in respect to another was equated to the

energy dissipated by induced currents in the resistances of these

circuits. Rowland's refinement consisted of simply interrupting the
current in one of the circuits producing by induction the same effect
which would result if the second circuit had been mechanically car-

ried to a distance as in Kirchhoff's original scheme (299, p. 326).
Throughout his 1877-78 experiments Rowland used a coil of arbi-

trary resistance constructed at Johns Hopkins. This coil was then
compared to a commercial British standard which had been sent to

266More precisely the discrepancy was 2.83 percent (282,1).151).
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Maxwell at Cambridge for comparison with the original B.A.

standard (2, January 18, 1878, Elliot Brothers to Rowland, from
London).

Even though experimental procedure was simplified by Row-

land's refinement, the reduction of raw data remained complicated
by tedious numerical computations involving numerous correction

factors (299, p. 327-328). Ten such factors were involved in Row-land's method. These included a series of differential coefficients

of spherical harmonics taken with respect to the cosine of the angle
subtented by the radius of any winding of the induction coils to the

position of an astatic needle which indicated the magnitude of the

magnetic force between the coils. Rowland concluded after two

years of experimentation and computation that the British Association

standard was too small by nearly one percent or more specifically

that the material Ohm was closer to 0.9911 earth quadrants per
second than unity (299, p. 439). He pointed out that this result

"agrees well with Joule's experiment on the heat generated in a wire

by a current" (299, p. 282). The value of this result corresponded
well with Rowland's estimate of the "correct" 1864 B.A. value.

267

Rowland's redetermination of the Ohm was not without its

theoretical implications. A test of Maxwell's theory of light was

267

See p. 227, above.

231

again involved, although indirectly so. In the latter half of the cen-

tury the ratio of units, v, was not the only electromagnetic quantity
which possessed the dimensions of velocity. Length over time were

also the dimensions of resistance in the electromagnetic system.

268

Therefore electromagnetic experiments to determine v, such as
those performed by Rosa, often measured the value of the constant

directly in terms of a resistance. 269
Moreover since all electrical circuits contained some magnitude of resistance, all measurements of v depended on accepted

values of resistance standards. 270 Rowland noted:
My value, when introduced into Thomson's and Maxwell's
values of the ratio of the electromagnetic to the electro-

static units of electricity, caused a yet further deviation
[increase] from its value as given in Maxwell's electromagnetic theory of light; but experiments on this ratio
have not yet attained the highest accuracy (299, p. 282).

The values of the ratio of units measured by Thomson and Maxwell

were determined directly in terms of a resistance which was com-

pared to the B.A. standard. In the Treatise, Maxwell reported a
value of 28.8 Ohms from his experiments and 28.2 Ohms for

Thomson's investigation (206, vol. II, p. 373). If the B.A. standard

268See

269See
270See

Appendix V.
p. 215,

above.

Appendix IX.
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was closer to the value measured by Rowland than it was to unity,
the implication was that Thomson's and Maxwell's values of the

ratio of units were too small. On the other hand, Kohlrausch's
experiments implied that the Thomson-Maxwell values of the ratio

were too large.
Because of the "discrepant results" of foreign origin the
British Association Standards Committee was reappointed in 1881

at the suggestion of William Ayrton (68, p. xx). It was not unlikely

that Ayrton had paid particular attention to the criticism coming

from Baltimore. Rowland had demonstrated a sensitivity for technical detail in finding an algebraic error which had proved crucial to
the credibility of a theory proposed by Ayrton. and Perry in 1879.271
In any event the second standards committee acknowledged at the

beginning of the twentieth century that Rowland's "redetermination

of the absolute value of the B.A. unit was practically the startingpoint of the work of the present Committee" (68, p. 608).272

His investigation of the British resistance standard led to
Rowland's appointment as an honorary delegate to represent the
United States government at the International Congress of Electricians

271See
272

in 1901.

p.

145, above.

The acknowledgment was occassioned by Rowland's death
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which convened in Paris in September 1881.273 Rowland told Gilman

that the "Honorary" meant that there was "no appropriation for the
delegation and so we have to pay our own expenses" (34, July 21,
1881). Before the congress opened Rowland traveled to Manchester,

England visiting. Joule and to Cambridge to see John William Strutt,
Baron Rayleigh (1842-1919), who had succeeded Maxwell as director

of the Cavendish Laboratory (34, August 23, 1881, Rowland to
Gilman, from London).

Rowland saw the apparatus for the new experiments on the B.A.
unit which were being conducted under Rayleigh's direction at the instigation of the reconvened British Association Committee (34,

August 30, 1881, Rowland to Gilman, from Cambridge). Rowland

told Gilman, "Our results agree with great accuracy and prove the
German experimenters to be wrong" (34, August 30, 1881).
Rayleigh's new experiments indicated that the Ohm was close to
0.9893 earth quadrants per second while Rowland had measured

0.9911 (123, p. 64). Rowland also observed at Cambridge, "Much
more work is being done in the [ Cavendish] laboratory than in

Maxwell's time" (34, August 30, 1881). When the visit was concluded, Rowland informed Gilman, "Lord Rayleigh accepts my

273

George Barker, Professor of the University of Pennsylvania,
was also a delegate (34, July 21, 1881, Rowland to Gilman).
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absolute value of the Ohm and my criticism of the old committee of

the B.A. as correct" (34, September 10, 1881 from Paris).
In Paris at the Electrical Congress Rowland reported to Gilman,
"There seems to be very little organization anywhere, and I have
spent most of my time trying to find what was expected of me and have

not succeeded yet" (34, September 10, 1881). The conference was to
be in session for six weeks, but Rowland did not plan to attend all the

meetings, particularly those concerning commercial electrical devices. He would not waste "good time on such playthings as electric

lights, etc. I gave up such things (to my cost financially) when I
left school" (34, September 10).

He was placed on two committees. The first was in charge of
electrical standards and according to Rowland included "all the great
physicists of Europe" (34, September 10). The committee, however,
found

great difficulty in arriving at any conclusion . . . . The
worst man of the lot is the great Clausius who has not a single
practical idea! The English (and myself) are bound to carry
the absolute system [based on the Siemens unit] and the
French, who are now far behind the world in such matters,
wish to take charge of the standards after they are decided on!
We have the best of it so far and must conquer in the end (34,
September 18, 1881, to Gillman). 274
274

French theorectical physicist, Rudolf Julius Emanuel
Clausius (1822-1888). More than two hundred of the world's leading
physicists attended the congress including Helmholtz, Kirchhoff,

Siemens, Mach, Cornu, Fizeau, Mascart, Crookes, Dewar, Jenkin,
Rayleigh, Stoletow, Thalen, and William Thomson (198, p. 17-25).
Rowland told Gilman, "I have often wished that there was somebody
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Rowland assessed his personal contributions to these discussions as
small. "I cannot do much more than look on as they all speak

French" (34, September 16, 1881, to Gilman). He confided in Gilman
I cannot help measuring myself by . .[ the other delegates]
. . . . I see that several of them are my superiors but I also

see that, in some directions, I am their equal, and I hope to
be able to show quite as much work in science by the time I
have as many grey hairs (34, September 18).
After the standards committee had met for several days
Rowland reported to Gilman:

My value of the Ohm and Lord Rayleigh's agree very well
and are now accepted by most physicists, as the standard
experiments, but, as we do not agree with others, a commission is to be formed to investigate the question. I shall
probably try for a grant of about $25000. from our government for the experiment in our country (34, September 21,
1881).

Rowland thought that the government might agree to such an appropri-

ation if only because the research was "of practical interest in electric lighting" (34, September 21).275
The second committee on which Rowland had been placed had

been formed at his own suggestion to investigate means of carrying

out synoptic observations to determine the origin and cause of

in the chair like yourself to bring order out of confusion" (34, September 18).
275 Rowland informed Gilman, "Should I get the grant I intend

to show all others how to carry on a research and to make an experiment which shall be classical for all time to come" (34, September
21).

236

atmospheric electric phenomena (198, p. 169). He had briefly proposed a theory of atmospheric electricity near the end of his 1879

paper which criticized Ayrton and Perry's theory of the terrestrial
magnetism (278, p. 98). Rowland wanted international observations
of the global winds which circulated air continuously from the equator
to the two poles. Such winds might transport electric charges and

an excess or deficiency of charge at these places respectively might

produce equatorial storms and polar auroras.
In an address to the congress on behalf of the project he observed:

The principal aim of scientific investigation is to be able to
understand more completely the laws of nature, and we
generally succeed in doing this by bringing together observation and theory. In science proper, observations and experiments are valuable only in so far as they rest on a theory
either in the present or in the future. We can as yet present
only a plausible theory of atmospheric electricity (265, p. 4).
The standards committee eventually did reach agreement on

one matter. This was to discard the use of the term, Ohm, to desig-

nate a material or physical standard of resistance. Rather, the
meaning of ideal unit or earth quadrant per second was adapted (198,
p. 41).276 Evidently Rowland did not immediately give up using the

original designation. Rayleigh reminded him several months after

the conference had ended, "You must leave off calling this [the B.A.

278

See p. 219, above.
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Unit] the ohm if you wish to be in harmony with the Paris conference"

(2, April 2, 1882).
At that time Rayleigh also published a statement agreeing with
Rowland that Kohlrausch's methods were "unlikely to give the highest

accuracy" (333, p. 697). The remark was made in a report of
further Cavendish Laboratory experiments which resulted in an even

lower B.A. Unit, one equivalent to 0.9865 earth quadrants per
second (333, p. 697). Rayleigh thought that the lower value was due

to an uncertainty in the original measurement of the diameter of the
revolving coil used in the 1881 experiments (123, p. 65). The Cam-

bridge experiments confirmed that the original B.A. unit was smaller
than had been intended. The error was in the same direction but of

slightly greater magnitude than that discovered by Rowland four years

earlier.
In October 1882 the International Conference to Determine

Electrical Units met again in Paris. Rowland and his fellow delegate, John Trowbridge, almost missed the sessions entirely because
"someone blundered in Paris or in Washington" presumably concerning the date of the conference (34, November 12, 1882, Trowbridge
to Gilman). 277 The two American delegates attended only the last

day of the conference and did not participate in the formulation of
277

The Conference convened on October 16, but Rowland and
Trowbridge did not arrive until October 26 (34, November 12, 1882).
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any of the resolutions.
Following the advice of the International Commission which had

been appointed the previous year, the Conference decided that no
final action should be taken on the Ohm until further experiments had

been made (74, p. 155). The decision was based on the large variation in experimental data which was presented to the conference.

This variation is indicated in Figure 33, Appendix IX. According to
William Thomson the chief disagreement stemmed from Heinrich

Friederich Weber's experiments on the Siemens mercury unit which
disagreed with Rayleigh's latest experiments at the Cavendish (334,

p. 124-125, from letter of October 19, 1882, William Thomson to
Rayleigh from Paris).278

With the aid of Professor George Barker, Rowland was already
in the process of seeking funds from the United States Congress to

carry out large scale resistance measurements by several different
methods at Baltimore. Contrary to what Rowland had expected,
Barker was informed by his congressman that an appropriation was
difficult to procure because there was "never much disposition [ in

Congress] to spend money for such purposes" (39, May 6, 1882,

278A

summary of H. F. Weber's researches from 1880 to 1884
was reported in "La Lumiere Electrique (Journal Universel d'
glectricitg)" (370).
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Barker to Rowland, copy). By the Spring of 1883 funds were finally
obtained but only in the amount of $12, 500 or half the sum originally

desired by Rowland.279 At that time Rowland set two of his students,
Arthur L. Kimball (1856-1922) and Henry R. Goodnow (d. 1925), to

work in repeating with further refinements the experiments which
Rowland had performed in 1876-1878. Rowland meanwhile planned

independent determinations of a physical equivalent of the Ohm based

on the heat generated by a current in a resistance and by a refinement
of Lorenz's method. 280
When Rayleigh heard of the plans for the new experiments at
Johns Hopkins he proposed a five pound wager with Rowland that the

outcome would be a B.A. unit which was smaller than the 0.9911
earth quadrants per second which Rowland had measured in his
1876-78 experiments (2, August 20, 1883, Rayleigh to Rowland).

Rayleigh claimed that electrical leakage always led to a larger indicated value of resistance. Accounting for this effect he thought
would bring Rowland's figure closer to the latest British value of
279

Rowland reported the amount of the appropriation in a
letter to the president of the International. Commission (2, September
15, 1883, copy).
280A

copy of Rowland's final report to the United States government of this work has not been found. A manuscript rough draft
prepared by Arthur Kimball has been used in this account of the research (36). Lorenz's method is discussed on p. 225, above.
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0.9865. However, he believed that the difference between the
Cambridge and Baltimore numbers was "not really much. If the

truth lies between the cause might be difficult to trace" (2, August
20).

If Rowland accepted the wager then Rayleigh won the bet.
Kimball and Goodnow measured a value for the Ohm of 0.9893 earth

quadrants per second. A further refinement made by the two students
in the determination of a calibration constant used by Rowland in the

1876-78 measurements reduced his original figure to 0.9901 (36, p.
189).
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In September of 1883, Rowland was unable to attend per-

sonally a meeting of the international Commission in Paris and in a
letter to the Commission president submitted a tentative value of
0,9897 which was the average of his latest experiments (2, Septem-

ber 15, 1883, "To the President [J. B. Dumas] of the International
Commission of Electrical Units," Paris, copy).
Rowland notified the Commission of the appropriation made by

281

Outside interference during those delicate experiments was
as much of a problem in Baltimore as in England where the British
Association had experienced difficulty with the passage of ships on
the Thames. Kimball reported:
The greatest sources of annoyance being the jar of the vehicles
passing in the city streets, and the presence of an elevator
in the corner of the building, and immediately adjoining the
room where the experimentation was carried on. But by experimenting at night, from 8 till 11 p.m., and always having the
elevator in the same position, viz; as high up as it could be
sent, these difficulties were partly overcome (36, p. 170).
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the United States Congress, explaining that experiments beyond those
made by Kimball and Goodnow were

to be made on a large scale and with the most elaborate
apparatus, [ and] it is to be hoped that they will give much
valuable data for the determination of the Ohm and it is to
be hoped that no final decision will be reached on the subject until after they are completed (2, September 15).
Rowland expected the experiments to take about one year. The
commission postponed its meeting from October 1883 until April
1884 in order to accomodate Rowland and other members who had

not completed their researches (75, p. 10). When the Electrical
Conference as a whole reconvened at this time the Johns Hopkins

experiments were still incomplete. Rowland did not attend the conference but again requested by letter that no decision concerning the
value of the Ohm be made before November when he expected his

measurements to be completed (75, p. 37).
The Conference decided however, that it was necessary for
international uniformity to specify a definite value for a "legal ohm."

A resolution was passed designating that the electrical resistance of
a column of mercury one square millimeter in section and 106 centi-

meters in length represented this legal unit (75, p. 14). The conference had arrived at this number by taking the rounded mean of all

the measurements at its disposal. As seen in Figure 33, Appendix IX.
there was considerable variation in the data available to the con-

ference. Mercury as a material standard was chosen to accomodate
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the German electricians accustomed to the Siemens unit. The value
for the legal Ohm adopted by the Conference corresponded closely to
that which Rowland had submitted tentatively to the commission

President in 1883. His figure of 0.9897 earth quadrants per second

corresponded to 105.9 centimeters of mercury.282
In September 1884 the Paris resolution led the agenda of the
United States Electrical Conference which convened in Philadelphia

(359, p. 39). United States President, Chester A. Arthur (18301886), had appointed Rowland to preside over the conference which

met at the Franklin Institute. The meeting was arranged to bring
the British Association Electrical Committee and the newly formed
United States Electrical Commission together at a time when the
former would be on the continent for the Association meeting held in

Montreal. The United States Commission had been formed to represent America on questions related to international standards.

283

The French legation in the United States had petitioned the American

282

This figure has been computed from data given by Kimball
(36, p. 83).
283

The official membership of the American commission included Henry Rowland, president; Sir William Thomson (apparently
honorary) vice president; George Barker, corresponding secretary;
Simon Newcomb; J. Willard Gibbs; and John Trowbridge. Foreign
Conferees from England and Ireland included William Barrett, James
Dewar (1842-1923), G. F. J. Fitzgerald, Oliver Lodge, William
Preece, Arthur Schuster and Silvanus Thomson (359, p. 7).
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government to diplomatically sanction several definitions concerning

electrical standards which had been drawn up at the April 1884 con-

ference (359, p. 39). Among these was the resolution to represent
the legal Ohm in terms of the mercury standard.
Rowland informed the delegates that the recently completed

resistance experiments at Johns Hopkins showed that 106-1/4 centi-

meters of mercury represented the value of the Ohm more closely

than the 106 centimeters specified in the Paris resolution (359, p.
39). Sir William Thomson commented to this:

The general opinion at Paris was that 106.2 [was] nearer
the truth than 106, although able men who had made careful
experiments went on the other side of 106; some as much
as one-tenth and two-tenths, some even three-tenths below
106 . . . . The thing that seemed to be quite sure was that
106 was nearer the truth than any other integral number,
though most persons present seemed to think 106.2 to be
the nearest decimal (359, p. 40).
The tentative figure which Rowland himself submitted to the

Paris commission in September 1883 corresponded to 105.9 centi-

meters of mercury. Thomson called attention to this: "Professor
Rowland's experiments were then within two-tenths per cent. of 106
on the side below. It was regretted at Paris that he was not able to

lay his last results before them" (359, p. 40). The difference between his former and latest measurements Rowland ascribed to a
slight error in determining the dimensions of one of his induction
coils. This was due to the "sinking of the wire into the layer below
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when one winds it, and which I had allowed for, but not enough"

(359, p. 41). After hearing this, Thomson remarked, "I think that
if the Paris Conference had had Professor Rowland's last results it
would have adopted 106.2" (359, p. 42).

However, even in the light of this evidence the Philadelphia
delegates decided to accept the whole number recommended by the

Paris conference. Rowland himself thought that it was "desirable
to have a standard in conformity with the rest of the world. If we

wish to be more exact, we can always make the small correction"
(340, p. 41). Thomson made the observation that it would be
"interesting to look forward to the discussion a few years hence,
which will quite suffice to enable us to adopt a legal ohm as surely

within 1/20 per cent. of the truth as 106 is within 1/4 per cent. of
the truth" (359, p. 42).
The integral value of the Ohm, even as a legal definition, did
not remain acceptable for long to some British and American elec-

tricians. Although he had voted for the adoption of the Paris resolution in Philadelphia, John Trowbridge wrote to Rowland in November,
1884 to convey his disfavor with adopting the integer, "If you [Row-

land] feel that you have settled the question of the true value" (2,
November 24, 1884). Stronger protest came from Sir William H.

Preece (1834-1913) in the British Postal system who was in charge
of the government telegraph lines. Preece wrote:
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We are all disappointed at not getting something from you
about the redetermination of the ohm. We have not adopted
the legal ohm & do not intend to do so. For my part (I represent 100,000 pieces of apparatus) I am anxious to get the
question reopened and any powerful appeal from you would
succeed in doing so. Lord Rayleigh agrees with me. Can
you not do something? (2, September 11, 1885, Preece to
Rowland from B.A. meeting 1885).

Under this pressure Rowland joined Barker in making an appeal

to the French electricians but it evidently was not successful.

Barker, who evidently had not seen Preece's letter, wrote to Rowland:

I suppose you have digested by this time the reply of the
French Government to our communication concerning the
true value of the ohm. Are you at all convinced by their
arguments? And what do you think of the suggestion to
accept scientific error for the sake of uniformity? I
suppose it will be of very little use for us to stand out
in this matter alone. If we could induce the English
electrical men to take the same ground, perhaps the Germans would next fall into line and so the thing could be
accomplished. Have we any hope that England will join
this country in refusing to accept 106 cm? (2, October
20, 1885).484

However, in view of the rigid position of the French the
British Association in 1886 adopted two resolutions presented by its

committee on electrical standards whose membership at that time
included Sir William Preece (68, p. xxiii). The resolutions were:

284

The reply of the French Government has not been found.
If Rowland wrote a reply to Barker this is not among the latter's
papers in the University of Pennsylvania Archives.
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(1) To adopt for a term of ten years the Legal Ohm of the
Paris Congress on a legalized standard sufficiently near to
the absolute Ohm for commercial purposes.
(2) That at the end of the ten years period the Legal Ohm
should be defined to a closer approximation to the absolute
Ohm (41, September 1886, Letter to Rowland from R. T.
Glazebrook, Secretary, Electrical Standards Committee.
Cavendish Laboratory [ printed letter of notification] ).
The acquiescence of the British did not escape criticism in

America. Alfred Alexander Titsworth (1852-1936), a professor of
graphics and mathematics at Rutgers College who worked part of the

year for the United States Coast Survey, was a member of the United
States Electrical Commission in 1887 along with Rowland and George

Barker. Titsworth complained to Rowland in August of that year:
It seems to me a great shame that that value should be even
provisionally adopted for in 10 years it will be so established that it will be impossible to change it. Can't you
arrange with the English committee to adopt 106.25 or
106.3, or at least have the English & American Committee
combine to try and negotiate a change. It would be a great
gain if the French could be brought to recede from their
position. I believe they are the only ones who want 106. and
by sufficient pressure might be induced to yield. Is it not
worth the attempt? (2, August 16, 1887).
Rowland was attending the British Association meeting in

Manchester at that time and there reported the results of the latest
experiments performed by three of his students, Louis. Duncan,
Gilbert Wilkes and Cary T. Hutchinson (268, p. 609). These experi-

ments indicated a B.A. unit of 0.98644 earth quadrants per second
or very close to that published by Rayleigh in 1882.
285

285

This

Rowland's value was not published in the British Association
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corresponded to an Ohm represented by a column of mercury 106.32

centimeters in length. A repetition of the measurements using
Lorenz's method and made by the same three students in the spring
of 1888 closely confirmed this number (101, p. 106).286
The Johns Hopkins measurements corresponded closely with
other determinations of the Ohm in 1890 as may be observed in
Figure 33, Appendix IX. The British Association Committee on Electrical

Standards published a table of twelve values of the Ohm measured
between 1882 and 1890. These compared resistance-in-wire stand-

ards to that represented by mercury units and included the work at
Johns Hopkins. The mean of these experiments was a column of

mercury 106.28 centimeters in length to represent the Ohm (68, p.
420).

The British Association Committee meeting in Leeds in 1890

finally reversed itself and thought that there was "no doubt that the
column of 106 centimeters adopted by the Paris Conference in 1884

is too short" (68, p. 366). The committee resolved that a standard
of resistance sufficiently near to the absolute Ohm for practical purposes was the resistance of a column of mercury 106.3 centimeters

Report which only recorded the title of his paper. However, the
numerical values which he presented to the association meeting were
reported in La Lumire Electriqgg (360, p. 189).
286

The values measured in 1888 were 0.98639 Ohms and 106.34
centimeters respectively (101, p. 106).
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in length of one square millimeter in section at a temperature of

zero degrees centigrade (68, p. 366). The committee further recommended that for the purpose of issuing practical standards of resistance the number .9866 be adopted as the ratio of the B.A. unit to
the Ohm (68, p. 366). Rowland attended the Leeds meeting which

formalized the English-American agreement on the longer mercury
column. 287

Agreement with German electricians on the new length was not
attempted until 1892 when Sir Richard Tetley Glazebrook (1854-

1935) who had been a member of the British Electrical Committee

since 1883 and made several determinations of the Ohm, wrote to
Rowland:

shall we see you at Edinburgh [B.A. meeting] this year.
You are always a welcome guest but this year Helmholtz
hopes to be present with various Berlin people with a view
to securing a complete understanding between England and

Germany in the matter of Electrical Units, Of course if

the understanding could also include America it would be
infinitely more satisfactory. Z do not think that they ask
for any very serious modifications (2, July 11, 1892, from
Cambridge).
Rowland did not attend the Edinburgh meeting but Gilman did.

He informed Rowland, "Great regret was expressed at your absence

from the British Assoc. Lord Kelvin, Prof. von Helmholtz, & Mr.

287

He reported formally "On the Spectra of the Elements and
the Constitution of the Sun" (283, p. 751).
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Glazebrook .

.

. were among the number of those who spoke of you

to me" (2, August 10, 1892). It was regretted that "you were not
present so that the internationality of the conclusion might be
announced as complete" (2, August 10). Concerning the lengthened

mercury standard, Gilman reported that there was "some talk of a
delay in the decision so that it might be one of the incidents at Chicago

next year but there seemed no real reason for delay" (2, August 10).
The World's Columbian Exposition was to be held in Chicago

in 1893 along with a meeting of an International Electrical Congress.
The Edinburgh Conference did not wait, however , and adopted the

106,3 centimeter length of mercury (67, p. 434-435). Yet international agreement which included the French was not obtained until

the Chicago Congress. At that time Rowland presided over the more
than hundred forty-four member Chamber of Official Delegates (157,

p. vi). Agreement that the Ohm was best represented by the resistance column of mercury 106.3 centimeters in length was reached in
a resolution of August 24, 1893 unanimously adopted by the delegates

(157, p. 17).
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CHAPTER IX

THE EXPERIMENTS OF EDWIN HALL, 1879-1881

By going to the Johns Hopkins University in 1877 Edwin Herbert

Hall found two expedients for carrying out physical research which
were uncommon in American universities: he gained access to in-

struments of precision and to the counsel of Henry Rowland. As student in physics Hall read Maxwell's Treatise which was used as a
text by Rowland.288 Thus Hall was introduced to the subject of the

investigations which occupied most of his three years at Johns

Hopkins and much of his adult life thereafter. Near the end of his
first academic year in Baltimore Hall recorded in a notebook his
"surprise" in reading the following passage written by Maxwell (33,
p. 123):

It must be carefully remembered, that the mechanical
force which urges a conductor carrying a current across
the lines of magnetic force, acts, not on the electric
current, but on the conductor which carries it . . .
the path of the current through the conductors is not
permanently altered, but after certain transcient phenomena, called induction currents, have subsided, the
distribution of the current will be found to be the same
as if no magnetic force were in action (206, vol. 2, p.
144-145).

288

Hall had studied at Bowdoin College and taught at the high

school level for two years before his arrival in Baltimore (65, p.
273).
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In a paper published in 1879 Hall wrote that these statements

seemed "contrary to the most natural supposition" since a wire not
bearing a current was in general not affected by a magnet (129, p.
288). Yet a wire carrying electricity was affected by a magnet and

exactly in proportion to the strength of the current (129, p. 288).
Maxwell's view seemed to differ from the ideas of Erik Edlund (18191888), professor of physics at the Swedish Royal Academy of Sciences.

Hall had read a translation of Edlund's paper on "Unipolar Induction"
in which Edlund described how a metallic cylinder was made to re-

volve about a vertical bar magnet (103, p. 290). A battery was connected by slipping contacts to the center and one end of the cylinder
adjacent to one of the magnetic poles. Conversely if the cylinder

was rotated, a galvanometer replacing the battery indicated the
passage of current.289
Employing notions developed in the eighteenth century Edlund

described the nature of the galvanic current as consisting of "the
translatory motion of a fluid going in the positive direction, or of two

fluids following opposite directions" (103, p. 291). He spoke in

terms of the "reactions of the magnet upon the current" rather than

289

The purpose of Edlund's study was to find a mathematical
description of the forces involved in this action (103, p. 289). The
phenomenon was similar to that demonstrated by Faraday in his
earliest experiments on magnetic induction (111, vol. 1, p. 403).
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upon the cylinder (103, p. 290). This appeared contrary to the view
expressed by Maxwell and it bothered Hall. Hall wrote in his laboratory notebook:

As these 2 authorities [Maxwell and Edlund] seemed
to disagree I asked Prof[ essor] Rowland ab[ on] t the
matter. He told me he doubted the truth of Maxwell's
statement & had been thinking of testing it by some experiment tho' no good method of so doing had yet presented itself to him. I now began to give some att[ ention] to the
matter & thought of a plan which seemed to promise well.
As Prof[ essor] Rowland was too much occupied with other
matters to undertake this investigation at present, I proposed
my scheme to him & asked whether he had any objection to
my making the exper[ iment] . He approved of my method
in the main, though suggesting some very important changes
(33, p. 76-77).29°
Hall's plan was based on the supposition that electricity acted
like a fluid. If magnetism acted on the current in a conductor rather

than on the conductor itself the electricity in a mechanically fixed

wire "should be drawn to one side of the wire & therefore the resistance experienced should be increased" (33, p. 77). Hall thought
that such an effect might be "magnified" if the wire were constructed

with a triangular cross-section and arranged so that the current
might be drawn into one of the vertex areas. He admitted that he
could give no "very definite reason" for this geometry (33, p. 78).
Charles Hastings, who at that time was an associate in physics under

290

Rowland was involved in researches on the mechanical
equivalent of heat and the absolute determination of the Ohm. See
Chapter VIII, above.
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Rowland, thought there would be no advantage of the triangular shape

over the conventional circular form (33, p. 78). Rowland, however,

was in favor of Hall's idea (33, p. 78).
Accordingly a German-silver wire, one fiftieth of an inch in
diameter, was drawn through a triangular die and wound in a flat

spiral. This was placed between two discs of hard rubber and
"pressed" between the poles of an electromagnet (33, p. 79). The
resistance of the wire which was measured on a Wheatstone bridge

seemed to increase slightly when the magnet was operated (33, p.
83).

The experiments continued until June 1879 when, with a more

sensitive galvanometer attached to the Wheatstone bridge, Hall ob-

served a "continued and rapid increase in the deflections" several
seconds after the magnet had been placed in operation (33, p. 85).
He suspected some kind of thermal effects but did not continue his

investigation until returning to school after the summer vacation. At
that time he tested to see if the effect might be caused by the magnet's

physical poles which, in a state of mutual attraction, placed the

rubber discs and wire spiral under mechanical stresses which slightly heated the wire. When he took precautions against such forces the
indicated increase in resistance disappeared even though his apparatus could measure changes of one part in one million (33, p. 91).
Hall, however, did not accept this experiment as conclusive
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evidence of the "action or non action of the magnet on the electric

current .

. ."

(33, p. 92). If electricity behaved as an incompres-

sible fluid it might be acted upon in a particular direction "without
moving in that direction" (33, p. 92). He reasoned that if an object
which had the power of attracting water were brought near a pipe
carrying the liquid,
the water would evidently be pressed against the side of
the pipe but being no[ t] compressible . . . it would not
move in the direction of the pressure and the result
would simply be a state of stress without any actual
change of course by the stream (33, p. 92-93).

However, if a hole was made "traversing through the pipe in
the direction of the pressure", water would flow out toward the

attracting object (33, p. 93). Hall wrote:
In this way I arrived at the conclusion that in order to show
conclusively that the magnet does not affect the current at
all I must show, not merely that there was no actual deflections of the current which seemed to be already shown
by my experiments on resistance, but further that there
was no tendency of the current to move (33, p. 94).
To investigate the possibility of such a tendency Hall decided

"to repeat an experiment which Prof[ essor] Rowland had once tried
without any positive result" (33, p. 95). This experiment was to

determine whether the "equi-potential lines" in a disc of metal carrying a current would be affected by a magnet (33, p. 95).
I set something of the above reasoning before Prof[ essor]
R[owland] & he advised me to try the exper[irnent] as
he had not made the trial very carefully himself. He advised me to use gold leaf mounted on a glass plate & I did
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so (33, p. 95).291
A sketch of the plan taken from Hall's notebook is shown in

Figure 25, below.

Galvanometer

Figure 25. An experimental arrangement suggested to
Hall by Rowland (33, p. 95).
According to Hall, Rowland further advised that the "tapping

points," a and b, be placed at one end of the gold leaf since the
equipotential line crossing the strip at its center "would not be
deflected by a deflection of the current" (33, p. 96). Rowland's

idea, as sketched in Hall's notebook, is reproduced in Figure 26,
below.

In Figure 26A the horizontally oriented lines of current flow

are drawn orthagonal to the vertical equipotential lines under conditions of no applied magnetic force. Figure 26B, according to Hall,

291See also Hall's published account (129, p. 288).
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represented Rowland's idea of the displacement of these lines under
a magnetic force directed perpendicular to the plane of the paper.
The arrow indicates the position of the middle equipotential line which
Rowland did not believe would be deflected if the current was actually
displaced.

Figure 26. Rowland's interpretation of the transverse
current experiment as represented by Hall
(33, p. 96).
Hall did not believe that the current itself would be displaced
because of the evidence of Edlund's unipolar experiment. If the cur-

rent freely moved around Edlund's cylinder it was difficult to understand the force which kept the system in motion (33, p. 105). Row-

land, however, suggested that the current might be made to revolve
around in Edlund's cylinder and "by metallic resistance drag the
cylinder about" (33, p. 105). Furthermore, he thought that if mag-

netic forces did not act on the current alone the Berlin convection
experiments would be difficult to explain (33, p. 105). The Berlin
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tests seemed to show that the motion of electricity produced magnetism in a fashion independent of the body in which it resided. 292

Hall followed Rowland's advice at first in placing the tapping
points but noted,

I pointed out to him before trying the experiment that in
case there was a tendency to deflect the current without
any actual deflection, the current would be in a state of
stress and the equipotential lines would not be simply
perpendicular to the lines of [ current] flow but would
be oblique to them and that [ on] the whole length of the
disk, in the middle as elsewhere (33, p. 96-97).

Experiments with a gold strip were carried out late in October
1879. A galvanometer was connected to tapping points on either

side of one end of the strip. The poles of a large electromagnet

were directed perpendicular to its surface. The galvanometer had
been constructed after a design of William Thomson's and "was per-

ceptibly affected by an E. M. F. [ electro-motive force] of one
millionth of a Bunsen cell .

.

." (32, p. 97).293 Hall reported that

"seemingly unmistakable evidence of the looked for effect was ob-

served" (33, p. 98). The galvanometer indicated a steady deflection
when the magnet was operated. Hall wrote:

292See
293A

p.

124, above.

battery employing zinc and charcoal electrodes invented
by German chemist, Robert Wilhelm Bunsen (1811-1899) (176, p.
246).
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It seemed hardly safe even then to believe that a new
phenomenon had been discovered, but now after nearly
a fortnight has elapsed and the experiment has been
many times and under various conditions, successfully
repeated, meeting at the same time without harm the
criticism of fellow students and professors, it is not
perhaps too early to declare that the magnet does have
an effect on the electric current or at least an effect on
the circuit never before expressly observed or proved
(33, P. 98-99).
The tapping points were moved to different parts of the gold

leaf to test whether there was "actual displacement or deflection of

the electric current" as Rowland had thought possible (33, p. 99).
According to Rowland's idea a reversal of the galvanometer would
occur if the tapping points were moved to the opposite end of the

strip and no deflection would occur at the central position. Hall believed that the same deflection would be indicated along the entire

length of the strip.
According to Hall, Rowland came into the laboratory while

these experiments were in progress. The different positions of the
tapping points were tried and Hall's predictions were confirmed. He
wrote that Rowland, after a little thought, "proposed an explanation
of the phenomenon which seemed to me at the time very like my own

already given" (33, p. 101).294
294

More than a decade later in a letter to Irish physicist,
George F. Fitzgerald, Rowland revealed that the Berlin charge convection experiment
together with that of Mr. Hall (Hall effect) which was really
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In 1879 both Hall and Rowland had expected the transverse

potential to act in the same direction in which the gold leaf would

have moved had it not been cemented to the glass plate. This was

not found to be the case; instead the transverse stress on the current was in a direction opposing such potential motion of the foil. At

first Hall attempted to explain this by assuming that the principal
current in the gold strip flowed from negative to positive potentials
instead of the converse which was "usually assumed for convenience"

(33, p. 102). Such an assumption demanded, however, that the
direction of current flow and corresponding magnetic polarity of the

electromagnet also be reversed. Hall reasoned that the two changes
my experiment also, were made to find the nature of electric
conduction. Indeed I had already obtained the Hall effect on a
small scale before I made Mr. Hall try it with a gold leaf
which gave a larger effect. My plate was copper or brass &
I only obtained 1 mm. deflection. Mr. Hall simply repeated
my experiment, according to my direction, with gold leaf
(41, May 12, 1894).
Joseph Ames might well have been thinking of Hall's experiment while describing the role which Rowland took in regard to his
students' researches:
Rowland's fundamental idea of a student was that he was
responsible for his own investigation. The idea embodied in
it might have been suggested to the student, and he might have
received some help at various critical moments, but Rowland
never regarded himself as responsible in any way for the investigation; that is, for its performance (52, p. 158).
Concerning the publication of student researches Ames noted, however, "There have been several striking cases where it might have
seemed to an impartial observer that Rowland's name should have
appeared on the title page (52, p. 158).
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would "annul" each other providing no clue to the absolute direction

of the electricity (33, p. 102).
Rowland, however, thought that a "different conception" of the

newly discovered effect might be obtained by designating the current

to flow from negative to positive potentials (33, p. 114). He pointed
out to Hall that the direction of flow in the galvanometer as well as
in the other two currents was demanded by such a change. If the

assumed direction of all three currents was changed, the direction
of the transverse stress would correspond to the motion of the gold

strip if it were not cemented in place to the glass plate. The effect
of the new current designation on the direction of the transverse

stress and force on the gold strip is represented in Figure 27, below.

The transverse force and E.M.F. operated in the same direction
under Rowland's scheme.
At the beginning of the experiments Hall was convinced by
Rowland's argument. If the current flowed from negative to positive

potentials as in Figure 27B, below, the assumption was consistent
with the observation that two parallel currents flowing the the same
direction tended to attract one another. In the published account of
his experiment, however, Hall was hesitant whether this had "any
bearing upon the question of the absolute direction of the electric

curent .

.

." (129, p. 290). It was "perhaps too early to decide"

(129, p. 290).
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Figure 27. The re-designation of current direction
suggested by Rowland as interpreted by
Hall (33, p. 114).

Rowland recommended that Hall make a series of observations

which could be reduced to absolute measure for the purpose of
getting something definite to publish" (33, p. 104). This Hall did
and found that the product of the principal current multiplied by the

strength of the magnetic force divided by the galvanometer current

was nearly constant (129, p. 291). A series of such data published
in 1879 varied in range by about eight percent. He concluded that
"the action on the Thomson galvanometer is proportional to the
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product of the magnetic force by the current through the gold leaf"

(129, p. 291).
Before Hall had satisfied himself that the principal current
was not deflected but only placed in stress he had considered making
another experiment based on Edlund's unipolar induction system. If

the magnet acted directly on the current in Edlund's cylinder, Row-

land had suggested that this current would describe a spiral path
(33, p. 108). The normal vertical flow of the current would be modiIf this
fied by the transverse magnetic force to produce this effect.

occurred, however, Hall argued that the current path would be
lengthened.

More work must be done in the cylinder than if the

current flowed in its natural course" from the midpoint of the cylinder to the end (33, p. 106).
This additional work Hall thought could come only from the
inbattery or Edlund's permanent magnet. In the former case an
crease in the resistance of the cylinder must occur in the presence
made with
of a magnet. This contradicted Hall's own experiments
the triangular wire. Yet the alternative was to have a permanent
magnet doing continuous work, a supposition which Hall thought was

"equally improbable" (33, p. 107).

Because of these arguments, Hall had expected a "negative
result" when beginning the experiments on the gold leaf (33, p. 107).
There was no difficulty if Edlund's magnet produced a force directly
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on the cylinder without affecting the path of the current. Hall had
expected to publish the negative findings along with a criticism of

Edlund's theory that the magnet acted directly on the electrical current.

Hall was also skeptical that the transverse stress on the principal current was the cause of Ed lund's unipolar motion. Hall's

experiments on gold showed that such current under stress "would

have a tendency to drag the cylinder in a direction contrary to the
one it follows" (33, p. 109). Changing the current designation would

not directly eliminate this difficulty in Edlund's experiment since a
permanent magnet was employed. 295 It was more probable to Hall

that the metal of the cylinder was "affected in one way while the

current flowing in it is affected in the opposite way" (33, p. 109).
He admitted that he had no "clear conception" of the manner in which

this might be possible (33, p. 109),
In the light of these uncertainties Hall suggested in his notebook that tests be made to see if a permanent magnet might produce
continuous work. The idea was not regarded "favourably" by Rowland, but he had no counter to the consequences implied by a spiral
current path pointed out by Hall (33, p. 104), Therefore Hall

295

The polarity of the permanent magnet would have to be
compared to that of an electromagnet in which the direction of current was redesignated.
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decided to "boldly face the two horns of the dilemma and test them in

turn" (33, p. 108). Even disregarding the results of his own researches with the triangular wire he wrote, "Who knows that the

proximity of a magnet may not increase the resistance of an electric
current? Who knows that a permanent magnet cannot do continuous

work?" (33, p. 108).
Rowland noted, however, that if the resistance of the current

path in the cylinder increased, this might be difficult to measure
experimentally. Hall had measured a transverse electromotive force

equal to one three thousandth of the electromotive force acting on the

principal current in the gold strip. Since the additional energy dissipated in the suggested increase in resistance was proportional to the
square of the change in electromotive force divided by the change in

resistance, the latter might be expected to increase as
(1/3000)Z

or by about one part out of nine million (33, p. 118). Even the
Thomson galvanometer at Johns Hopkins University was not sensitive

enough to detect this small change.

296

Hall discussed the alternative problem of demonstrating continuous work from a permanent magnet with Edward L. Nichols, then a

university fellow in physics. Hall thought that the magnet might "act

296See

p. 257, above.
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like a stretched spring which is capable of doing work and losing
energy by contraction but which recovers the same amount of energy

when it is again stretched" (33, p. 120). Hall wanted to find a way
in which a body could be attracted to a magnet and then be removed

by some path in which it was no longer affected by the magnet. The
magnet would do work and lose energy.

Nichols suggested that iron filings be used which, after being

attracted to the vicinity of a magnet, were dissolved in acid or otherwise changed in such a way as to lose their magnetic properties (33,
p. 122). There was, however, the possibility that the magnet might

affect the chemical reaction. In the end Hall was skeptical that the
magnet would produce continuous work since in such a case "it
ought to have been discovered long ago" (33, p. 123). Nevertheless
he noted:

Nichols and I are thinking of making some experiments on
the thing sometime in his way or mine or both, unless
someone shows us our folly before we have a chance to

test our theories practically (33, p. 123).
Rowland and Hall also disagreed as to whether the transverse
phenomenon might display itself in copper. Hall was of the opinion

that the effect would not appear "with our present instruments" when

a strip of "moderately thick" copper was substituted for the gold
leaf (33, p. 112). Rowland, however, thought that the copper would

"serve quite as well" (33, p. 112). According to Hall, Rowland came
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into the laboratory when tests on a copper strip about a millimeter
thick were about to begin. The latter remarked that they would "now
see who had the right idea of the phenomenon" (33, p. 113). No ef-

fect was observed. "He admitted that I was right," Hall wrote (33,
p. 113). The results were also negative when tests were conducted

on a gold strip which was rotated ninety degrees along its longitudinal

axis (33, p. 116).
After Hall published the results of his experiments on gold at
the end of 1879 (129) Rowland soon followed suit with an interpreta-

tion of the significance of the transverse effect (296, p, 354-356).
Rowland thought that the new action of magnetism on the steady elec-

tric current opened a wide field for the mathematician "seeing that
we must now regard most of the equations which we have hitherto

used in electromagnetism as only approximate .

.

(296, p. 354).

However, he acknowledged that the effect was small and predicted,

"Probably it will always be treated as a correction to the ordinary
equations" (296, p. 354).
Rowland gave Hall's phenomenon a rotational interpretation as
shown in Figure 28, below.
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Figure 28. Rowland's interpretation of the transverse effect (296, p. 355).

Here the line, A B, represented the original current at the
point, A, and B C, the new effect. The circle with the arrow represented the direction in which the current was "rotated by the magne-

tism" (296, p. 354). This interpretation, Rowland thought, pointed
immediately to that other very important case of rotation,
namely the rotation of the plane of polarization of light.
For, by Maxwell's theory, light is an electrical phenomenon,
and consists of waves of electrical displacement, the currents of displacement being at right angles to the direction
of propagation of the light. If the action we are now considering takes place in dielectrics, which point Mr. Hall
is now investigating, the rotation of the plane of polarization of light is explained (296, p. 355).
Rowland suggested that each time a light wave reversed itself
it was rotated through an angle which was proportional to the applied

magnetic force. This was the same angle shown in Figure 28, above.
The total rotation expected by Rowland was this angle multiplied by
the number of wavelenths of light which might be involved. Since

light had been observed to rotate in opposite directions in
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diamagnetic and ferromagnetic materials Rowland suggested to Hall

that he test a strip of iron. The transverse effect was indeed found
to be reversed in this metal compared to the direction measured in
gold (33, p. 117).
Rowland believed that if an exact formula for his interpretation
of Hall's measurements could be found that this "would constitute a

very important link in the proof of Maxwell's theory of light .

.

fl

(296, p. 356). Furthermore, such a formula taken in conjunction
with

a very exact measure of the ratio of the electromagnetic
to the electrostatic units of electricity which we made
here last year, will raise the theory almost to a
demonstrated fact (296, p. 356).
At that time Rowland evidently was still optimistic that the anomalous
effects encountered during the measurement of v would eventually be
resolved. 297 However, Maxwell's death occurred shortly before
Hall finished his experiments on gold and Rowland wrote;

We cannot but lament that the great author of this modern
theory of light is not now here to work up this new confirmation of his theory, and that it is left for so much
weaker hands (296, p. 356).
One of the difficulties with Rowland's idea was that the effect

measured by Hall had not been observed in dielectrics. Rowland's

friend, Cary Foster (1835-1919), a London physicist, encouraged

297See

p.

214, above.
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such experiments, "[If] Hall's effect is found to occur in dielectrics
it will certainly seem as if you had given something very like a

demonstration of Maxwell's theory" (2, [1880] , Foster to Rowland).
Rowland soon put Hall to work on the matter and an account of the

new experiments was published in 1880 (131, p. 301-328).

Four holes were drilled through each of the lateral faces of a
square piece of glass. The holes converged to within several milli-

meters at the center forming a cross lying in a plane parallel to the
flat faces of the glass. The holes were fitted with brass plugs
attached to wires and the glass was placed between the poles of a

large electromagnet. Two opposing brass plugs were attached to the
inner and outer coatings of a charged Leyden jar. The remaining

two plugs were connected to a sensitive electrometer. When the

magnet was operated, a beam of light reflected from the electro-

meter's mirror failed to indicate any clear deflection.
Yet this experiment was not conclusive to Hall since he was

also unable to measure a transverse effect in tin "with any accuracy"
(131, p. 322). However, further difficulty beset Rowland's rotary
theory when Hall made tests on nickel which, next to cobalt and

iron, was the most strongly magnetic substance. Hall discovered

that the transverse current was in the same direction as it was in
gold, a diamagnetic material (133, p. 308). Platinum, which was
slightly magnetic, also produced a current in the same direction as
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in gold.

Because of this anomaly Rowland suggested that Hall repeat

the experiments made by Scottish physicist, John Kerr (1824-1907).
In 1877 Kerr had observed that the plane of polarized light reflected
from the pole of an electromagnet was turned through a "sensible

angle" (175, p. 321-243). The question was whether the direction of

rotation was the same for nickel as it was for iron.
To repeat Kerr's experiment Hall used a nickel plated disc
from one of Rowland's electrometers which had been purchased in

Germany. A rotation of polarized light in the same direction as for
iron was observed (131, p. 325). Rowland, however, thought that
since the plating was done in Germany that it might be impure,
possibly containing enough iron to "mask the true action of the

nickel" (131, p. 325).
As to the exact manner in which the magnet acted on the cur-

rent in all of the metals tested, Hall thought it perhaps "idle to
speculate

.

.

." (131, p. 326). However, an analogy "somewhat

strained perhaps" seemed to exist between this action and a "familiar
mechanical phenomenon" in America (131, p. 326). A baseball,
projected swiftly through the air and having at the same time a rapid

motion of rotation about its vertical axis, curved sensibly to one
side of its original path.
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Imagine now an electrical current to consist of particles
analogous to the base-ball moving through a metallic conductor, the electrical resistance of which will correspond
to the mechanical resistance offered by the air. Suppose,
further, the particles of electricity, on coming within the
influence of the magnet, to acquire a motion of rotation
about an axis parallel to the axis of the magnet. Under
all these supposed conditions we might perhaps expect to
find the action which is actually detected (131, p. 326).

The action was reversed in gold and iron, for instance, because the particles acquired opposite directions of rotation in dif-

ferent metals. Hall cited Maxwell whose magnetic theory involved
rotating "performed by a great number of very small portions of

matter, each rotating on its own axis" parallel to the direction of
magnetic force (206, vol. 2, p. 416), Hall admitted, however, that
the hypothesis failed to account for the behavior of nickel compared

to iron. "The analogy, such as it is,

.

.

is perhaps curious rather

than significant" (131, p. 326).
In a note published in the Philosophical Magazine at the end of

1880 British electrical engineer, John Hopkinson (1849-1898), sug-

gested that certain terms in equations found in Maxwell's Treatise
already described the phenomenon measured by Hall (152, p. 430431).298 Maxwell had written a set of three equations to represent

the general components of electromotive force in a body conducting

2981n

1886 Hopkinson had employed Rowland's magnetic analogy
to Ohm's law in a definitive study of the efficiency of dynamos (153).
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electricity:
X

Rlu + S3v + S2 w

Tv,

Y = S3u + R2v + S1w + Tu,

Z = S 2u + S 1 v + R 3w
Here u, v and w were the components of current at any point and

R and S were constants for the particular substance (206, vol. 1,
p. 349).

Hopkinson pointed out that Maxwell called T the "rotary co-

efficient" (152, p. 430). Maxwell had written,
We have reason to believe that it does not exist in any
known substance. It should be found, if anywhere, in
magnets which have a polarization in one direction,
probably due to a rotational phenomenon in the substance
(206, vol. 1, pa, 349).
In a paper published in April 1881 Rowland acknowledged Hopkin.son.'s

suggestion concerning the identity of Maxwell's rotary coefficients

(274, p. 254-261). Rowland noted, however, that nowhere in the
Treatise did Maxwell connect the coefficients with the rotation of the

plane of polarized light (274, p. 254).
At first Rowland had assumed that a connection between Hall's
phenomenon and the rotation of light depended on demonstrating that

lines of static electric induction were rotated around lines of mag-

netic force in the same way as the electric current seemed to be
rotated in metals. "I now find that this is not necessary, but that
we only have to apply the rotation to the displacement currents of
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Maxwell .

.

." (274, p. 255). Rowland was not concerned that the

action which took place in conductors with reference to conducted

currents was "almost impossible to detect" in dielectrics with

reference to displacement currents (274, p. 255). Nor did he try
to account for the difference in the direction of the converse effect
as observed in nickel and iron.

He assumed that displacement currents were rotated in the
same manner in which he supposed conduction currents in the gold to

be displaced. From this he derived a formula for the angle of rotation of the plane of polarization of light (274, p. 259). The formula

was similar in form, as Rowland pointed out, to one derived by
Maxwell directly from an analogy of magnetic lines of force to the

whirling molecular vortices of an ideal fluid (206, vol. 2, p. 412).
Thus he was led to conclude that "the effect discovered by 'Mr.

Hall' is the same, or due to the same cause, as the rotation of the
plane of polarization of light" (274, p. 259).

If this were true the implications for Maxwell's theory were

important. Maxwell himself had stated:
The most important step in establishing a relation
between electricity and magnetic phenomena and those
of light must be the discovery of some instance in which
the one set of phenomena is affected by the other (206,

vol. 2, p. 399).

Rowland attempted to demonstrate the correspondence of such
phenomena by studying the rotation of a hypothetical electromagnetic
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wave propagated in a gold strip.
He computed the rotation to be expected of such a wave using

experimental data measured by Hall. The hypothetical phenomenon

was assigned a wavelength of 0.0001 centimeter with gold arbitrarily
given as index of refraction equal to 4. 0. Using 0.002 as the ratio
of transverse and longitudinal potentials measured by Hall, Rowland
computed a length of 240 centimeters for one complete revolution of
the wave (274, p. 261).

He pointed out that this length was the same order of magni-

tude measured for three hundred sixty degree rotation of light in

glass (361, p. 497). Thus Hall's phenomenon explained the rotation
of light in the "most perfect mariner" and raised "Maxwell's theory
almost to the realm of fact" (274 , p . 261).

299

The fact that an

electromagnetic disturbance of this wavelength had never been observed in gold was apparently disregarded. Likewise, the anomalous Hall. effect in nickel compared to iron was seemingly forgotten

in this "demonstration of the truth of Maxwell's theory" (274, p.
261).

The apparent explanation of the rotation of light offered by
Hall's discovery led Rowland to the construction of a new theory of

299Almost the identical wording used by Rowland two years
earlier in 1879 (296, p. 356). See p. 268, above.
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magnetic attractions. This was published in 1881 (279, p. 89-113).

Hall's measurements seemed to indicate that the transverse effect
consisted of a stress rather than an actual displacement of the

principal current. Thus Rowland's theory pictured magnetism to
operate directly on electromotive forces rather than on currents

(279, p. 92). By such an arrangement he was able to eliminate a
certain mechanical expedient in the model from which Maxwell had

derived his own theory of magnetic attractions.
In a paper of 1861 Maxwell had studied magnetic attraction by

means of a model based on the motion of vortices of a "fluid or

mobile medium" (202, p. 165). The model was used as a mechani-

cal illustration ''to assist the imagination, but not to account for the
phenomena" (202, p. 162). The "centrifugal force' of the vortices

was accompanied by a tension directed parallel to the lines of force

issuing from a magnetic pole (202, p. 165). Maxwell, however,
found

great difficulty in conceiving of the existence of vortices
in a medium, side by side, revolving in the same direction about parallel axes. The contiguous portions of consecutive vortices must be moving in opposite directions;
and it is difficult to understand how the motion of one part
of the medium can coexist with, and even produce, an
opposite motion of a part in contact with it (202, p. 283),

His solution was to imagine that a layer of "particles, acting
as idle wheels" was interposed between each vortex and its neigh-

bors (202, p. 283). Contiguous sides of the vortices then acted on
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the idle wheels to produce a direction of rotation opposite to that

of the vortices themselves. Moreover, Maxwell discovered that the
action of the idle wheels could be used to describe electric currents
(202, p. 285). Nevertheless, Rowland thought that Maxwell's idle

wheels "required a very artificial constitution of the ether .

. ."

(279, p. 102).
In place of such mechanisms Rowland suggested that electrical

currents might be described by the relative motion of the vortices

themselves; that is, by "vortices of the vortices" (279, p. 101).
Using this concept he was able to derive a set of equations to de-

scribe a magnetic field which was similar in form to a set given by
Maxwell (206, vol. 2, p. 234-235). Rowland's equations, however,
were written in terms of components of electromotive forces rather

than current elements (279, p. 100).
With his equations in this form it was convenient for Rowland

to introduce new electromotive forces corresponding to the transverse effect measured by Hall (279, p. 105). Additional terms

allowing for the possibility of forces in other directions were introduced at the same time, but Rowland noted that these had not been

experimentally observed (279, p. 105). Hall had been unsuccessful
in his attempt to measure one such force when he rotated the plane
of the gold leaf about its longitudinal axle (33, p. 100).
The introduction of the new electromotive force term to account
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for Hall's phenomenon led to an equation which was identical to that
given by Maxwell for the angle of rotation of polarized light (206, vol.

2, p. 413). Maxwell had computed the rotation "of very small portions of the medium, each [ portion] rotating on its own axis" (206,

vol. 2, p. 408). He assumed that the vortices did "not sensibly affect the visible motions of large bodies" but might "be such as to
affect that vibratory motion on which-the prppagation of light, accord--

ing to the undulatory theory, depends" (206, vol. 2, p. 408-409). On
the other hand, Rowland claimed to have derived his rotation formula
from experimentally "known laws of magnetism and electricity" by
including the effect discovered by Hall (279, p. 111).
The correspondence of the two formulae led Rowland to conclude

that "the effect discovered by Mr. Hall is the same, or due to the
same cause, as the rotation of the plane of polarization of light" (279,
p. 111). In his theory Rowland described only magnetic actions and

did not attempt to explain electrostatic action. He did not consider
his

theory as final, by any means, but only as one link in the
chain, the first three links of which have been added by
[ the theories of William] Thomson, Helmholtz, and
Maxwell, and which 'may' finally end in the true theory
(279, p. 105).

Rowland's ideas were not long in drawing criticism frorn J. J.
Thomson. Mainly, Thomson saw little novelty in Rowland's theory.

In particular, it seemed to make little difference to introduce
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electromotive forces in place of current elements if Ohm's law were

correct. 300
If there is any difference either Ohm's law must not be
true, or Prof[ essor] Rowland must mean by electromotive force something different from that meant by
ordinary users of the term (345, p. 205)
Thomson also criticized the theory for not dealing with magnetic in-

duction or electrostatics.
Another difficulty arose from Rowland's description of the

manner in which electromotive forces established the vortex-rings.
Rowland proposed that

the nature of electromotive force be such that it tends
to form vortex-rings immediately round itself, not by
action at a distance, but by direct action on the fluid in
the immediate vicinity. The first ring will then move
forward, another one will form, and so on until the
whole space is filled with them, when there will be equilibrium (279, p. 103).
Thomson found this explanation "vague" and its consequences "start-

ling" (345, p. 205). The difficulty was the necessity of having every
particle of fluid originate from the "immediate neighbourhood" of the

electromotive force (345, p. 205). Thomson objected that
magnetic disturbance is propagated, according to
Maxwell's theory of light (which Prof. Rowland accepts),
with the velocity of light; hence the streams of the fluid
must be flowing with the velocity of light, and in addition
every particle of fluid in the field must have rushed

300

The law described the linear dependence of current and
electromotive forces. See n. 43, above.
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through the small space occupied by the seat of the electromotive force in the short time it takes to establish the magnetic field (345, p. 205).
It was difficult to conceive of material bodies traveling at these
velocities.
Thomson's article was published in the June 30, 1881 issue of
Nature magazine (345). At that time Rowland was on his way to

Paris as a delegate to the International Electrical Congress. 301

He

wrote to Gilman:

I see that Prof. James Thomson, Sir W. [ Miami
Thomson's brother, has given a more or less critical
review of one of my papers in the Mathematical Journal,
in a recent number of Nature. 302 His criticism of my
new electrical theory does not seem to me to be very
strong and there are one or two points where he is
However, he speaks in good terms
certainly wrong . .
of a portion of the paper (34, August 5, 1881, from the
Steamer Algeria).
Although criticizing Rowland's theory of vortices, Thomson spoke of

the explanation of Hall's discovery as "the most interesting" part of
the paper (345, p. 206).

301See

p.

303

232-233, above.
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The article was signed using only first initials and the surname. Rowland may not have known the then 25 year old Joeseph
John Thomson, thus confusing the first initial.
303

Evidently it was also the general opinion at the Electrical
Congress that Hall's work was significant. Rowland wrote to Gilman
in September that the Congress had "given a vote of thanks to Hall &
myself for so valuable a discovery" (34, September 10, 1881).
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Shortly ai :er Hall had published his first paper at the end of

1879, Professor Cary Foster, a British colleague, informed Rowland
from London that he and Oliver Lodge had

tried for the same effect without success some years ago,
using sheets of tinfoil and also thin (tinned) iron plate.
Our trials were far less persistent and our methods less
refined than Hall's, but we convinced outs elves that if
there was any effect it must be very small (2, January 31,
1880).

Lodge wrote several months later. If Hall's experiment turned
out "correct & well founded (experiment & all) it must be exceedingly

important" in connection with "Maxwellian light" (2, April 19, 1880,
Lodge to Rowland).

There was some skepticism expressed concerning Hall's discovery. During a study trip abroad in the summer of 1881 Hall
demonstrated his experiment to Helmholtz and Kirchhoff in Berlin.
According to a record kept in a travel notebook by Hall, Helmholtz
thought that the phenomenon might be due to ordinary strain of the

conductor, "but did not appear to attach too much weight to the suggestion .

.

." (33, p. 61). The suggestion was recorded "simply be-

cause it was Helmholtz who made it, not because I suppose or have
reason to think he supposes, that the phenomenon is due to any such

cause" (33, p. 65).
In a letter to Rowland in March 1884 Sylvanus Thompson re-

ported that he could not observe the action when his metallic strips
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were placed symmetrically in the magnetic field (2, March 3, 1884).
Thompson was suspicious of heating effects. Moreover, with tinfoil

he found a decrease in resistance which was
sub-permanent remaining for a few minutes and ceasing to
be perceptible after about an hour. I cannot think that Mr.
Hall's observations can be due to the cause originally suggested by him (2, March 3).
Thompson informed Rowland that Shelford Bidwell (1848-1909),

a student of Cary Foster at University College in London, also attributed Hall's phenomenon to other causes. In a paper read to the Royal
Society in 1884 Bidwell ascribed the action to "mechanical strain and

certain thermoelectric effects" (56, p. 344). He based his analysis
on a discovery made by William Thomson in 1856. Thomson found

that if a stretched copper wire was joined to an unstretched counterpart and heated an electric current would be generated (352, p. 711).

Bidwell's theory is illustrated in Figure 29, below, which is taken
fror.,- a drawing given in his paper.

In Figure 29 the shaded portions represent compressed sec-

tions of the strip while the darker areas represent portions under

strain. Heat was generated at the stress boundaries by the passage
of the principal current along the strip.
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Compressed portions are shaded. Stretched portions are white.
Figure 29. Hall's phenomenon explained by mechanical

and thermal stresses (56, p. 344).

Hall countered Bidwell's theory with an experiment. Two

strips of soft steel cut from the same piece of stock were attached
by different mechanical means to a plate of glass. One strip was
clamped to the glass while the other was attached by cement. Hall

measured approximately the same transverse potential for each

strip (132, p. 438). This seemed to indicate that mechanical stresses
played no large role in the phenomenon.

Before the end of the century the transverse potential had been

studied in more than sixty investigations (317, p. 846-847). Many
of these were carried out by Hall himself at Johns Hopkins and later

at Harvard where he was appointed an instructor in 1881.304

304

John Trowbridge was instrumental in arranging the appointment (34, February 4, 1881 and April 12., 1881, Trowbridge to Gilman).
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Charles Peirce, in the year prior to Hall's work, had
questioned the emphasis which Rowland was placing on precise

measurement at Johns Hopkins University.

305

Yet Peirce admitted

in an article in the Nation:

Discoveries so novel [ as Hall's] have usually been in
some degree the result of accident; but in this case
elaborate and very delicate experiments were undertaken
to ascertain whether or not any such phenomenon could
be observed (234, p. 440).
Peirce thought no discovery "equally fundamental has been made

within the last fifty years" (234, p. 440). As for Rowland, it was to
his "encouragement and assistance [ that] the discovery was in a large
measure due" (234, p. 440).

305

See p. 199-200, above.
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CHAPTER X
MAINTAINING THE STANDARD OF PHYSICAL RESEARCH
AT THE JOHNS HOPKINS UNIVERSITY (1876-1890)

Charles Peirce was correct in his observation that Rowland

set high standards for the quality of research carried out at Johns
Hopkins.
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Indeed Rowland was openly intolerant of poor work

either by students or by those who deemed themselves colleagues in

physics. One student described him as "tall and erect, with a
certain severity of countenance which betokened a high standard of

performance and impatience of mediocrity .

II (228, p. 64). A

colleague observed once to one of Rowland's instrument makers, "If
you have satisfied Rowland you need not be afraid to work for any

scientific man in the world" (as quoted in 64, p. 78, Samuel P.
Langley to John Brashear).
According to John Trowbridge, Rowland was especially im-

patient with the work of scientific colleagues when it seemed to represent quantity rather than quality. Before the National Academy of
Sciences when the election of a member was being advocated on the
grounds that he had published six hundred papers, "Rowland instantly

jumped from his seat and said, 'Mr. President, I oppose any man

306See

p. 200, above.
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who has printed six hundred papers'" (34, October 12, 1901, Trowbridge to Gilman). On another occasion before the same audience
when an investigator defended his conclusion because his computations had seemingly ordained it Rowland reportedly had quipped,

"Figures would not lie but liars will figure" (24, ["Meeting of the
National Academy of Science ",], Baltimore Sun), June 27, 1892).

"He

was apt to put his worst foot forward ' wrote his close friend, Ira
Remsen (255, p. 421).
Indeed he was often impatient with what appeared to him to be

irrational decisions whether they came from members of the scientific profession or not. On one occasion when the master of the fox
hounds at the Elk Ridge Club in Baltimore called off a hunt due to

inclimate weather Rowland was furious and threatened to resign his

charter membership (24, "Town Topics," Baltimore Sun, March 28,
1889).

The architects of one of the new laboratories at Johns Hop-

kins were sorely drubbed for "ignor[ing] science" when they overlooked provisions for soundproofing a lecture hall (2, May 26, Rowland to Baldwin and Penington, copy). A new railroad engine design

which failed to account properly for friction in the bearing parts
was characterized as "most foolish" by Rowland (2, December 23,
1896, Rowland to H. Mayer, copy).
Rowland's temper flared especially when the conduct of his
department was brought into question. In 1884 he wrote angrily to

286

Gilman who had inquired about the safety of using mercury in the

physical laboratory (34, February 12, 1884, Remsen to Gilman).
Rowland saw Gilman's concern as "threatening" and as an "arbitrary"
interference with the details" of the department (34, March 12,
1884, Rowland to Gilman). Rowland even threatened his resignation:

I saw before me such interference with my work that I
should be forced to resign my position here and hence
the best hopes of my life. It was because I valued my
position here that I wrote the letter (34, March 12).
Most of the time, however, Rowland and Gilman operated

amicably enough together, but Rowland's relationship with other

members of the faculty was often not as pleasant. Once he asked
Gilman to relieve him from serving on certain university committees (34, March 8, 1884). In particular, Rowland found the remarks
of Basil L. Gildersleeve (1831-1924), professor of Greek, to be
"intensely disagreeable" (34, March 12, 1884, Rowland to Gilman).

Gildersleeve's remarks were especially "intolerable" when made
in the presence of junior faculty members whom Rowland con-

sidered to be "'nominally' though not actually my inferiors" (34,
March 12). Because of Rowland's longstanding distaste for classi-

cal studies he was far from sympathetic with the ideals and purposes

of those who engaged in linguistic investigations. Those "present at
the Phi Beta Kappa dinner at which he made a savage onslaught upon

those who were studying ancient languages will never forget the
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scene H (49, p. 99).

In a manuscript prepared as the notes for a speech on a similar theme Rowland made his position clear:

To us as scientists the past has no charms except as
it bear[ s] on the present and future . . . . [ The scientist] does not point to the statues and architecture of
an ancient talented race and consider them the models
upon which to build, . . . he considers the past only
as the stepping stone to the present and the present as30,
the stepping stone to the future . . . (1, p. 3-1/2-4). '
Rowland viewed Aristotle's physics as a case "where one of

the greatest of human intellects has utterly failed in its aim and
done harm when it sought to do good" (1, p. 11). This failure, how-

ever, was not without its benefits to mankind since it served as a

warning against "pride of intellect" (1, p. 12). Rowland admitted
that it was impossible for him "to estimate Aristotle other than from
a scientific point of view and I am aware that in the region of so

called philosophy many estimate him differently" (1, p. 12-13).
Nevertheless science should not deal with "intellectual contortions
and gymnastics" which were "prostitution[ s] of reason" (1, p. 13).
Looked at in this way Aristotle was to be "condemned" for he

confused "words with ideas" (1, p. 14):

307 This

manuscript was discovered among Rowland's notebooks during the course of the present study.
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By the bandying of words, by turning them over, twisting them and looking up their derivation he proposed to
penetrate to the secrets of nature. To the deep mind, of
the man of science words are only the expression of the
more important ideas and the mind of the thinker is applied
directly to the phenomenon almost without the intervention
of words. Words are the chips floating on the ocean of
truth which indicate to some extent the waves & currents
but the explorer must dive beneath them before he can
sound its depths. The mind of Aristotle often scarcely
penetrated beneath the words (1, p. 15-16).
Rowland saw Aristotle as a "whistler" who by a stroke of
genius dashed off a nocturne in a day; Newton, on the other hand,
was a Raphael laboriously painting a Sistine Madonna (1, p. 2122).

308

With foolhardy courage he [Aristotle] attacks problem
after problem unconscious of defeat. Had he been more
modest or had his pride of intellect been less he would
have been more cautious, the problems of nature would
have exhibited their true difficulty and Aristotle, instead
of leading the world astray for two thousand years, might
have made some small but definite progress . . ,[ H]is
followers were . . . the enemies of true science (1, p.
23-24).

One historian has observed that the Phi Beta Kappa address

"revealed a great blind spot" in Rowland's outlook regarding the

ancients (140, p. 299). 309 A colleague of Rowland's observed that
308
309

Rowland's mixed metaphor.

It is not possible to say for certain whether the address
quoted above was specifically that prepared for the Phi Beta Kappa
dinner, for Rowland did not identify the manuscript. Nor is the
exact date of the dinner known. Rowland did mention "the recent
death of Maxwell" (November 1879) and the date, February 10 appears
on the second page indicating a date of February 10, 1880 or later.
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often "his public utterances give evidence of this curious neglect

of the historic side of his subject" (211, p. 16). However, Rowland
did not see it this way at all. Rather he indicted Aristotle as
operating an imagination unchecked by experiment and coupled with

"pride of intellect." These Rowland believed had continually deluded mankind. John Trowbridge recalled:
I once spoke of the pomposity and self importance of an
investigator for whom nature had kindly unlocked the door
of her storehouse. "Gravitation will bring him all right
in time," remarked Rowland (34, October 12, 1901, Trowbridge to Gilman).

Rowland spent most of his time during the seventies and

eighties in the laboratory. His teaching received little attention and

his lecturing was never regarded as particularly lucid. According
to one student he often neglected important mathematical details in

his lectures. On one occasion
it appeared that some integration did not come out as
it should. After a moment's consideration, Rowland said,
"It ought to be something like this. Ask D[ uncan] , he
will tell you about it." D[ uncan] was a. fellow in the department. Finally near the end of the lecture, he said,
"Anyway, we get this practical result," and writing down
the formula, he interpreted it to the class. Thereupon
he hurried from the room (154, p. 75).
Johns Hopkins' physicist, Joseph Ames (1864-1943), thought it was
"very doubtful if the duty implied by the word student" occurred to

Rowland (52, p. 160). Another friend, Ira Remsen, believed that
Rowland was

290

cut out for other work . . . . He cared little for those
who had not the desire to learn. That was the first condition to be satisfied. He cared little for the dullard or
the clumsy. He could tell whether the student he was
dealing with had anything in him. If he had not, he
would not "waste his time over him" (251, p. 418).
By 1884 Gilman had become distraught over Rowland's teach-

ing, particularly in regard to the undergraduates. Gilman went so
far as to ask Rowland to sign a paper promising not to interfere
with Charles Hastings' operation of the undergraduate courses (34,
March 12, 1884, Rowland to Gilman). However, Rowland had

warned Gilman in 1876, "It is to be understood that I do not profess

to be able to teach the A.B.

's of physics as well as hundreds of

other persons that you can find" (34, April 20, 1876).
Rowland's graduate students likewise received the minimum

of attention. Ames noted:
There was no recognition on the part of Rowland of any
responsibility to see that a student completed his experimental investigation. Only those survived who were endowed with the ability to plan original investigations (52,
p. 158).
Physicist, Thomas C. Mendenhall (1841-1924)1 recalled after Row-

land's death:
I questioned him as to the number of men who were to work
in his laboratory, and although the college year had already
begun he appeared to be unable to give even an approximate
answer. "And what will you do with them?" I said, "Do
with them?" he replied, raising the still dripping negative
so as to get a better light through its delicate tracings, "Do
with them? I shall neglect them" (211, p. 16).
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In the first ten years of the University only eight Ph.D. degrees were granted to students in physics (160, p. 41). Furthermore, to receive this degree Rowland specified that a man must be
almost as competent in the fields of chemistry, mathematics and

mechanical engineering as he was in physics. Of course, wrote
Rowland, "Should a genius appear, the above requirements] may

be altered to suit his case" (4, p. 8).
Only graduate students who were able to "brook severe and

searching criticism" served under him (89, p. 576). As one student remarked, "I could never get along with him! He never
understood me; and I, sometimes, did not understand him" (89, p.
577).

310

The handful of students who chose to remain each year did receive some special attention from Rowland at the meetings of a
Physics Journal Club which met monthly in his study on the second

floor of the "annex" (87, p. 248). Beginning in 1876 Rowland conducted these meetings for the purpose of surveying the most

portant current research in physics. His procedure at the beginning
of the term was to read off the titles of journals which he deemed

likely to contain articles of importance and to assign these to
310This

was the view of DeWitt Bristol Brace (1859-1905),
who in the autumn of 1883 had just completed a year's study under
Rowland and had left Baltimore to study in Germany (89, p. 577).
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students for review at future meetings. 311 One student recalled of
these reports, "A sharp distinction between high and low grade work
was always insisted upon" and "woe to the man who spoke without

thinking!" (87, p. 247).
Edwin Hall was a member of this elite club in 1879-1880.

Writing after Rowland's death, Hall described his

appreciation of the genius and character of this greatest
of all my teachers, my feeling toward him has been for
more than twenty years a blending of immense admiration and respect with warm affection (34, October 21
1901, Hall to Gilman).
This was the opinion, however, of one who had endured the survival-

of-the-fittest philosophy at Baltimore.

Rowland had set high standards for his students from the start.

In 1876, shortly after his return from Berlin, he had predicted
optimistically to Maxwell that The Johns Hopkins University would

"take a higher stand with respect to education than any other in

America" and would "encourage research in all departments of learn-

ing" (2, March 1876, copy). As an asset to the latter endeavor Rowland's "genius and working power" were acknowledged publicly in

the same year by Sir William Thomson in England (349, p. 3). In
the United States it was not long until envious Harvard colleagues

311A

memorandum for this purpose used in 1879 or .1880 is
extant among Rowland's papers (21; 87, p. 247).
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recognized Rowland's collection of instruments as "far superior in
all respects to that owned by any American University & indeed, in

the subject of Electricity, larger and better than any university in
Europe has in its possession" (34, August 11, 1879, Trowbridge to
Gilman).

The author of this accolade was John Trowbridge, who at one
time had been offered Rowland's position at The Johns Hopkins University.

2

Early in 1879 Trowbridge, Wolcott Gibbs and Edward

Pickering had circulated a letter among American colleges and universities requesting information concerning scientific apparatus
which might be shared among schools and used by "properly qualified person[ s] for the purpose of investigation" (117, p. 302). Their

object was to form a pool of instruments since

the cost of the apparatus required for exact quantitative
determinations in the various branches of Physics has
always been a serious obstacle to the prosecution of
investigations in which a high degree of precision is
necessary (117, p. 302).
A list of apparatus thus obtained was published in the Harvard College
Library Bulletin for 1879 (117).
The Johns Hopkins apparatus listed by Rowland exceeded in

number and quality that submitted by any other laboratory (117, p.

352-354). Other institutions responding to the request included
312

See p. 189, above.
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among others, Harvard University, the Massachusetts Institute of
Technology, Columbia College, the United States Coast and Geodetic

Survey Office in Washington, D. C. and the American Academy of

Arts and Sciences, Boston. John Trowbridge told Gilman:
I am endeavoring to raise an endowment for a laboratory
of research in Cambridge and I shall use your [apparatus]
list as a campaign document for it makes our collection of
apparatus look meagre indeed. 313 Six years ago [1873]
it would not have been possible to have published such a
list as the one now sent forth by the library of our university; and its appearance shows the remarkable advance
that physical research is making in popular estimation
. . . . I look upon Prof. Rowland as a very fortunate
man; fortunate in the possession of so much ability; and
extremely fortunate in being connected with a university
which has the means & desire to develop so strongly the
"research" side of a university (34, August 11, 1879).

Later in 1879 Trowbridge predicted that stress upon research at The
Johns Hopkins University would have a "marked influence upon the

future of American Universities" (34, December 10, 1879, Trowbridge to Gilman).

When Edwin Hall traveled abroad in the summer of 1881 he re-

ported to Gilman that no European laboratory had apparatus to com-

pare with that assembled by Rowland in Baltimore. The Johns Hopkins. University would be the loser if it exchanged its apparatus, for

313A

year later in the midst of a difficult campaign Trowbridge
predicted that "the professor of the future" would have to have a
"talent" for raising money for his department (34, March 15, 1880,
Trowbridge to Gilman).
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example, with that at the Cavendish Laboratory, especially if "what
belongs to Prof. Rowland personally" was included (34, July 31,
1881). As if Rowland were not aware of his unique position, his

uncle, John Forseyth, wrote from West Point in 1884, "You must
know that there is not another [university] in the country in which
you would or could have the same facilities for original research"

(2, March 19, 1884). A decade later Rowland's laboratory continued

to set a national example. Albert Michelson wrote personally to
Rowland for an estimate of the value of the physical apparatus at
Johns Hopkins in order to aid the University of Chicago Trustees in
arriving at "an adequate idea of what a well equipped Laboratory
should contain" (2, September 24, 1894, Michelson to Rowland).

During the early years at Johns Hopkins, Rowland's efforts

were not confined entirely to collecting instruments or to carrying

on his own researches. He sought to fill what he described as a
"wide gap in the mathematical staff" of the physics department by

attempting to recruit Josiah Willard Gibbs (34, May 8, 1879, Rowland to Gilman). In a letter to Gilman advocating this plan, . Rowland

ranked Helmholtz, William Thomson, Maxwell and Gibbs as minds

"on the mathematical-physical side" (34, May 8).314 These were
men "who not only grasp the subject from a mathematical standpoint

314

This letter has been published (38, p. 317-318).
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but who see the subject in all its bearings, and to whom the problems of nature are something more than targets on which to practice
with their mathematics" (34, May 8).
Concerning Gibbs' leminence" in physics, Rowland recalled
that Maxwell

told me personally that the new method of Prof. Gibbs
allows problems to be solved which he, Maxwell, had
almost concluded were incapable of solution . .
Maxwell, who has the best opportunity for judging in

the world, states that this class of men is very rare
while brilliant men of the purely mathematical class
are comparatively common (34, May 8).

Rowland had written to Gibbs himself earlier in the year:

Mathematical physics is so little cultivated in this
country and the style of work is in general so superficial that we are proud to have at least one in the
country who can uphold its honor in that direction (44,
March 3, 1879).
Although Gibbs never accepted a permanent position to the faculty,

he did go to Baltimore to give a series of lectures in January and
February of 1880 (26).

Rowland also assumed the role of host professor to Sir William
Thomson who gave a series of lectures at Johns Hopkins in 1884

following the British Association meeting in Montreal. The invitation had been made by Gilman, but Rowland also wrote personally to

recommend as lecture topics "molecular dynamics" and "vortex
motion" taken from a list submitted by Thomson (2, June 8, 1884,
Rowland to Thomson, copy). Rowland also suggested to Thomson
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that the lectures be published "as your visit to Baltimore will undoubtedly have a very great influence upon American science

. .

[and] will always be considered an event in the history of science
in this country" (2, June 8). Thomson lectured during the month of
October in 1884 on molecular dynamics and the wave theory of light.

Physical models of vibrating molecules illustrating the discussions
were designed by Rowland and constructed of wood and piano wire in

the physics department shops (350, p. 163-165).
Meanwhile Rowland's own investigations set a high standard in
the United States. His investigation of the mechanical equivalent of

heat was acknowledged at Harvard as "the best contribution to exact

measurement which has appeared in America" (34, February 13,

1880, Trowbridge to Gilman). Moreover, John Trowbridge proclaimed to Gilman:

The physical investigations at your University are
going to aid me very much in stimulating the imaginations of the college authorities in the direction of
research (34, February 27, 1880).
The Johns Hopkins. University had been open to students for only five

years before Harvard turned to Rowland's department in seeking
additional physics faculty. They pursuaded Edwin Hall to accept an
appointment at Cambridge in 1881. Trowbridge conceded to Gilman

that Johns Hopkins had the "satisfaction of having pointed the way" in

physics (34, April 12, 1881).
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Cognizant of the eminence of the Baltimore laboratory, Albert
A. Michelson sought Rowland's professional assistance in 1885 when

seeking a job "farther East" (2, November 6, 1885, Michelson to
Rowland). Authorities of the Case School in Cleveland did not have

funds to rehire Michelson after he had taken leave due to illness.
Michelson blamed the situation on "putting their money into bricks

instead of brains" (2, November 6).

Priorities were quite the reverse at Johns Hopkins. In fact
until 1887, with the exception of his experiments in Berlin, Rowland
never worked in a. building specifically constructed for scientific

research. At Rensselaer Institute his equipment had often been
propped on his bed, window sill or "washstand" (49, p. 94).315 His
first laboratory at Johns Hopkins had been in the kitchen and adjoining rooms of a former boarding house.316

As early as 1880 the University Trustees had discussed with
Rowland the possibility of a new physical laboratory (2, February 15,
1880, Rowland to Mother). It was frustrating for Rowland when new

facilities for chemistry and biology were completed by 1883 and

there was nothing for physics. He suggested sardonically to Gilman

315

on p. 80

Rowland's inadequate facilities at Rensselaer are discussed
above.

316See

p. 193, above.

299

that

notice of the inadequate accomodations [ in physics] be
published in a suitable place so that students may know
what to expect before coming here. In a short time
when new laboratories at Harvard, Yale, & Cornell are
completed we shall probably not be troubled with them
(34, April 11, 1883).
A short time later Rowland apologized and asked to withdraw this

statement. The subject of a new laboratory was in "such an unsatisfactory state that I cannot think about it calmly

.

." (34, April 23,

1883, Rowland to Gilman).

A proposal for a. new building to be erected at the corner of

Monument and Garden Streets was not presented to the Trustees'
Building. Committee until May 1885 (34, May 4, 1885, Gilman to the

Building Committee, copy). The one hundred twenty by sixty foot

building was to contain three stories and a basement. It was to

house "an astronomical dome of moderate size" and a lecture hall
seating one hundred twenty to one hundred fifty students. Accomo-

dations were planned for thirty to fifty graduate students and about

one hundred undergraduates. Experiment rooms, classrooms,
mechanics shops and a heating system in a separate building were
planned. After unaccountable delay the laboratory complex was
finally completed early in 1887 (140, p. 319).317
317

The building was finished none too soon, for the University
faced a financial crisis the following year brought on by a devaluation of Baltimore and Ohio Railroad stock which comprised the principal component of its endowment (140, p. 309).
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The third floor of the new laboratory eventually housed special
apparatus which brought Rowland and his department wide interna-

tional recognition during the 1880's. Rowland's optical diffraction
gratings were kept there along with a "complete photograph gallery,

developing room, [and] enlarging room" (32, February 6, 1887,
Rowland to Pickering). Before he had come to Baltimore Rowland
knew little about optics. In 1876 he even had expressed hope of

being joined by an adjunct professor who made "optics a specialty"
(34, May 17, 1876, Rowland to Gilman). 318 Charles Hastings had

been hired to teach the optical courses and did so through 1883
while Rowland was otherwise occupied with experiments on the

mechanical equivalent of heat, the ratio of units and supervising

Hall's researches.
Before 1881 the problem of ruling an optical grating of high

resolution yet free from large periodic errors in spacing had been
solved only partially by Lewis Morris Rutherfurd (1816-1892), an

American lawyer who studied astronomy and optics in his private
laboratory. Three gratings which had been ruled on an engine con-

structed by Rutherfurd were among Rowlands apparatus as listed
in the Harvard Library Catalogue of 1879 (117, p. 352). The largest

318See

p. 190, above.
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grating was about one and three quarters inches square and contained
17, 396 lines to the inch. According to Rowland this was about the

limit in size and density of lines which Rutherfurd was able to con-

struct without introducing sizable periodic errors in the line spacing
(297, p. 248).

The incentive for constructing large gratings was the increase
in resolving power thereby attained. Rowland was able to construct
large gratings with minimum periodic error by means of a unique
ruling engine of his own design. The important feature of this

machine was a worm screw of great precision which advanced the

metalized glass plates under a diamond scribe. Any error in the
periodic pitch of the screw was reflected in the grating spacing.
Such errors were minimized during the fabrication of the screw by
a complicated method of precision grinding invented by Rowland and

tediously implemented by Schneider, the department instrument
maker.
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A ruling machine which incorporated the new screw design was

completed early in 1882. Rowland wrote to his mother in February,
"My machine is now so nearly complete that I am making very fine

319

The process was described in detail by Rowland in an article
entitled "Screw" published in the ninth edition of the Encyclopaedia
Britannica (301).
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gratings on it and they are by far the best ever made" (2, February
25, 1882). The machine could produce gratings six and a quarter by

four and a quarter inches and rule "any required number of lines to
the inch, the number only being limited by the wear of the diamond"

(297, p. 248). Early gratings ruled on the machine contained about
43,000 lines to the inch (297, p. 248).
According to Ira Remsen, the idea of a. concave grating
occurred to Rowland when the two scientists were traveling to
Washington, D. C. to attend a meeting of the National Academy of

Sciences (251, p. 416). Rowland reportedly skipped the meeting and
returned immediately to Baltimore to work out the idea. The con-

cave grating eliminated the need for auxilliary telescopes or other
optical arrangements for focusing a spectrum under study. Rowland
recognized that such external optics could absorb "the extremities of
the spectrum strongly" (297, p. 248).
In 1882 Rowland consulted veteran American photochemist,

Henry Draper (1837-1882), concerning the relative advantage of wet

or dry photographic plates for spectrum photography. Indicative of
a remaining non-expertise in the subject Rowland had also inquired

concerning suitable reference texts in photography. Draper had
responded encouragingly, "I think the prospect of a great success for
you is most excellent and you will certainly make a most marked
advance" (2, August 19, 1882).
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The reception which Rowland's earliest grating and spectrum
photographs received in Europe evidently lived up to that anticipated

by Draper. When Rowland took several specimens of his work to
Paris during the Electrical Conference in 1882 they were inspected
with much interest. John Trowbridge accompanied him and described

the reaction of several scientists including French physicist,
Eleuthire Elie Nicolas Mascart (1837-1908), Sir William Thomson
and Friedrich Kohlrausch:

It is needless to say that they were astonished. Mascart
kept muttering "superbe" "magnifique". The Germans
spread their palms, looked as if they wished they had
ventral fins & tails to express their sentiments. Sir W.
Thomson evidently knew very little about this subject &
maintained a wholesome reticense, but looked his admiration for he knows a good thing when he sees it & also had
the look that he could inform himself upon the whole subject in fifteen minutes, when he got back to Glasgow. We
left the French capitol with the feeling that there was little
to be learned there in the way of physical science, & having
sent for the above scientists as heralds to proclaim the
preeminence of American diffraction gratings & in applied
electricity . . .3Z0
In England, Trowbridge continued,

Rowland's success was better appreciated if possible
than in Paris. He read a paper before a very full meetI was delighted to see
ing of the Physical Society . .
his success. The English men of sciences were actually

320

Rowland was evidently excited himself for he forgot to deliver an invitation to Thomson regarding the Baltimore lectures discussed on p. 296, above (34, October 12, 1882, [November] 1882,
Gilman to Thomson, letter press copy).
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dumbfounded. Rowland spoke extremely well, for he was
full of his subject & his dry humor was much appreciated
by his English audience. When he said that he could do
as much in an hour as had hitherto been accomplished in
three years, there was a sigh of astonishment & then

cries of "Hear! hear!" Professor [James] Dewar [18421923] arose & said, "We have heard from Professor Row-

land that he can do as much in an hour as has been done
hitherto in three years. I struggle with a very mixed
feeling of elation & depression. Elation for the wonderful
gain to science & depression for myself, for I have been
at work for three years in mapping the ultra violet." De
la Rue asked how many lines to the inch could be ruled by
Rowland. The latter replied "I have ruled 43,000 to the
inch & I can rule one million to the inch, but what would
be the use, no one would ever know that I had really done
it." Laughter greeted this sally. This young American

was like the Yosemite, Niagara, Pullman parlor car; far
ahead of anything in England
. Professor Dewar said
that Johns Hopkins University had done great things for
science & that greater achievements would be expected
from it . . (34, November 30, 1882, Trowbridge to
Gilman from Cambridge).321

There was soon a great demand for Rowland's gratings throughout the world. Rowland convinced Gilman that The Johns Hopkins -Uni-

versity should produce and sell the gratings at cost in the same
manner as university publications:
It must be remembered that the machine is unique and
so the gratings cannot be obtained except here. Besides,
it will not look badly to see in every important paper
on the Spectrum the name of the University (34, May 1,
1883, Rowland to Gilman).
Between March 1882 and July 1886 the university sold nearly

321This letter has been published (250, p. 272-274.
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twenty-four hundred dollars worth of these devices (3). The price of

a grating varied according to size, number of lines ruled and periodic

error but was never more than seventy-five dollars.

3The
22
average

cost was considerably less and it seems reasonable to assume that
at least a hundred gratings were distributed throughout the world
during this period. By the end of January 1901 sales totaled more
than thirteen thousand dollars (22). The number of gratings repre-

sented by this figure is difficult to estimate, however, since prices
were raised in 1889 to help defray the cost of a second ruling engine
and make up for the financial loss to the univeristy which the operation had produced up until that time (269, p. 79).
Supervision of the construction and sale of the gratings became
burdensome to Rowland by the end of 1883. At that time Rowland

turned the glass metalizing operations and bookkeeping over to John
Alfred Bras hear (1840-1920), an amateur astronomer who operated
an astronomical and physical instrument works in Allegheny,
Pennsylvania (34, January 1, 1884, Rowland to Gilman). Schneider
was paid ten percent of the profits for attending the machine at night
but Rowland did not receive similar compensation (3).

322 No

exact price quotation for this period has been found.
However, prices for gratings ruled on Rowland's earliest ruling
engine built in 1881 were quoted in the University Circulars in 1889
(269, p. 79).

306

In 1897 United States astronomer, George Elery Hale (18681938), dubbed Rowland the "principal living representative of spectroscopic work" (2, September 24, 1897, Hale to Rowland). In his
book on magneto-optics published in 1913 Pieter Zeeman (1865-1943),

a Dutch spectroscopist, assessed Rowland's optical work of 1882 as
the beginning of "a new epoch for Spectrum analysis .

" (379, p.

8). In 1897 Zeeman had reported the distinct widening of the two D

lines of the sodium spectrum using common salt, incandesced between

the poles of a strong electromagnet (378, p. 227). The important
discovery was made with a concave grating of ten foot radius containing 14,938 lines per inch which had been constructed on Rowland's

ruling engine at Baltimore (378, p. 227). Rowland's grating remained technologically unexcelled until 1907 when Albert Michelson

described the construction of a nine inch grating containing 110,000

lines (216, p. 1-11).
Rowland's diffraction gratings symbolized his high standards

for scientific work. He was critical enough of colleagues who settled
for lesser quality than this but was openly outraged at those whom he

considered to be charlatans of his profession. He zealously sought

to expose such imposters. His first engagement in this regard
occurred in 1871, the year following his graduation from Rensselaer
Institute.
A certain Mr. Paine claimed to have invented a motor which
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operated on minute amounts of electric power in comparison to the

work which it performed. A visit by Rowland to Paine's second
story laboratory in Newark, New Jersey disclosed that the machine
mysteriously operated only when steam engines in adjoining rooms

were also in operation. Rowland described the visit in a letter to the
Scientific American (290). He suggested to Paine that the engine behaved as

if the power proceeded from some well governed steam
engine in the neighborhood. On this he [ Paine] intimated
that, if I were not careful, a force might proceed from his
body which would act in conjunction with gravitation in
causing me to be projected through the window, and strike
with violence on the ground below (290, p. 21).
When Rowland argued that the machine operated directly in

opposition to the energy conservation experiments of Joule, Julius
Robert von Mayer (1814-1878) and Faraday, Paine replied that "the
conservation of force was an old fashioned idea, which had been
overthrown in these enlightened days .

.

." (290, p. 21). Rowland

concluded:

[ Paine] has never adduced one experiment, or even a
plausible reason, to prove what he says. He takes you
into a building where shafts are revolving by the vulgar
power of steam, and directs you to look while he evokes
power from nothing. You must not touch anyting; you
must not enter the room below; you must not be there
while the engine next door is at rest; but you must simply
look and by that renowned maxim of fools, that "seeing is
believing," you must believe that the whole structure of
science has fallen, and that above its ruins nothing remains but Mr. Paine and his wonderful electro-magnetic
machine (290, p. 21).
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Again in 1889 the discovery of unusual new sources of electric
power was being proclaimed by John Kee ly (1827-1898) of

Philadelphia. Indeed Kee ly was purported to have unleashed the

power of the aether. The allocation was more sophisticated than
Paine's perpetual motion machine in that no reputable scientific
experiment contradicted the idea. In December Rowland was asked
to attend one of Keely's demonstrations, but at first ignored the in-

vitation (2, December 11, 1889, Joseph Leidy to Rowland).323 Row-

land's close friend, George Barker, at the University of Pennsylvania
had followed Keely's exploits beginning in 1874 and reportedly believed him to an an imposter (letter from Lord Rayleigh to his
mother from Bawston [ sic] , October 19, 1884, as quoted in 334,
p. 146-147).

However, on Christmas day Mrs. Clara Bloomfield-Moore
(1824-1899), one of Keely's wealthy patrons and later his biographer,
wrote to Rowland (60). She urged his attendance at a forthcoming

demonstration in Philadelphia (2, December 25, 1889). Mrs.
Bloomfield-Moore freely associated Keely's experiments with those
of Heinrich Rudolph Hertz (1857-1894), who had recently published

323 The

invitation came from University of Pennsylvania
naturalist, Joseph Leidy (1823-1891), who was convinced that Keely
had "fairly demonstrated the discovery of a force previously unknown to science" (60, p. 114).
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experiments on electromagnetic waves (149). In fact, Mrs.

Bloomfield-Moore had heard of Keely's work through "a member of

the Royal Institution of Great Britain who is deeply interested in the

experiments of Prof. Hertz of Carlsruhe or rather in his researches

as to the structure of ether .

." (2, December 25). The member

of the Royal Institution was chemist, James Dewar (1842-1923), who

had sent Mrs. Bloomfield-Moore a copy of Hertz's "Paper on the
Identity of Light and Electricity" (60, p. 121).
Mrs. Bloomfield-Moore thought that Hertz's paper was

of special interest at this time, when Mr. Keely's researches are arousing some interest in scientists who
have witnessed the production of the ether; (or rather
its liberation) by a vibratory instrument, which he calls
a disintegrator (2, December 25).
Mrs. Bloomfield-Moore explained that Professor Dewar had mentioned Rowland "as the one of all others in whom he would feel confi-

dence with reference to an expression of opinion upon the demonstrations made with this force by Mr. Kee ly" (2, December 25).
According to Mrs. Bloomfield-Moore, Kee ly had found a means

to exploit ethereal energy. His apparatus raised weights by "sympathetic attraction, which fell apart when a discordant note was

struck .

.

." (2, December 25). In one demonstration

the pointing of the needle in a compass [was] changed by
antagonizing the polar stream. Mr. Kee ly thinks that those
who fancy that electricity has been made subservient to

man are laboring under an error as to its nature. What

we call cohesion he calls the dominant,' order of the electric
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stream, or "one of the triune sympathetic streams that
help to build up, in their triple concentration, the high
vitality of the polar stream; or,, more properly, the
magnetic electric terrestrial envelope, without which all
living organisms would cease to exist." . . . The enharmonic stream is the one which had been diverted by
man for electric lighting. The other two streams he
calls the harmonic and the daphonic. But his theorizing
will not be of interest to you until you have seen some
of Mr. Kee.ly's experiments (2, January 22, 1890, Mrs.
Bloomfield-Moore to Rowland).

This was too much for Rowland to ignore. Only a few months

earlier he had addressed the American Institute of Electrical

Engineers concerning Hertz's experiments. "Our mathematics has
demonstrated, and experiments like those of Professor Hertz have
confirmed the demonstration, that the wave disturbance in the ether

is an actual fact" (277, p. 347). Rowland believed that Hertz's
experiments demonstrated ethereal waves, whose existence had b
fore been made certain by the mathematics of Maxwell" (277, p.
346).

Rowland, accompanied by Professor George Barker and Mrs.
Bloomfield-Moore, attended one of Keely's demonstrations on

January 31, 1890 (2, January 31, 1890, Mrs. Bloomfield-Moore to
Rowland). Later in 1899 Rowland described the meeting to a re-

porter of the Baltimore Herald newspaper:
When I started over there [to Philadelphia] I had formed
in my own mind some opinion about the man. . . . Keely
had a machine which he termed a globe engine. He operated
it by means of a wire . . . All my efforts to examine the
apparatus closely were unavailing, until I pretended to be
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asleep. Somehow while I was awake the machine wouldn't
work, but when I feigned sleep I saw Kee ly take one of the
wires, which was in reality a tube, and place it to his
mouth and blow. The secret of the whole thing was clear
to me then. His machine was worked by compressed air
(24, "Rowland Met Keely," The Baltimore Morning
Herald, November 28, 1898).
Rowland attempted to cut the tube whereupon Keely physically

attacked him and "they rolled together on the floor!" (60, p.
247).324 Mrs. Bloomfield-Moore admitted to Rowland after this

meeting that Keely had "acted precisely as a man would act if he

were a fraud" (2, January 31, 1890). However, she was uncertain
to what degree the disharmony brought by Rowland to the demonstra-

tions had interfered with the aethereal action of Keely's system.
Inspection of Keely's apparatus after his death confirmed Rowland's

suspicion of a pneumatic system. A forty-two inch steel sphere
weighing three tons and storing compressed air was unearthed be-

neath the floor of Keely's laboratory (173, p. 137).
According to the account of one of his students, Rowland main-

tained (for his personal amusement) a file of documents, written by

those whom he considered to be cranks or imposters (154, p. 75).

324 Mrs. Bloomfield-Moore claimed later that "it was the

offensive manner of Professor Rowland when he seized the shears,
telling Keely it was his guilty conscience which made him refuse to
cut the wire . . which put Keely on the defensive, causing him to
refuse to allow Professor Rowland to cut it" (60, p. 247).
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Representative of this collection was a letter written by T. J.
McKay of Thomasville, Georgia. McKay complained of persecution

by the "secret-service-detectives employed by the Cattle-Company"
(2, February 12, 1900, McKay to Rowland). McKay alleged that
these detectives

at-night secretly applied electricity to each one of my
ears and the buzzing-electric-current from the battery
made my ears as red as a-beet and different noises
made in or on the battery were conveyed in to my ears
as natural as words spoken by a person sitting beside of
me and conveyed different sents against the wind to my
nostrils. . . . They injected electricity in the back of
my head and in the membrain of my eyes . . . They
can by the magnetic-electric-battery attract my mind
over a mile and make certain objects appear natural on
my mind as though the person or animal was present
before my eyes. . . . Please inform me how to kill or
destroy the electricity in my ears (2, February 12). 325
Rowland took the trouble to reply:

I think if, when you found the electricity going around
in your head in the way you describe, you would immediately apply some water to your head, . . . you
would find that the electricity would entirely disappear

as, under many circumstances, water is the great
enemy of electricity. But I cannot be certain in this
special case.

If you could only throw some water upon your
enemies when they attack you, it would be a very
good thing, and I think they would vanish and not harm
you any more (2, February 24, 1900, copy).

It is not known if Rowland's prescription proved to be effective.

325

tions.

This letter has been excerpted without grammatical correc-
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Rowland could humor harmless quacks like McKay, especially

when it brought personal amusement. However, most often Rowland's mood was remorseful over the state of science in the United
States. In his speeches in the 1880's during the height of his spectroscopy fame he exhorted his American colleagues to raise their

sights. Addressing the physical section of the American Association
for the Advancement of Science in 1883 he observed:

American science is a thing of the future, and not of the
present or past; and the proper course of one in my
position is to consider what must be done to create a
science of physics in this country, rather than to call
telegraphs, electric lights, and such conveniences, by
the name of science . . . . It is not an uncommon thing,
especially in American newspapers, to have the applications of science confounded with pure science; and
some obscure American who steals the ideas of some
great mind of the past, and enriches himself by the
application of the same to domestic uses, is often
lauded above the great originator of the idea . . (294,
p. 106).
Rowland despaired of America's position in science compared
with the countries of Europe:

. we are tired of seeing our countrymen take their
science from abroad, and boast that they here convert
it into wealth; we are tired of seeing our professors
degrading their chairs by the pursuit of applied science
instead of pure science, or sitting inactive while the
problem of the universe remains unsolved. We wish
for something higher and nobler in this country of mediocrity, for a mountain to relieve the landscape of its
monotony. We are surrounded with mysteries, and
. .

have been created with minds to enjoy and reason to aid
in the unfolding of such mysteries. Nature calls to us
to study her, and our better feelings urge us in the same
direction . . (294, p. 108).
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. . . So I consider that the true pursuit of mankind
is intellectual. The scientific study of nature in all
its branches, of mathematics, of mankind in its, past
and present, the pursuit of art, and the cultivation of
all that is great and noble in the world, -- these are the
highest occupations of mankind. Commerce, with
applications of science, the accumulation of wealth,
are necessities which are a curse to those with high
ideals . . (294, p. 109).

Rowland reitereated an idealism which he had expressed as a
student at Rensselaer: 326

If our aim in life is wealth, let us honestly engage
in commercial pursuits, . . but if we choose a life
which we consider higher, let us live up to it, taking
wealth or poverty as it may chance to come to us, but
letting neither turn us aside from our pursuit (294, p.
111).

Rowland predicted:

I do not believe that our country is to remain
long in its present position. The science of physics, in
whose applications our country glories, is to arise
among us, and make us respected by the nations of the
world. . . Our country is going forward to a glorious
future, when we shall lead the world in the strife for
intellectual prizes as we now do in the strife for
wealth .
Apparatus can be bought with money, talents may
come to us at birth; but our mental tools, our mathematics, our experimental ability, our knowledge of what
others have done before us, all have to be obtained by
work . . in the professor's chair . . . Above all, we
wish to see that high and chivalrous spirit which causes
one to pursue his idea in spite of all difficulties, to work
at the problems in nature with the approval of his own
conscience, and not men before him.
. . .

326

See p. 19, above.
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The whole universe is before us to study. The
problem of the universe is yet unsolved, and the mystery
involved in one single atom yet eludes us. The field of
research only opens wider and wider as we advance, and
our minds are lost in wonder and astonishment at the
grandeur and beauty unfolded before us. Shall we help
in this grand work, or not? (294, p. 125-126).
. . .

John Trowbridge informed Gilman that this address drew great

admiration at Harvard. One of Trowbridge's colleagues, chemist
Josiah Parsons Cooke (1827-1894),

was especially pleased for he wanted to have a hit at
certain mercantile professorial chaps himself, but
didn't quite dare to strike out from the shoulder. "Leave
Rowland alone done for that!" (34, October 3, 1883,
Trowbridge to Gilman).
Marshman Edward Wadsworth (1847-1921), a Cambridge geo-

logist, thought Rowland's remarks applied equally well to, natural

science. "Our country needs many such addresses to cause it to

appreciate true scientific work .

.1 think the-Scientific risen holding

your views in this country are sadly in the minority .

." (2, Sep-

tember 1, 1883, Wadsworth to Rowland). Wolcott Gibbs urged Gil-

man to have the speech published (34, November 5, 1883, Gibbs to
Gilman).

In an address to an audience containing many engineers and

inventors attending the Electrical Conference at Philadelphia in
1884, Rowland conceded that both "pure" and practical science were

necessary to the world's progress, sometimes even necessary to
each other (264, p. 28). Nevertheless,
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in the cultivation of the pure sciences we are but
children in the eyes of the world. Our country has
now attained wealth, and this wealth should partly
go in this direction. We have attained an honorable
position in applied science, and now let us give back
to the world what we have received in the shape of pure
science (264, p. 28).

His words were stronger in bringing commercialism again
under attack in a commemoration day address of 1886 at Johns
Hopkins. Although one "would be considered absurd" who did not

recognize the value of the steam engine and the telegraph,

these follow in the train of physics, but they are not
physics; the cultivation of physics brings them and
always will bring them, for the selfishness of mankind can always be relied upon to turn all things to
profit (291, p. 105),
He was tolerant of commercialism, but again only with qualification, while speaking to an electrical association in New York in
1888:

There is work for all, the practical and theoretical man

alike

.However, The great question which we should
ask ourselves is how our science can best be furthered.
The philosopher must precede the engineer. To have the
.

applications of electricity, there must be a science of
electricity. . . . Let professorships be endowed and
funds to pay expenses of apparatus and assistants be
formed in our universities, with the understanding that
research is to be the principal work. . . The result will
be the formation of scientific atmosphere in which men
like Faraday can live and labor, and the dry bones of the
pedagogue be replaced by the fire and life of the original
investigator (266, p. 650-652).
In the last of his published addresses which he delivered as
President to the newly formed American Physical Society in 1899,
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Rowland remained concerned about the state of experimental science
in America:

Let us cultivate the idea of the dignity of our pursuit
so that this feeling may sustain us in the midst of a
world which gives its highest praise, not to investigation in the pure ethereal physics, which our society is
formed to cultivate, but to the one who uses it for
satisfying the physical rather than the intellectual
needs of mankind. He who makes two blades of grass
grow where one grew before is the benefactor of mankind; but he who obscurely worked to find the laws of
such growth is the intellectual superior as well as the
greater benefactor of the two.
How stands our country, then, in this respect?
My answer must still be now, as it was fifteen years
ago, that much of the intellect of the country is still
wasted in the pursuit of so-called practical science
which ministers to our physical needs and but little
thought and money is given to the grander portion of
the subject which appeals to our intellect alone (271,
p. 401-402). 327
Ironically Rowland himself had been forced to pursue "practical

science" during a period earlier in the decade.328 Yet for most of
his life he championed the work of the original investigator as the

highest intellectual activity.
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Much of this speech was republished in 1964 (255, p. 323-

328

Discussed in Chapter XI.

328).
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CHAPTER XI
DISTRACTION FROM PURE SCIENCE (1890-1901)

Until 1890 Rowland spent most of his time in the laboratory and

rarely entered into Baltimore society. Thus his attendance at a
"leap year ball" was reported as "something very unusual,"
especially as he did not dance (2, February 15, 1880, Rowland to
Mother). His mother's inquiries concerning the social activities of

her bachelor son received the reply that he was hard at work on
"science" and went "into society very little" (2, April 19, 1880;
March 19, 1882, Rowland to Mother).
Rowland did enjoy outdoor recreation. His sport was hunting

foxes and he was a charter member of Elkridge Riding Club. 322

One of his horses, described as "handy & active as a cat," was a
large grey stallion standing fifteen and three quarter hands (2,
August 1, 1888, Thomas Swann to Rowland). He was not averse to
"willingly" absenting himself from faculty meetings if they conflicted
with a hunt (34, March 12, 1884, Rowland to Gilman). Although

nearsighted, he was described by his friend, Ira. Remsen, as a
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This information was gathered from a conversation with
Miss Harriette Rowland, his daughter, in Baltimore (380, November
2, 1967).
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"fearless and skillful rider" (251, p. 423). On one occasion he even
won a steeple chase of "gentlemen riders" sponsored by the Maryland
Jockey Club (197, p. 2).
Summer vacations were often spent trout fishing with Remsen

in Maine (251, p. 422). Remsen once observed, "He could cast a
fly most enticingly

.

. .

In short, Rowland as a fisherman showed

the same traits as Rowland the physicist, --intelligence, skill,

patience, perserverance" (251, p. 422). Returning to the= East after
a summer camping tour of Alaska and the West in 1889 Rowland did

not pass up the chance to fish for the German brown trout of the
Gunnison River in Colorado (2, September 8, 1889, Rowland to Anna
from Gunnison).

The following year, however, marked the end of his camping

and fishing explorations (251, p. 422). On June 4, 1890 Rowland,

then forty-two years old, married Henrietta Harrison (1866-1950),
the daughter of George Law and Helen Davidge Harrison of Baltimore

(24, "The June Weddings," Baltimore Sun, June 5, 1890). Sometime during the eighties Rowland had joined a group which met in the

Harrison home to study conversational German. There Rowland met

the youngest of the Harrison daughters. She was eighteen years his
junior and not a formal member of the study group (38, p. 31). A
few days before the ceremony Rowland wrote to Gilman hoping that

the marriage "would not only make my life more happy but also add
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to my working power in my science" (34, June 1, 1890). Three
children were born to the couple: Harriette (b. 1891), Henry
Augustus, Junior (1893-1921) and Davidge (b. 1898).

The marriage was described by Ira Remsen as "an unusually
happy one" (251, p. 420). However, the advent of a family brought

with it an obligation to seek a degree of financial security which had
never previously concerned Rowland. His particular worry was his

health. At some point shortly before his marriage he began to sus pect that he had diabetes (251, p. 424).

At that time the disease

was incurable and ultimately fatal to its sufferer.
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The presence

of the affliction was confirmed by a physical examination necessitated

by a life insurance application in 1890. At that time, however, Rowland's general health was apparently good, for the policy was granted (2, October 15, 1890, Rowland to Mother).
Only on one occasion did Rowland seem to allude publicly to

his affliction. In a speech made later in 1899 he referred to mortali-

ties resulting from incurable diseases:
330According

to Miss Harriette Rowland, Dr. William Osler
(1850-1919), the physician-in-chief of the Johns Hopkins Hospital,
treated her father privately at home until his death (380, November
7, 1967). No medical records or other documents pertaining to the
case have been found among the Osler papers at McGill University.
331Frederick Grant Banting (1891-1941) and John James
Richard Macleod (1876-1935) shared the Nobel prize in medicine in
1923 for their discovery of insulin in 1921.
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Such deaths some people consider an act of God. What
blasphemy to attribute to God that which is due to our own
and our ancestors' selfishness in not founding institutions
for medical research in sufficient number and with sufficient means to discover the truth. Such deaths are murder.
Thus the present generation suffers for the sins of the past
and we die because our ancestors dissipated their wealth in
armies and navies, in the foolish pomp and circumstance
of society, and neglected to provide us with a knowledge of
natural laws. In this sense they were the murderers and
robbers of future generations of unborn millions and have
made the world a charnal house and place of mourning
where peace and happiness might have been (271, p. 410)
Until he learned of his affliction Rowland had agreed only upon

rare occasions to work at any commercially related scientific enterprise. Once in 1879 he had joined George Barker in testing the
efficiency of Thomas Alva. Edison's (1847-1931) electric light. How-

ever, the rationale then for this work was that information on the
invention be "given to the public in a trustworthy form" (303, p.

337). Rowland and Barker submitted their report to James Dana,
editor of the American Journal of Science, with an opinion that
Edison would eventually be able to produce a useful and practical device. Dana, who owned natural gas company stock, however, ex-

pressed "doubts as to the propriety of the Journal taking sides in the
question of ultimate success" (45, March 25, 1879, Dana to Rowland,

copy). Dana was hesitant because the Rowland-Barker report
"touches the stock market which is already sensitive on the subject
" (45, March 25).
On another occasion Rowland's technical consultation was again
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a matter of considerable public importance but of a highly different

nature. In 1881 Simon Newcomb wrote in regard to finding the bullet
which resided in President James Abram Garfield (1831-1881) as a

result of an assassination attempt on July 2(2, July 8, 1881). Newcomb wondered if there were not electrical methods of detection

available to aid the physicians. Rowland recommended a special type
of sensitive galvanometer which operated on induction principles as

the best possibility but also warned that the "substance of the body"

might mask the bullet's effect on the instrument (37, June July 11,
1881).
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Before the responsibility of his family in 1890 Rowland's in-

difference to pursuing patent litigation to protect his inventions was

indicative of his disdain for commercialism. Only on rare occasion
had he attempted to obtain patents. Once, while he was still a student at Rensselaer Institute, he had pleaded without avail to his

mother for funds to file patent claims on a multiplex telegraph system (2, March 1866). During that time he had also designed a drum
armature intended to minimize magnetic losses in electromotive
machines. His description of the invention was put in writing and
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No record has been found that Rowland's suggestion was
pursued further. Garfield lived until September 19, 1881 when he
succumbed to blood poisoning (115, p. 243).
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witnessed by his sisters, but a patent was never filed (28).
In 1879 Rowland had mentioned this latter invention to Edison

while making the lamp efficiency tests in Menlo Park, New Jersey.
The latter wrote to Rowland about a year later seeking addition in-

formation concerning the drum armature (2, July 4, 1880, Edison to
Rowland). Edison wished to block a Siemens' dynamo patent application in the United States and offered Rowland free legal counsel in

return for a half interest in Rowland's invention if it could be patented. Rowland told Gilman:

I do not expect to succeed in getting a patent but
may at least defeat. Siemens and establish my claim to
have invented the machine first. If I get the patent I
may be able to build my own laboratory (34, August 1,
1880).

Edison's lawyers worked on the case for three years, but
Rowland's application was eventually rejected by the United States

Patent Office (2, March 13, 1883, Richard N. Dyer to Rowland).
The lawyers suggested filing evidence of a date of invention earlier
than 1873, the date which had been filed by Siemens, and sent Row-

land an affidavit to sign in this regard (2, March 13, 1883, affidavit
attached). Although Rowland possessed a witnessed description of
his invention dated January 8, 1869 the affidavit was never signed

and he pursued the matter no further (28).

However, after his marriage he was no longer apathetic
towards such litigation. By June 1896 Rowland had filed or received
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confirmation of at least nineteen patents claimed in his name.
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All of these dealt with various improvements in the designs and

construction of motors, generators, or other electrical instruments.
Many of the inventions were developed during his consulting work for

the Niagara Falls. Electrical system. 334 After Rowland's death

Pietro Blaserna (1836-1918), an Italian physicist, observed, "It is
remarkable that, having already attained a relatively advanced age,
he should have chosen thus to change his scientific aim in giving

himself up to applied science" (24, May 19, 1904). However, the
remark had already been anticipated in an article in the. American
Inventor in 1900. "Dr. Rowland has said that the remembrance of

his heirs is the only spur that awoke him to the necessity of considering the probable finances involved in inventions and discovery"

(47, p. 8)
Ironically Rowland's patents never brought the financial security which he had intended for his family. A new galvanometer design

fell short of a commercial success due to poor business management
of the company consigned to construct and market the instrument (2,

April 16, May 2, November 5, 1896 and July 15, 1898, Elrner. G.
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See Appendix VIII.
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See p. 326-330, below.
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Willyyoung to Rowland). The General Electric Company indicated

little interest in a group of Rowland patents offered for sale in 1905
unless they could be obtained "at a practically nominal figure" (2,

January 20, 1905, Robert H. Read to John B. Whitehead). The state
of the art in electrical engineering advanced so rapidly at the turn of
the century that Rowland's ideas were quickly antiquated. This was

the assessment in 1909 of his student, Edward B. Rosa, concerning
an electrodynamometer which was "largely superceded by newer

forms of instruments" (2, February 10, 1909, Rosa to Joseph S.
Ames). A Westinghouse engineer once evaluated one of Rowland's

inventions as having "certain disadvantages in practical application,

although the theoretical principle appears quite simple" (2, January
24, 1905, Charles F. Scott to John B. Whitehead).
Although Rowland had redirected much of his energy in the

nineties toward commercial enterprises these were intended to be

beneficial rather than destructive to man. Indeed he had lambasted
previous generations for dissipating their wealth in military activity

instead of the higher intellectual activities of man, particularly

scientific research. 335

Thus the query made in March 1896 re-

garding the sale of one of his patents must have been. especially

335See

p. 321, above.
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distasteful to Rowland for it came from arms inventor, Richard J.
Gatling (1818-1903) (2, March 27, 1896, Gat ling to Stewart).
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In addition to exploiting his patents, in the nineties Rowland

took on commercial consulting work. At least on one occasion substantial monetary compensation was received but only at the sacrifice of much time and personal worry. In August 1892 Rowland
entered into employment with the Cataract Construction Company

which had been organized to exploit the natural energy of Niagara

Falls. Plans called for the construction of hydroelectric equipment
and a transmission line system fifteen to eighteen, miles in length
terminating in Buffalo, New York. The generation and transmission
of electric power on such an immense scale had never been attempted, and Rowland was asked to study the plans for the entire system.
It was not until March 1893 that he was able to complete his

work. At that time he submitted a bill for $10, 000 to the company.
When the latter objected to his fee Rowland replied, "I have brought
all the powers of my mind in nearly uninterrupted work and thought

for about six months and have handed you in a report which, if fol-

lowed, will lead to success" (2, April 1, 1893, to William B.
336

Although Rowland's lawyer thought that his patent method of
"Casting Brass and Other Metals" (Appendix VIII, item 21) applied to
the manufacture of cannons might mean "some profit" from the government, there is no evidence that Rowland pursued the matter
further (2, March 28, 1896, Arthur Stewart to Rowland).
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Rankine, secretary and treasurer, Cataract Company). In correspondence following, Rowland argued, "In my acknowledged posi-

tion as the first physicist and electrician in this country I might well

have charged far more" (2, April 4, 1893, to Rankine). Nevertheless, the company sent a check for $3, 500 "which represents in our

opinion the extreme value of your services measured, either by our
own standards, or by that of professional men as known to us .

.

."

(2, April 5, 1893, Francis L. Stetson to Rowland).
Rowland was advised by Thomas Edison that his requisition

was appropriate and decided to sue (2 April 18, 1893, A. 0. Tate,

Private secretary to Edison). Threatened by court action, the
Cataract Company doubled its offer. However, Rowland's lawyer

advised against accepting this since it "betrays very clearly a recognition on the part of the company of the fact that others may take a

different view of the value of such services as were rendered by
you .

.

." (2, July 10, 1893, William L. Marbury to Rowland).

In July while on vacation in Maine, Rowland wrote a "Bill of

Particulars" describing his claim (2, July 16, 1893, Bill of Particulars, from Seal Harbor to W. Marbury). He maintained that he had
been called into consultation regarding an early plan for the system

submitted by George Forbes (b. 1849), an electrical engineer from

London. Forbes had recommended an alternating current system of
eight cycles per second, much lower than the forty cycle systems
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which according to Rowland were the minimum "hitherto practically

used" (2, Bill of Particulars, p. 6).
The effect of this change was to be estimated not for any
known system but for a system for the transmission of
power far larger & more complicated than any hitherto
developed . . . . The immense amount of money involved
made any error in the solution of the greatest consequences
while the question of the practical as well as theoretical
working added to the complication. A failure to obtain
the correct solution meant the loss of hundreds of
thousands of dollars as well as loss of time and prestige
of equal value (2, Bill, p. 6).
Rowland objected to the low frequency believing that high

magnetization in the transformers would result accompanied by the
consequence of a distorted current wave. In addition he claimed

that few motors had ever been operated efficiently at the low fre-

quency (2, Bill, p. 7). "As to the dynamo recommended by Prof.
Forbes I condemmed it electrically and mechanically and said, it

would not last a week" (2, Bill, p. 8).
Had the subject on which I was called on to report been
one of ordinary science or engineering . . . I would
have been contented with a very moderate fee. As the
case stood, however, . . . their engineer had proposed
a system far outside all know[ xi] practice and as I was
forced to consider this system first, the subject became
most difficult and I was forced to apply my mind continuously night & day to it until I was able to show that
Prof[ essor] Forbes had attacked it in a superficial
manner . . . (2, Bill, p. 12).

Rowland further claimed that there was no person in the
United States and "few abroad" who were capable of attacking the
problem from the "broad & advanced standpoint" which he had
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undertaken (2, Bill, p. 9). He wrote to Lord Kelvin (William
Thomson) and to British Electrical engineer, John Hopkinson, for

permission to use their names in support of his claim (2, September
8, 1893, Rowland to Lord Kelvin, and September 8, 1893, Rowland
to Hopkinson, copies).

The trial opened on January 17, 1894. The. Cataract Company

had retained the eminent trial lawyer, Joseph Hodges Choate (18321917), who later became United States Ambassador to Great. Britain
in 1899.
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Choate attempted to discredit Rowland's image as the

first physicist of the country by sarcastic cross-examination:
How much a day did you calculate to get out of it
[ the job] for these seven months?
Rowland: I did not put it exactly in that light.
You said you did roughly. What, roughly, did
Choate:
you calculate to get out of it a day when you made
out your bill?
Rowland: At one hundred sixty days?
Choate:
Yes.
Rowland: At $10, 000?
You are the first physicist in the country; you
Choate:
ought to be able to cipher it out very quickly.
The Court [ to Choate] : I do not believe you can cipher it
out in your head.
Because I am not the first physicist in America,
Choate:
your Honor.
Rowland: About sixty dollars a day; somewhere in that
neighborhood (27, p. 53-54).
Choate:

337Among

Choate's best known cases was his successful defense in 1894 of the Leland Stanford Jr. University against United
States government claims (221, p. 85, 92).
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Not all of Choate's attempts with such tactics were successful.
At one point he asked if a certain engineer who had received a lesser
sum as a consultant for the company was not of a comparable stature
to Rowland since they were both members of the Royal Society:
Rowland:

Choate:
Rowland:
Choate:
Rowland:

[He is] Not like myself. I am a foreign member
of the Royal Society, - one of fifty. He is an
Englishman and a Fellow of the Royal Society one of five hundred. I am one of fifty in the world.
You are one of fifty, and he is one of five hundred?
I am one of fifty in the world.
You are one of fifty out of England and he is one of
five hundred in England. That is another way to

put it, is it not?
I am one of three in America. That is still
another way to put it (27, p. 66). 338

The judge charged the jury on January 20 after three days of
testimony:

It is conceded that the plaintiff was the highest known
authority in this country upon the subject of the laws
and principles of electricity, and that their development by the use of machinery was a subject with which
he was especially conversant . . . No fault is found
with his assiduity, or the amount of time or study which
he gave to the work . . . The controversy is in regard
to the proper amount to which he is entitled for his services . . . (27, p. 330-331).

The jury returned a verdict in Rowland's favor in the amount of nine

thousand dollars less the thirty-five hundred dollars already paid

by the Cataract firm (27, p. 345).
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Actually there were three in addition to Rowland, James
D. Dana, Simon Newcomb and Hubert Ansin Newton (318, p. 422).
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Rowland published only two electrical papers during 1892-93.

"Notes on the Theory of the Transformer" and "Notes on the Effect

of Harmonics in the Transmission of Power" reflected his preoccupation with the electrical engineering problems of the Niagara
system (289, 288). 339 His only other works published during this

period consisted of an extensive mathematical analysis of ruling

errors in spectrum gratings and a new table of standard wave-lengths
of the solar spectrum (270; 272). He had attempted to develop a
general theory of "viscous motion" and had sent a manuscript to
Lord Rayleigh for a review in 1893.340 Rayleigh replied, however,
that the work had been largely anticipated by others (2, June 14,

1893, to Rowland). The Niagara case had left little time for

thorough literature research.
Although not as time - consuming as consulting and inventing,

there were other distractions during the nineties which periodically
diverted Rowland's energies away from fundamental research. In
1895 he was asked to review research papers in competition for the
Hodgkins' prize administered by the Smithsonian Institution.
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The former (289) accounted for the variation in the magnetic permeability in the iron core of transformers giving rise to
harmonics in the secondary current. The latter (288) called attention
to the effect of these harmonics on the transmission of power.
340

The work was never published and the manuscript has not
been discovered among Rowland's papers.
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Rowland decided in favor of a paper by Lord Rayleigh which gave

evidence pointing to the existence of a new element, argon (43,
March 30, 1895, Rowland to Samuel Pierpont Langley).
In September of the following year Rowland felt obliged to

write in defense of Gilman who had come under personal criticism
in an anonymous letter published in the Nation magazine (70). The

writer blamed Gilman for the policy of not admitting women to Johns

Hopkins University. Rowland pointed out that the faculty had also a

voice in the matter and called the attack "venomous" (2, September

27, 1896, letter to the editor of Nation).

There are many reptiles who like to utter a hiss provided
their individuality be not discovered . . . . President
Gilman needs not defense; the sting of the copperhead in
the grass at his feet may cause him pain that such disgusting reptiles exist especially in Baltimore, but he is
surely compensated by the appreciation of those who have
seen his noble struggle "to, hitch the University wagon to
a star" (2, September 27, 1896).
Gilman, however, did not wish to respond to "anonymous misrepresentations" and asked Rowland not to pursue the matter further (2,
October 2, 1896, Gilman to Rowla.nd).

Rowland was also called upon by Othniel Charles Marsh (1831-

1899), paleontologist and President of the National Academy of

Sciences, to examine some laboratory notes of Joseph Henry. Type
written copies of five volumes of notes had found their way into the
possession of Cleveland Abbe (1838-1916), a meteorologist at the
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United States Weather Bureau and a lecturer at The Johns Hopkins
University. In November 1894 Abbe had requested that the Academy

appoint a committee to study these writings in regard to the advisability of publication. The manuscripts had been sent to Rowland

sometime before April 1896 (2, April 4, 1896, Abbe to Rowland).

Another member of the committee, physicist Carl Barus (18561935) of Brown University, questioned, however, the value of pub-

lishing the manuscripts. He told Rowland:
The notes of Henry are necessarily antiquated and seen
in the light of today they appear in large measure amateurish. Most readers like myself, will be insufficiently
versed in the history of physics of Henry's time, and will
not therefore apprehend their real bearing. The rigor of
scientific methods of the present day is so different from
the somewhat diffuse reasoning contained in the [manuscript] that one does not approach them with confidence
(2, June 27, 1897).
Barus thought that the works might be published "as a contribution to the history of American and contemporaneous science of

Henry's day" but by Henry's friends or by other private means (2,
June 27).

A comparison with Faraday which has been suggested is
out of the question. Faraday's work is continually crystallizing into laws of fundamental importance: Henry's remains too much in polution.. -- There is such a thing as
smothering a man with admiration. With a statue and a
bust to his memory in Washington, and international unit
named in his honor, with his works collected and republished, Henry has not been forgotten (2, June 27).
Rowland evidently let the matter drop for not hearing of any definite
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committee action, Abbe requested that the manuscripts be returned
in 1898 (2, February 5, 1898, Abbe to Rowland).
In the later 1890's much of Rowland's time was occupied with

the development of a new multiplex system of telegraphy. He had

been urged by his former student, William W. Jacques, in 1895 to
develop the scheme and sell the patents to the Bell Company:

If you want to make any use of your ideas regarding the
possibility of operating two alternating current motors
synchronously for purposes of multiplex telegraphy now
is the time to do it. I would like to have you make something out of it (2, April 23, 1895).
Instead, the following year Rowland entered into an agreement
with Daniel Gilman and Ira Remsen to help finance the development

of the apparatus (25, November 21, 1896, Telegraph Agreement).
Each of the three men was to furnish fifteen hundred dollars with
Remsen and Gilman receiving a tenth interest in the invention.

In Rowland's system, as described in the Scientific American
later in 1902, synchronous motors driving commutators at opposite

ends of a telegraph line switched alternating current pulse trains
(315). These activated electromagnets coupled to a conventional

Remington keyboard at the receiving end of the line. The system

could accomodate four independent signals in each direction simul-

taneously making up a total of 1920 letters or characters per
minute (315, p. 275). This capacity was considerably greater than

the Morse or other multiplex systems (315, p. 276),
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The capacity of Rowland's system was dependent on the fre-

quency of the alternating current employed which was 208 alterna-

tions per second. Thus any error in synchronization amounting to
a significant fraction of 1.208th of a second could disturb the

system. Rainy and foggy weather did just that during an early test
over lines between Philadelphia and Jersey City in February 1899
Rowland's assistants found difficulty in adjusting certain relays

associated with the synchronizing mechanism due to electrical leakage through wet insulation on the line. It seemed as if "Jersey was

in California" (2, February 3 & 7, 1899, Thomas Penniman to
Rowland).

Nevertheless, when operated with well-insulated lines at the
Paris Exposition of 1900, the apparatus performed perfectly and
won the "Grand Prix" of the show (2, August 20, 1900, Penniman to
Rowland). Although a Rowland telegraph system was successfully

operated from Paris to Marseille it was never widely adopted in
Europe or the United States (2, March 21, 1901, Penniman and
Henry H. Wiegard to Rowland). Even during demonstrations con-

sidered to be successful, it was difficult to maintain close synchron-

ism due to variations in local electrical power sources (2, March
23, 1901, Penniman and Wiegard to Rowland). A company formed
to promote the invention was bankrupt early in the twentieth century

and Rowland's heirs never received the financial security from this
invention which he had intended (380, November 7, 1967).
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CHAPTER XII

ELECTROMAGNETISM AND THE ETHER --A LAST EXPERIMENT

By the mid 1890's, his family's financial future appeared more
secure and Rowland felt he could afford time for fundamental re-

search. Patents were filed, the Niagara case was successfully concluded and plans were under way to exploit commercially his multi-

plex telegraph system. However the spectacular discovery in physics
of 1895 was not made in Baltimore.
Even then Wilhelm ROntgen's announcement of a hitherto un-

known and mysterious form of radiation was reportedly greeted by

Rowland with suspicion (260). After all, charletons such as Kee ly
and Paine had also made claims of mysterious new phenomena re-

lated to electricity and the ether. Rrin.tgen's x-rays were "just
another hoax" to Rowland, or so claimed one of his former students

(154, p. 76).
According to an account given by Rowland later in 1896, some
of the experiments which had led up to Roe ntgents discovery had not

been overlooked at Johns Hopkins (300, p. 430). Rowland had been
particularly interested in the work of Philipp Eduard Anton von
Lenard (1862-1947), a German physicist who in 1893 had found a

means of studying the behavior of cathode rays in the free atmosphere
and other gases (186). Lenard accomplished this by means of a thin
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window (Fenster) of aluminum, This was permeable to the rays yet
maintained the vacuum integrity of the Crookes' tube in which the

rays were generated (186, p. 239).
Rowland noted that:

When the Lenard paper came to the laboratory I remarked
to my students: "That is the best discovery that has been
made in many a day." I immediately set somebody to work
experimenting. He tried to get some results and would
probably have discovered the R.Ontgen rays at that time if
it had not been that the University of Chicago called him
off, and Johns Hopkins University was very poor and could
not call him back and he had to stop in the midst of his
work. They always say in Baltimore that no man in that
city should die without leaving something to Johns Hopkins
(300. p. 430). 341

Although he may have been suspicious of Ron.tgen's discovery,

Rowland set two students, Norman Ross Carmichael (d. 1908) and

Lyman James Briggs (b. 1874), to work in an attempt to reproduce
the rays.342 Experiments were begun January 22, 1896 (10, p. 1).

By the seventh of February the two students believed they had found

341

Regarding the University's financial problems see n. 312
above. Presumably the student in question was Alexander McGeachy
Morrison (b. 1866), who studied under Rowland in 1892-1894 (162,
p. 423). At the University of Chicago in 1894-1895 Morrison became an assistant in physics under Albert Michelson, who more than
once had turned to The Johns Hopkins University to recruit faculty
(2, September 5, 1889; December 31, 1894, Michelson to Rowland).
342

The spectrum work also continued during this period resulting in several descriptive papers (374, 298, 309). In addition,
three papers on electrical engineering techniques were published-by-Rowland (267, 269, 313).
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faint im pressions on photographic plates placed in the vicinity of a
highly e lectrified Crookes' tube (10, p. 11). Exactly one month

later the rays were being produced at will in the laboratory enabling
Rowland' to assist a physician from The Johns Hopkins Medical School

in the first x-ray diagnosis made in the city (24, "X-rays in Surgery,"
Baltimore American, March 7, 1896). After production of the rays
Rowland reported that it was with the utmost difficulty" that he kept
his students from spending all their time "photographing bones" (300,
p. 405).

Rowland, Carmichael and Briggs attempted to determine the
exact source of the Rontgen rays within the Crookes' tubes which

they employed. A point on the anode nearest the cathode was

eventually deemed the most likely prospect (305, p. 248). Microsopic inspection of shadow photographs indicated to Rowland that if

waves were involved in the phenomenon they were "much shorter"

than 0.0005 centimeters (287, p. 452). Beyond this the experimenters were at a loss for an explanation of the phenomenon. "As to

what these rays are it is too early to even guess. That they and the
cathode rays are destined to give us a far deeper insight into nature
nobody can doubt" (305, p. 248). 343

343J.

J. Thomson had reported measuring the charge to mass
ratio of cathode rays in 1897 (343, p. 431).
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For Rowland the discovery of the strange radiation thoroughly

complicated theories describing properties of the ether:

There was a time when we were rather self-satisfied, I
think, with regard to theories of light. We thought that
Fresnel and others had discovered what light was--some
sort of vibration in the ether. . .344 Then Maxwell
was born, and he proved that these [ light] rays were
electromagnetic--very nearly proved it. Then Hertz
came along and actually showed us how to experiment
with the Maxwell waves, most of which were longer
than those of light. . . . Well, we got a rather complicated sort of ether by that time. The ether had to do
lots of things. One must put upon the ether all the
communication between bodies . . . . Now we have got
Riintgen rays on top of all that. Here is something that
goes through the ether, and it not only, goes through the
ether but shoots in a straight line right through a body.
Now, what sort of earthly thing can that be? A body
will stop light or do something to it as it goes through;
but what on earth can it be that goes through matter in
a straight line? Why, our imagination doesn't give us
any chance to do anything with that problem. It is a
most wonderful phenomenon (300, p. 407-408).

The apparent inadequacy of Maxwell's theory for describing the

action of x-rays as well as the increasingly complicated physical requirements for an ether invited new experiments at Johns Hopkins.
Thus Rowland turned again to a topic which had periodically occupied

his thoughts for over thirty years--the ether.
Rowland had contemplated the physical properties of an ether

much earlier than 1899. In 1868 while yet a student at Rensselaer

344A.

J. Fresnel (1788-1827, French physicist.
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he had recorded his thoughts on this subject. As was so often the
case his notes were made in reference to the writings of Michael

Faraday (16, vol. 1, p. 63).
Faraday had discussed the hypothesis that "mere space" was

more magnetic than a diamagnetic metal such as bismuth. By such
a hypothesis this metal's peculiar property of exhibiting magnetism
opposite in direction to that produced in iron was explained (110, p.
77). Indeed iron and bismuth constituted the first and last entries in

an abbreviated list of magnetic materials organized by Faraday in
regard to the magnitude and direction of their response to magnetism.
"Air and Vacuum" occupied the ninth position removed from iron in

this list of twenty-one materials (110, p, 71).
Rowland seemed to agree then that if the ether were thought of

as possessing magnetic properties it acted like the other material
substances listed by Faraday,
There is no reason to suppose that we are acquainted
with all the forms of matter. The idea I have of
!tether" is a substance which shall bear the same
relation to a gas as a gas bears to a liquid (16, vol.
1, p. 63).
The existence of an ether was not too difficult to conceive for Rowland because "the existence of gas was for years unknown although

men were surrounded by it and breathed it every day of their life;

why could not 'ether' exist and yet we not know it?" (16, vol. 1, p.
63).
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More than three decades later Rowland was again considering

this possibility. When he set out in 1899 to discover a new relationship between electromagnetism, matter and the ether he was well
aware of the optical experiments of Michelson and Morley (218). In

an address to the American Physical Society in that same year Row-

land cited the failure of these experiments "to detect any relative
motion of matter and the ether" (271, p. 407). Rowland, however,
did not view the failure of these optical experiments as precluding

all possibilities for electromagnetic interactions with an ether.
Maxwell's theory of light did not seem to be adequate for explaining
Rontgen radiation. Perhaps the theory also was not completely

accurate in its description of light as an electromagnetic action. If
so Michelson's optical result need not be regarded as necessarily
representative of all electromagnetic phenomena. George Fitzgerald
had implied as much in correspondence to Rowland in 1894. Fitz-

gerald seemingly disregarded the Michelson experiment while dis-

cussing the relative motion of electric charges and an ether (2, May
26, 1894). 345

In any event Rowland suggested that Norman Everett Gilbert

(b. 1874) and another student, Paul C. McJuncken, make tests to
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See p. 165-167, above.
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determine the extent of "frictional or viscous resistance" to mag-

netism in the ether (118, p. 362). At first only abstracts of the ether
experiments were printed in the University Circulars of 1899 (307,

p. 60; 303, p. 77). However, a detailed summary of the work was
published in 1902 by Gilbert (118).

The experiment was based on Maxwell's vorticle model of
magnetism. 346 Maxwell had been unsuccessful in attempts to

measure physically the effects of such rotations in electromagnets

(206, vol. 2, p. 202-205). Likewise, the existence of permanent
magnets indicated that any "retardation" of the hypothetical magnetic

vortices by the resistance of the ether must be small (118, p. 362).
Otherwise the vorticle motion quickly would be slowed down until

magnetic action ceased.

However, if magnetic forces encountered only a slight resistance from the ether this process might take place too slowly to be

noticed by ordinary means. In such a case additional energy to
maintain the field must be derived from the exciting current in order

for energy to be conserved. Energy dissipation by this current
could only be accomplished by an increase in the electrical resistance

of the electromagnet's wire. Rowland's idea was to test whether a

coil of wire carrying a current had the same electrical resistance

346See

p. 275, above.
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when "producing a magnetic field" as it has when producing no net

magnetism (307, p. 60).
The experiment consisted of winding two coils of wire on a

common iron core and measuring their electrical resistance with
currents circulating in parallel and then opposite directions. If the
ether resisted the magnetism the power dissipated in the exciting
2

circuit would be I (R + AR) when a field external to the wire coils
was produced. If no net field was established the power used would
simply be I2R, where I was the exciting current, R was the coil

resistance in the absence of net magnetism. JAR in the previous re-

lation represented a small change in this resistance. Thus the experiment was designed to test whether a magnet did continuous work.

This was the identical question raised by Hall two decades earlier.
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For the experiment the two coils were placed in the arms of a
Wheatstone bridge to facilitate the chance of measuring a small resistance change. The total system was capable of indicating resis-

tance differences of one part-in four million (118, p. 363). However,
measurements which were concluded on May 29, 1899 indicated a

"decrease in resistance, if anything, of about one part in a million"
(118, p. 354). This was not in the direction expected and was attri-

buted to the possibility of electrical leakage (118, p. 364).

347

See p. 262, above.
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The negative result evidently served only to heighten Rowland's

speculations concerning the ether and its relations to physical forces.
His address delivered a few months later as president of the
American Physical Society was filled with conjectures on this subject:

What is matter; what is gravitation; what is ether and
the radiation through it; what is electricity and magnetism; how are these connected together and what is
their relation to heat? These are the greater problems
of the universe (271, p. 403).
The physical laws related to these concepts were also open to
question. Although Newtonian forces seemed to govern planetary

orbits, where was the evidence that this law applied to "smaller

distances" (271, p. 403)? As for gravitation and time:
Can we for a moment suppose that two bodies moving
through space with great velocities have their gravitation unaltered? I think no. Neither can we accept
Laplace's proof that the force of gravitation acts
instantaneously through space . . (271, p. 404).

Moreover,

When electrified bodies move together through space
or with reference to each other we can only follow their
mutual actions through very slow and uniform velocities. When they move with velocities comparable with
that of light, equal to it or even beyond it, we calculate
their mutual actions or action on the ether only by the
light of our imagination unguided by experiment (271,
p. 407).

However, the necessity of an ether filling "all space without
limit" was difficult to challenge (271, p. 405). The ether was the
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only means imaginable by which separate portions of matter could
engage in "mutual action" (271, p. 405).

By its means we imagine every atom in the universe to
be bound to every other atom by the force of gravitation
and often by the force of magnetic and electric action
. . . . By it all electromagnetic energy is conveyed . .
(271, p. 405).

.

Nevertheless the experiment to measure a direct interaction between
magnetism and the ether had failed. Likewise Rowland noted, "We
know little or no ethereal disturbance which can be set up by the

motion of matter alone" (271, p. 406).
He was certain only of one thing, "Matter must be electrified
in order to have sufficient hold on the ether to communicate its

motion to the ether" (271, p. 406). Indeed for Rowland this was the
significance of his quarter of a century of charge convection experiments:

By electrifying a disc in motion it appears as if the
disc holds fast to the ether and drags it with it, thus
setting up the peculiar ethereal motion known as
magnetism (271, p. 406).
Furthermore, the effect discovered by Zeeman could be explained in this manner.
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Vibrating, electrified "matter within

a molecule gripped the ether. This produced a magnetic effect
which interacted with Zeeman 's externally applied magnetism (271,

348

See p. 306, above.
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p. 406). It was also possible that rotating matter retained "a feeble

hold on the ether sufficient to produce the earth's magnetism

.

. .11

(271, p. 407). Perhaps Michelson and Morley had failed to detect
an ethereal wind simply because it was moving in the grasp of the

earth.
Rowland was aware of an unsuccessful attempt made by Oliver

Lodge in 1893 to measure a change in the velocity of light passing

near swiftly rotating metal discs (191, p. 777). Rowland thought,
however, that the experiment might possibly have succeeded if the

discs had been electrified. 349 On the other hand the outcome of an
optical experiment might not be viewed as conclusive evidence for

all electromagnetic actions.
The charge convection experiment was crucial to Rowland's

theory concerning the ether, and Cremieu's negative results. were
disconcerting. 350 If Cremieu's repeated failure to observe magnetic
action from convected charges proved well founded, Rowland would

have difficulty defending his hypothesis that electrified matter grip-

ping the ether was a seat of magnetic action. Rowland's course was

349Unknown

to Rowland in 1899, Lodge had already successfully tried this experiment (192, p. 164-166). After reading Rowland's address to the Physical Society, Lodge sent him notification
of these latter experiments (2, March 27, 1900, Lodge to Rowland).
350See

p. 163, above.
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clear. He set Harold Pender to work repeating the convection experiment with the apparatus which had been constructed in 1889 but
never used.351 At the same time a new ether experiment was car-

ried out by Norman Gilbert.

Gilbert employed a cylindrical shell wrapped on its periphery
with about eighty meters of copper wire. By connecting the ends of

the coil through slip contacts to a sensitive galvanometer he attempted to measure a current when the wheel was rotated (118, p. 366).

There were several reasons, according to Gilbert, why such a current might be produced. A moving stream of ether might constitute

an electric current thus "we might expect that a wire, moving relative to the aether, would have a current generated in it" (118, p.
366).

It was also possible that "positive" electricity lagged behind
"negative" electricity in a swiftly moving conductor (118, p. 366).
If so, the net imbalance would set up an electromotive force within

the conductor. Gilbert argued that the difference in behavior of, the

two electricities was apparent in several phenomena. Notable was
the discharge of negative but not of positive electrified terminals by
ultraviolet light. Likewise, dissymmetries in the patterns of light

generated in Crookes' tubes indicated that the two electricities might
351

See p. 171, above.
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not be active to the same degree.
"But the consideration which, above all others, has led us to
look for such a current is the fact that it would give us at once a
simple explanation of the cause of the earth's magnetism" (118, p.
366). The rotating earth might grip the ether setting up an electro-

motive force. The currents thereby induced which would be concen-

tric with the equator and conducted through the "closed circuit" of a

slightly conductive earth, would give rise to the earth's magnetic

field (118, p. 366). According to Gilbert, Rowland in his lectures
had frequently attributed the earth's magnetism to such a cause
(118, p. 367). 352,
In 1899 when the new experiments were begun the physical

laboratory at Johns Hopkins was not well suited to delicate experi-

ments. Electric trolley lines passed on two sides of the building
and electric-locomotives periodically traversed a railroad tunnel
beneath the building. Instruments could be used only one hundred

minutes a day during the early morning hours without excessive

outside interference (118, p. 370).

Particularly sensitive to these effects was the galvanometer
system which was capable of detecting an electromotive force as

352

Indeed this subject had often occupied Rowland's thinking

since his student days at Rensselaer. See p. 142, above.
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small as 3 x 10

15

volts per centimeter of wire. The first tests

with the revolving coil gave indications of a current. However, this

was attributed to equipment vibrations and thermal currents gener-

ated at dissimilar metal junctions (118, p. 372). After these effects
were eliminated a steady galvanometer deflection was observed.
The potential indicated corresponded to that which might be set up

in an earth whose electrical resistance was about three thousand

times that of mercury. Gilbert wrote, "Such a conductivity is
easily possible considering the high temperature existing in the

interior of the earth;

. .

. at this stage the experiment appeared

most promising" (118, ID. 374).

Rowland also was optimistic at that point and wrote, anticipating forthcoming publication, to his friend, Edward Salisbury
Dana (1849-1919), editor of the American Journal of Science. 353
353

The Rowland and Edward Dana families had become well
acquainted and were accustomed to spending their summer vacations
together at Seal Harbor, Maine (2, December 2, 1897; June 23,
1900, Dana to Rowland).
Edward Dana, who had taken over the management of the
Journal from his father, had complained to Rowland in 1897 about
the plight of physics in America. Papers from the physical laboratory at Johns Hopkins were especially welcomed by the Journal since,
The fact is that there is not a great deal of first class work
done in physics in this country, and I find it rather difficult
to keep up the physical end of the Journal. Our New Haven
people publish almost absolutely nothing and now that Mayer
is gone our support comes largely from Cambridge, and some
of those papers are at least open to criticism (2, December 2,
1897). Alfred Mayer's work is mentioned on p. 55 and n.
62 above.
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Dana replied:

You have certainly made a great step forward, if you
have finally caught the sky ether and compelled it to
show that the motion of a body in it can result in an
electrical current. It is a tremendously far reaching
discovery and I hope it will develop as you expect (2,
January 5, 1900).
The Baltimore newspapers also learned of the experiment.

The Sun ran stories on the third, fifth and eleventh of January; the
Herald reported on the seventh:
The experiments have not yet advanced to a stage which
admits of reducing the results to mathematical formulas,
but Professor Rowland feels greatly encouraged over the
progress already made. He is reported as voicing the
belief that the principle established applies to all heavenly
bodies (24, Baltimore Herald, January 7, 1900, "Professor Rowland's New Discovery").

Rowland's optimism was short-lived. When the leads from

the coil to the slip contacts were unsoldered and reversed the gal-

vanometer "failed to reverse properly" (118, p. 374). The original
deflection was never reproduced. Further experimentation showed

indications of a minute electromotive force, but "far too small to
account for the magnetism of the earth" (118, p. 376).
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Rowland, unfortunately, was unable to direct new experiments.

Subject to a severe diabetic attack, he had never resumed work

354 The experiments although unsuccessful were accepted as

the subject of Gilbert's doctoral dissertation which he completed on
February 1, 1901 (118, p. 380).
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following the Christmas Holidays of 1900. His classes were left in

charge of Noah Ernst Dorsey (b. 1873), an associate in physics (2,
January 7, 1901, Dorsey to Rowland). Rowland's condition was so
poor that he was unable to attend the funeral of Theodore C. Schneider,

his mechanic for a quarter of a century, who died on February 12.
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A meeting of the American Physical Society later in the month

took place without its President (2, February 21, 1901, Ernest
Merritt to Rowland). On April 16 Rowland succumbed to diabetes.

He had requested cremation and that his ashes by placed in the vault

of the physics building near the ruling engines. His wife looked after
this request (34, May 30, 1901, Henrietta Rowland to Gilman).
Shortly before his death Rowland had made a final attempt to

insure his family's financial security and, at the same time, to obtain
lasting scientific recognition of his life's work. He proposed his own

researches for the Nobel prize, Kias Bernhard Hasselberg (18481922) replied to Rowland for the Stockholm committee:

We beg to acknowledge the receipt of your letter in which
you propose your researches in spectroscopy, electricity,
and thermics to be taken in consideration by the NObel
committee in physics with respect to the next awarding
of the Nobel prize in science. We are however sorry to
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Schneider died of stomach cancer following an operation. at
Johns Hopkins Hospital (24, The Baltimore American, February 13,
1901). Representing her husband at the funeral on February 15 was
Mrs. Henrietta Rowland (24, The Baltimore American, February 16,
1901).
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say that this proposition cannot be taken in consideration
because according to [ section] 7 of the statutes nobody
is entitled to propose his own researches as a subject
356
of competition for the Nobel prize (2, February 5, 1901).
In 1907 when the prize was awarded to Albert A. Michelson,
John Trowbridge wrote to Rowland's widow:

It has occurred to me that you would be pleased to be told
of the remarks of your husband's friends in Cambridge
that if he had lived he would have been the first physicist
in America to have received the prize (2, December 1,
1907, Trowbridge to Henrietta Rowland).

Yet according to a former teacher at Rensselaer Institute, Edward
Warren (b. 1831), Rowland early in his life had expressed a desire
that lay beyond the mere winning of prizes.

On one occasion in my study in Troy, in 1869, or 1870,
I said to him: "What would you like to be? . . . he
instantly, and with a spring of animation, answered:
"A professor of physics" (34, May 30, 1901, S. Edward
Warren to Gilman).
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The first award of the prize in physics was made in 1901 to
Wilhelm Konrad ROntgen (230, p. 403).
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CHAPTER XIII
SUMMARY AND CONCLUSIONS

"A GREAT man has fallen in the ran1c.s," mourned Daniel Gilman

at the graveside (122, p. 201). The Baltimore newspapers echoed
this and similar laments received from many of Rowland's scientific
colleagues (24, Baltimore Sun, April 17, 1901; Baltimore Herald,
April 19, 1901). "The only danger," proclaimed Gilman, "is that we

who stood so near him have not taken full measure of the man as he

will appear to after times" (122, p. 202).
If official honors alone were taken as the index, Rowland
occupied a high place among fellow scientists even before his death.
His work in spectroscopy had won the highest awards of both American

academies of science. He had been elected a member of the world
most important scientific societies and had received honorary degrees from Johns Hopkins, Princeton and Yale Universities. 357

A

tribute of some irony had come in 1891 when a new mineral was

named "Rowlandite." The discovery was announced in the American

Journal of Science whose editors of an earlier day had stifled his

357

Some of these honors are mentioned in the Introduction,
Chapter I, p. 4, above. A list of his memberships in various
scientific societies has been published with his collected papers (292,
following title page).
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attempts at publication (2, October 27, 1891, William Hidden to
Rowland; 150, p. 430-431).
However, to Joseph Ames, who succeeded Rowland as director

of the physical laboratory at Johns Hopkins, these honors at best
provided a perfunctory appraisal of the significance of Rowland's life.
Looking beyond the symbols and even Rowland's accomplishments in

the laboratory, Ames called attention to that aspect of his colleague's
work which was the most novel to American physical science in the
nineteenth century:

Far more important . . . than the results of the
investigations themselves, is the spirit, the aim of the
man as made manifest in them. His great purpose' was
to discover not simply the truth in nature, but the deeply
hidden truth. Questions pertaining to the fundamental

properties of electricity, magnetism, ether and matter
were always in his mind (50, p. 683).
Periodically throughout his life Rowland had overcome obstacles

to his scientific endeavors. He followed three generations of Protestant clergymen for whom the laws of the world were better under--

stood through God's revelation than through laboratory experiment.

His mother construed his early zeal for experimentation as a puerile
fancy and sent him to prepare for the ministry with hated studies of

Latin and Greek. When finally enrolled in a school of practical
science, he found no place to perform his experiments except on the
bed and washstand in his boardinghouse room. Following graduation
no job which would allow him to continue his researches was

immediately offered. Thus he was forced to convert his mother's

home into a private laboratory. He was fired from the first academic
post which eventually presented itself because he spent too much
money on scientific equipment.
Subsequently hired by his alma mater Rowland found himself in

severe personal conflict with the school authorities. He was given

neither suitable space nor the mildest encouragement to pursue his

experiments. When the account of his magnetic researches was completed it was repeatedly rejected by the most reputable scientific

journal in America. In spite of all, this, Rowland's zeal for science
continued; indeed it seemed to flourish.
Not until the eighteen nineties did financial responsibilities to
his family succeed in diverting much of his time away from the

laboratory. At the centennial celebration of Rensselaer Institute in
1925 Albert lVlichelson called Rowland "the foremost scientist which

America has produced" and lamented the financial responsibilities
which had resulted in "diverting his attention from the field in which

his best work was accomplished" (213, p. 115).

Rowland's distrac-

tion from the laboratory in the nineties was unfortunate. The experi-

ments of Hertz, Zeeman, ROntgen and many others attest to a remarkable period of discovery in physics. It is unlikely that the effect

of Rowland's diversion can ever be accurately assessed. It is certain, however, that one of the best equipped laboratories in the world
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operated for several years without the complete attention of its

brilliant director. 358
It may be argued that Rowland's career would have evolved less
rapidly without the early recognition of Clerk Maxwell. Conceivably

Dana, editor of the American Journal of Science, did an indirect service to American physics by rejecting Rowland's early papers on
magnetism. Rowland was thus provoked into seeking a higher court
in the person of Maxwell. If Dana had published the magnetic re-

searches they would have been buried in a journal which was seldom

read for its papers on exact science.
It is clear that Rowland also owed much to the patronage and

perception of Daniel Gilman. Gilman not only recognized the importance of Maxwell's endorsement but also encouraged Rowland to

pursue his studies in Berlin in 1876. Gilman also permitted Rowland
to have a free hand in organizing the laboratory at Baltimore despite
the criticism offered by Newcomb and Peirce. Thus Rowland was
able to exercise his own judgement in the purchase of scientific in-

struments, and the laboratory at Baltimore came to set the example
for America. 359
358

Likewise it is impossible to estimate the degree to which
Rowland's mental and physical capacities were directly affected, if at
all, by his illness in the late nineties.
359

Had he accepted the position working as an assistant under
George Barker at the University of Pennsylvania Rowland might not
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Rowland's success was largely his own. He owed little if any-

thing to mortal teachers, to use Gilman's phrase. Rowland had obtained a competent education in mathematics at Rensselaer Institute,

but in laboratory practice he was largely self-taught. This was
especially true in electricity and magnetism where he learned from
his own experiments and those recorded by the venerated Michael

Faraday. During the magnetic researches he invented his own notation and constructed his own instruments. Edwin Hall noted in 1881
that much of the apparatus at Baltimore belonged personally to Rowland.360 Moreover the latter did not even depend on institutional

sources for scientific literature, preferring instead to collect his
own technical library.

As a lecturer Rowland set no great examples for American
scientific education. The examples which he provided were his

laboratory facilities and the high standards of research maintained a
Johns Hopkins. Thus Michelson consulted Rowland before outfitting

a new laboratory at the University of Chicago. At the time of Rowland's death when the Jefferson Physical Laboratory at Cambridge,
Massachusetts was finally gaining some prominence in original

have enjoyed the degree of autonomy and independence which he found
at Johns Hopkins.
360See

p.

295, above.
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research, John Trowbridge called the Harvard success a "direct
result of the seed

.

. sown in Baltimore .

.

.

[ The] plant of

original research has grown to be recognized as an essential feature
in American University life" (2, April 16, 1901, Trowbridge to Gilman).

A former student claimed that Rowland once

insisted that he should have been a mechanical engineer,
as he had never amounted to anything in physics. I
protested and cited several things he had done that were
very important. "No," he said, "just good measurements, nothing original" (155, p. 125).

Certainly a large share of physical research at Johns Hopkins was
concerned with the exact measurement of constants. Charles Peirce
had made this observation in 1878. The studies of the mechanical

equivalent of heat, the ratio of units and the researches on the Ohm
exemplified this kind of effort.
Rowland's investigations often reflected the outlook of an

engineer. Natural phenomena were viewed in practical terms which

many times dictated the design of experiments. The magnetic analogy to Ohm's law was discovered by viewing magnetic action in

terms of a practical telegraph circuit which included electrical leakage. A mathematical coordinate system used in these studies was
chosen from physical considerations rather than to exploit symmetry
in the fashion of a mathematician such as George Green. 361 When
361See

p. 65=67, above.
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symmetry was employed it was achieved by physical rather than
mathematical manipulations as exemplified by both of the charge convection apparati constructed in 1889.

Rowland's resourcefulness was often evident in the laboratory.

He once resorted to his rifle sights to determine accurately the deflection of a galvanometer. During the magnetic researches he in
vented a means for damping the vibration of the sensitive galvano-

meter needle. This expedited the measurement of many more

samples than a European colleague was able to carry out. On
foreign soil in an unfamiliar laboratory with eighty dollars worth of

apparatus he measured a force one fifty thousandth as large as that

exercised by the earth's magnetism. The delicate ruling engines,
elegantly simple concave gratings and elaborate multiplex telegraph

system were all impressive testimony to his ingenious style of
mechanics.
Yet according to John Trowbridge, Rowland often wondered if

his work might be "too ingenious" (2, October 12, 1901, Trowbridge

to Gilman). Clearly on several occasions, sophisticateo and elaborate equipment had been self defeating. The charge convection experiments performed with Hutchinson produced anomalous effects

which eventually were traced to beautifully machined but electrically

troublesome counting gears. The ratio-of-units experiments, intended to verify Maxwell's electromagnetic theory of light, were
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deemed a failure. Rowland blamed the effect of a correction factor
which he believed necessary in his complicated system of experimentation. The elaborate researches on resistance standards were com

pleted too late to influence the international meeting at which these
standards were adopted.

One can agree with Rowland that his efforts at drafting theories

produced little which could be classified as very original. His magnetic analogy to Ohm's law was successful in this regard but his

more general theory of magnetic action drew seemingly valid criti-

cism from J. J. Thomson as presenting nothing essentially new to
physicists. The theoretical interpretation of the effect measured
by Hall had been presaged by Maxwell. An 1893 paper on the theory
of viscous motion reviewed by Lord Rayleigh was considered largely

a repetition of other efforts.
Rowland studied nature more proficiently with galvanometers

and copper wire than he did with pencil and paper. His special

faculty was the ability to translate abstract theory into the concrete
physics of the laboratory. The Berlin experiment and the configuration successfully employed by Hall attested to this ability.

Rowland's use of models to facilitate this kind of translation

was evident throughout his electromagnetic researches. Even as a
student in 1868, he had contemplated models of electric and magnetic
action. His purpose in Berlin was to test whether electricity acted

as an autonomous fluid when producing magnetism or whether this

magnetism resulted from some interaction with matter. Experiments
with radially scratched discs pointed to a fluid behavior. But as
Helmholtz noted, the researches did not prove crucial to the competing
electrodynamic theories of 1876.

However, the experiment did provide strong evidence for the
identity of convected and conducted charges. Indeed Maxwell himself

had been unable to give a reason for his assumption that magnetism
would be produced from a convected charge. The experiment was

repeated in Europe as well as in America but it became increasingly difficult to measure the minute magnetic forces as university
laboratories became surrounded by magnetically noisy devices of an

electrical age.
For a quarter of a century the subjects of Rowland 's experi-

ments in electricity and magnetism were characterized by two

themes. He sought to understand the basic nature of electricity and
to discover a connection between electromagnetism and the ether.
These efforts were made within the framework of and often with a
view towards the verification of Maxwell's electromagnetic theory of
light. Early in his life Rowland was an adherent of this theory as

well as to the ideas of Michael Faraday.
The fundamental nature of electromagnetism was the question
in the experiment which Rowland suggested to Edwin Hall. A fluid
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model of electricity was successfully exploited throughout the transverse current experiments of 1879-1880. Hall owed much of his success to Rowland who had not only suggested the experimental configur-

ation but had also assembled at Johns Hopkins apparatus capable of

such sensitive measurements.
In spite of Hall's success, Rowland did not remain inexorably
committed to this model of electricity. If electricity behaved as an
autonomous fluid, why did magnetic forces seem to act on matter

rather than upon the electricity which matter conducted? He had
entered Helmholtz's laboratory with this question in 1875, yet
Rowland's correspondence with Fitzgerald indicates that the problem
was still unresolved in Rowland's mind in 1894.
Two years later R3ntgen's discovery made M.axwell's theory
seem inadequate for describing radiant phenomena.. This was no

less true in Baltimore where Maxwell's theory had long enjoyed a

high degree of acceptance. For Rowland the physical requirements
of an ether had suddenly become extremely complicated. He believed that the charge convection experiments showed that electricity

gripped and moved the ether in a way that produced magnetism. Yet
Cremieu continually reported his failure to measure the convection
effect.

Therefore Rowland organized new researches at Johns Hopkins.

Pender was directed to repeat the/convection experiment with the
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1889 apparatus. At the same time Rowland designed equipment to

test for a new and fundamental relationship between electromagnetism

and the evanescent ether. His premature death denied him privilege

to analyze fully the results of these experiments.

Laboratory experiments rather than mathematical theories
were the ultimate authority for Rowland. He once told an audience
of physicists, "A mathematical investigation always obeys the law
of the conservation of knowledge; we never get out more from it than

we put in" (271, p. 407). Charles Peirce, critical in 1878 of Row-

land's experimental work, observed of him later in 1903, "Those
who knew him would not be surprised to hear that he had passed

through a phase in which, like Pascal, he thought mathematics an
idle amusement" (235, p. 194). Indeed Rowland accurately described
his own place in American physics of the nineteenth century when he
predicted to Gilman in 1875,

I . . . believe I see more clearly the path in which I hope
to excel in the future. It lies midway between the purely
mathematical physicist and the purely experimental, and
in a place where few are working (34, August 14).
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APPENDIX I. SOURCES OF RESEARCH MATERIALS, 362
LIBRARIES, INSTITUTIONS AND PRIVATE
PARTIES

The following sources of research materials were contacted

during the course of this study. A single asterisk (*) signifies that
the source was visited personally by this author. A double asterisk
(**) signifies that relevant materials were furnished but the collec-

tion was not visited personally by this author. A triple asterisk (***)
signifies that the source was contacted but reported no relevant ma

terials. Numbers in parentheses refer to bibliography number.

I.

The American Philosophical Society Library, Philadelphia,
Pennsylvania**
J. Bell Whitfield, Librarian
Gertrude D. Hess, Associate Librarian
Microfilm of Rowland newspaper clippings scrapbook (24)' Facsimile of Rowland correspondence
in possession, of the Royal Society of London

2.

The Beinecke Rare Book and Manuscript Library, Yale University*
Herman W. Liebert, Librarian
Josiah Willard Gibbs papers (44)

3.

The University of Bristol Library, Bristol, England***
Norman Higham, Librarian
Sylvanus P. Thompson papers requested

4.

Cambridge University Library, Cambridge, England**
by courtesy of Rom Spvdrys, The Johns Hopkins Univeysity
James Clerk Maxwell papers (microfilm) (29)
362See

Acknowledgment page.
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5.

Case Institute of Technology Archive of Contemporary Science
and Technology, Cleveland, Ohio***

Dr. Robert E. Schofield, Archivist
Michelson - Rowland correspondence requested
6.

The University of Chicago Library, Special Collections***
Kay Heap, Assistant, Manuscripts and Archives
Albert A. Michelson papers requested

7.

Library of Congress, Manuscripts Division, Washington, D. C. *
Ruth E. Blanchard, Liaison Librarian to the Smithsonian
Institution
Simon Newcomb papers (37)

8.

The Connecticut Agricultural Experiment Station Library,
New Haven, Connecticut*
Dr. H. B. Vickery, Department of Biochemistry
Samuel W. Johnson papers (30)

9.

Deutsche Akademie der Wissenschaften zu Berlin, AdkaemieArchiv, (East Berlin), Germany**

Dr. Christa Kirsten, Director

Hermann von Helmholtz - Rowland correspondence
(31)
10.

Milton S. Eisenhower Library, The Johns Hopkins University,
Baltimore, Maryland*
J. Louis Kuethe, Assistant Librarian
The Frieda C. Thies Manuscript Room
Frieda C. Thies
E. Goodall
J. Cole
Henry Augustus Rowland papers (2)
Daniel Coit Gilman papers (34)

11.

The Franklin Institute Library, Philadelphia, Pennsylvania***
Emerson W. Hilker, Director
Wolcott Gibbs - Rowland Correspondence

12.

George C. Gordon Library, Worcester Polytechnic Institute,
Worcester, Massachusetts***

A. G. Anderson, Jr., Head Librarian

Thomas C. Mendenhall papers requested

13.

Harvard University Archives, Cambridge, Massachusetts*
Clifford K. Shipton, Custodian
Kimbal C. Elkins, Senior Assistant Librarian
Edward Charles Pickering private letters (32)

14.

Houghton Library, Harvard University, Cambridge, Massa
ch-u.setts*

William H. Bond, Librarian
Rodney G. Dennis, Curator of Manuscripts
Carolyn E. Jakeman, Assistant
Edwin Hall papers (33)
15.

Michelson. Museum, Department of the Navy, Weapons Center
China Like, California***

D. T. McAllister, Curator

Albert A. Michelson - Rowland correspondence

16.

Os ler Memorial Library, McGill University, Montreal***
Ellen B. Wells, Librarian
William Osler papers - Rowland medical records
requested

17.

University of Pennsylvania, The University Archives,
Philadelphia, Pennsylvania*
Leonidus Dodson, Archivist
George F. Barker papers (39)

18.

Rensselaer Society of Engineers, Troy, New York**
Michael Segreto, Secretary
Minutes of the Pi Eta Society (40)

19.

Miss Harriette H. Rowland, Baltimore, Maryland*
Henry Augustus Rowland Memorabilia

Family letters, photographs, newspaper clippings
and miscellaneous documents (380)
20.

The Royal Dublin Society, Dublin, Republic of Ireland**

Desmand Clarke, Librarian/Secretary
George F. Fitzgerald papers (41)
21.

The Royal Society of London, London, England**
by courtesy of Rom Spvdrys, The Johns Hopkins University
(Tripos Examination) Referee Reports correspondence
(microfilm) James Clerk Maxwell to Stokes letter (42)
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22.

The Smithsonian Institution Archives, Washington, D. C. *

Samuel T. Suratt, Archivist
Samuel Pierpont Langley papers (43)
23.

The Smithsonian Institution Division of Electricity, Museum
of History and Technology, Washington, D. C. *

Bernard S. Finn, Curator
Elliot N. Sivowitch, Museum Specialist

Henry Augustus Rowland experimental apparatus
24.

The Smithsonian Institution Museum of History and Technology
Library, Washington, D. C.
Jack S. Goodwin, Branch Librarian

Charles G. Berger, Reference Librarian
Secondary source materials
Interlibrary loan service

25.

Trinity College Library, University of Dublin, Dublin,
Ireland***

Mrs. L. Whiteside, Assistant Keeper of Manuscripts
George F. Fitzgerald papers requested
26.

Welch Medical Library, The Johns Hopkins Hospital,
Baltimore, Maryland***
Janet Koudelka, Librarian
William Osler - Rowland medical records requested

27.

Yale University Library, Historical Manuscripts and University
Archives, New Haven, Connecticut*
Katherine Blackstock, Secretary
James D. Dana family letters (45)
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APPENDIX II. STUDIES OF MAGNETIC CONFIGURATIONS
BEFORE ROWLAND363

Nearly a century before Rowland's work French experimenter
Charles Augustus de Coulomb (1736-1806) had measured the distribu-

tion of magnetic force along a thin magnetized bar by noting the
changing period of oscillation of a small needle suspended at various

positions along the bar's length (77, p. 583-584). Coulomb found
that the magnitude of the magnetic force measured in close proximity

to the bar along its axis varied closely as the square of the distance
from the center of the bar, a conclusion similar to that subsequently
reached by Christopher Hansteen (1784-1873) from experiments made

in 1819 at the University of Christia.nia Norway (135, p 283, 290294). Neither investigation studied geometries more elaborate than

thin rods.
The experiments of William Snow Harris (1719-1867) called

more attention to the effect of changing the magnetic geometry.

Harris used a sensitive balance to indicate the diminished force of
a magnet on an iron bar by the presence of a third iron object (138)
The degree to which the physical configuration of a magnet affected

the strength of its external influence was also investigated by William
Sturgeon (1783-1850), superintendent and lecturer of the Royal
363

See ID, 24,

n. 31 and p. 126, n. 152 above.
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Victorian Gallery of Practical Science in Manchester (335). Specifically Sturgeon sought to determine whether "hollow pieces of iron dis-

played magnetic action to the same extent as solid pieces of the same
figure and dimensions" when both were submitted to the influence of

similar electric currents (335, p. 300). Sturgeon found that some of
the hollow geometries exhibited a maximum action at certain points

in their interior.
James Prescott Joule (1818-1889), as a student attentive to
Sturgeon' s lectures in Manchester, likewise sought in 1839 to in-

crease the attractive power of magnets. Joule's studies furnished
information concerning the effects of the electric current strength,
length and cross-sectional area upon the magnitude of the magnetic

influence measured at one end of the magn t (172, p. 8). 364 Neither
Joule nor Sturgeon concerned himself with the variation of the mag-

netism over the entire geometry of a magnetic structure.
Meanwhile a series of independent experiments parallel to

Joule's but more quantitatively oriented and of broader scope comprised a magnetic study in 1839 by the two German investigators,
Heinrich Fredrich Emil Lenz (1804-1864) and Karl Gustav Jacobi
(1804-1851).

These experimenters determined the magnetism in the

core of an electromagnet by means of a secondary coil placed upon

364Joule measured relative electric current strength by the
volume of "mixed gases4 evolved from an electrolytic cell composed
of dilute sulfuric acid and platinum electrodes (172, p. 11).

the magnetizing spiral (187). They investigated the effect of changing

a number of parameters including the dimensions of the iron core, the
form of the coil winding, thickness of the wire, and the strength of
the voltaic cell. Their experiments were directed, like those of
Joule and Sturgeon, at finding a magnetic configuration of the greatest efficiency (Nutzeffect) (187, p. 225).

The experiments produced

tables of data for specific electromagnetic configurations (187, P.
244).

By mid-century the German physicist, Julius Dub (1817-1873),

was investigating more elaborate magnetic configurations (98). He
tested the possible advantage in arranging the spiral windings piled
up (augehauft) at the ends of his bar electromagnets as compared to

distributing the coils over the entire length of the magnetic structure
(98, p. 46). Dub experimented with nine to 24-inch long electro-

magnets, one inch thick. He measured their attraction for a six
inch long, one inch thick pole piece (Anker), trying a variety of wing-

ing configurations and current intensities (98, p. 52). He also experimented with magnets of equal weight but of different lengths and

thicknesses. The results of Dub's work provided data concerning

the strength of the magnetic force for various coil-core schemes.
His paper concluded with ten empirical rules, mostly qualitative,
which were useful but only for predicting the magnetic behavior of the

special configurations which he investigated (98, p. 71-72).
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In the United States the celebrated researches of Joseph Henry
(1797-1878) contributed little to the development of a general theory

of magnetic structures. Essentially by trial and error, Henry sought
to find the most effective arrangement of galvanic cells in relation to

the number of coils in his electromagnet in order to produce the larg
est magnetic force (147, p. 402).
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APPENDIX III. ROW LAND'S METHOD OF MEASURING
MAGNETIC INDUCTION IN A TOROIDAL
GEOMETRY365

Rowland did not have to compute an absolute constant for his

circuitry; he eliminated this constant between two equations in the
following manner:
If,

c = deflection due to the earth coil, G

h = deflection from currents in coil, F
n' = number of windings in F
n = number of windings in G

R = radius of G

Q' = number of lines of force in E
6.27 = total magnetization of earth at Troy, New York
in 1870

74 °50' = dip or angle in which the magnetic lines of the

earth made with the horizon

K = an arbitrary proportionality constant for the secondary

circuit suggested in this interpretation
Then, since the flux lines were interrupted twice in both earth
coil and ring,
c = K(2n' (6.27 sin 74°50') Tr R2) and
h = K(223Q1)

365See p. 71, n. 80 and p. 228, n. 264 above.
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Rowland could eliminate K between the equations and solve them ex-

plicitly for Q' (275, p. 148). Thus for computational purposes, Q'
was proportional to c by a constant computed once for a given ring

or bar. With a knowledge of Q' and the current in the primary (the
magnetization), the permeability (or µ) was easily computed.
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APPENDIX IV.

TESTING OHM'S LAW AT THE CAVENDISH
LABORATORY IN 1875-76366

In letters to Rowland of November 29, 1875 and March 7, 1876

Maxwell described experiments at the Cavendish Laboratory to test
the validity of Ohm's law over wide ranges of current (2). According
to Maxwell, Arthur Schuster questioned whether the law held for large

currents. Maxwell told Rowland:
The only modification depending on the current that I can
imagine must be of the form

E= CR + C3S 1 + C

+ Etc.

367

[Equation 1]

where R is the resistance for infinitely small currents
and S is [a] negative rconstant] according to Schuster
(2, November 29).

Here E represented the electric potential and C the current.
In Maxwell' s notation if
sp

= electromotive force per centimeter

Cs

= current through each square centimeter

C

and

3

then

CsP

=

CsP + Cs Cr + etc.,

(Equation 2]

where P and a- were constants yet to be determined. If L was the

length of a circuit element and A the element's effective cross-

sectional area, then
366See p. 101 and n. 117 above.
367Presumably an odd function was assumed by Max-well since
the sign of the potential was well-known to reverse with the direction
of the current, i.e. E (C) = -E (-C).
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E = LC

sP;

Therefore E = L[C s p
LpA C

[Equation 3]

C = AC[s]
3

Cs 0- + etc.]

(1 +

cr

C2)

[Equation 4]

PA2

Maxwell tested for the effect described by the last term in
[Equation 4] by means of a Wheatstone bridge. The device had been

named after its inventor, Charles Wheatstone (1802-1875) and was

useful for measuring small differences in electromagnetic potential.
The operation of the bridge depended on electrically balanced circuit

resistances as shown in Maxwell's sketch which is reproduced in
Figure 30, below.

0.4.6".-141/4414.

Figure 30. Maxwell's Wheatstone Bridge Circuit for
Testing Ohm's Law (2, November 29).

In Maxwell's drawing Q and R represented two wires of equal

length and thickness while P and S represented n wires n times as
long as those at Q and R.368 Maxwell's equation,

4,

took the form

368X and X-1, barely discernible in Figure 32, represented the
position of a sliding resistor contact when the bridge was balanced.
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Lin
/E / = /EQ/ =A/n
PC (1 +

[Equation 5]

o-

2

PA /n

2

for the potential of the single wire arms of the bridge and

/Es/

_LPC
A

[Equation 6)

C2)
PA

for the potential of the multiple wire sections. If indeed Ohm's law

deviated for large currents, the difference in potential detected on
the bridge would be

2(iE

/Ep/)

2 A PC

FS 2

(n2

C2 369

[Equation 7]

PA

In his letter to Rowland in March 1876 Maxwell described the

details of an experiment which was designed to measure the possible
2
effect represented by the C terms in equations 5, 6 and 7, above.

The plan which Maxwell sketched in his letter is reproduced in Figure

Figure 31. A circuit Used at the Cavendish Laboratory for
Testing Ohm's Law (2, March 7, 1876).
369 Only

in his letter.

the term in brackets was explicitly given by Maxwell
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A short thin section of platinum wire was subject to the same current in a Wheatstone bridge as that passed through "a long coil of very

thick German silver wire" (2, March 7). These wires corresponded
to those of different lengths and thicknesses sketched by Maxwell

in Figure 30, above.

In Figure 31, a tuning fork, T, driven by an auxiliary energy
source moved two mercury dip contacts which alternately switched

a large battery, B, and a smaller cell, b, into the circuit. Both
batteries were switched by the commutator, C, to send their currents
in opposite directions and the bridge was adjusted until the galvanom-

eter, G, indicated zero current. Maxwell explained to Rowland,
"If Ohm's law is not true the galvanometer is in equilibrium under
the action of derived currents from B and b in alternately opposite

directions" (2, March 7). Balance was achieved by the effect of
alternate and non-synoptic current pulses of duration too short to
deflect perceptibly the galvanometer needle. 370 At this time if one

battery was reversed by the commutator, the currents would propagate in the same direction and presumably deflect the galvanometer.
If Ohm's law were true no defelction would be expected.

When the experiment was at first tried a distinct effect was

observed "as if the resistance increases with current" (2, March 7).
370At first 30 vibrations per second were used until heating
effects forced this freauency to be increased.
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However, the phenomenon was attributed to the resistance change due

to cooling when battery, B, was switched out of the circuit. The effect disappeared entirely when the tuning fork was oscillated at double

frequency. Maxwell concluded, "We therefore consider Ohm's Law as

verified for strong currents. For weaker currents we found fit] correct to 1/200000 part for two currents one double the other" (2,
March 7).

Rowland received the 1876 letter while he was still in Europe

following the Berlin researches. He expressed much interest in the
Cavendish experiments. Maxwell's letter was "read with the greatest
pleasure

. .

.

.

I could not but admire the beautiful expedient by

which you avoided the error due to heating" (2, March, 1876, Rowland

to Maxwell, copy)
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APPENDIX V. THE ELECTROMAGNETIC AND
ELECTROSTATIC SYSTEMS OF
MEASUREMENT 371

In 1851 Wilhelm Weber (1804-1891) defined two distinct systems

of electrical measurement: the electromagnetic and the electrostatic
systems (367, Vol. 1, p. 337). The Electrical Standards Committee
of the British Association for the Advancement of Science adopted

Weber's definition in 1863 and in a report to the Association outlined

the energy and force relations which defined the systems (68, p. 6264).

The relations were as follows:
1.

Ohm's Law, C

E/R,

where C = current
E = electromotive force

R = electrical resistance.
2.

A law discovered experimentally by Faraday, Q = Ct,

where Q represented a quantity of electricity

propagating in a circuit in time, t.
3.

A relationship investigated experimentally by Joule,
2

W = C Rt,

where W represented the work equivalent
to the heat energy produced in a circuit by

an electrical current in time, t.
371See p. 129, n. 149,

above.

p. 219,

.

254, and p. 231, n. 268.
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4,

A law investigated by Coulomb,

2

F = Q /d.

2

where F was the force and d was the
distance between quantities of static elec-

tricity.
These relations defined the "absolute" electrostatic system.
For simplicity the equations did not contain any extraneous propor-

tionality constants such as might be formed, for example, by writing
xE
C = --R .

In this case, x was considered a "useless and absurd"

factor by the committee (68, p. 42). 372 The committee noted:
Everyone will readily perceive the absurdity of attempting
to teach geometry with a unit of capacity so defined that
the contents of a cube would be 6 1/4 times the arithmetical cube of one side, or with a unit of surface of such dimenr
sions that the surface of a rectangle would be equal to
0.000023 times the product of its sides; but geometry so
taught would not be one whit more absurd than the science
of electricity would become unless the absolute system of
',units were adopted (68, p. 61).
An interesting consequence of the absolute system was that

electrical resistance assumed the dimensions of a velocity (length
divided by time) in the electromagnetic system and the reciprocal

of this in the electrostatic system. This is easily demonstrated
from the above equations and the definition of work as the product
372 The members of the committee at that time (August 1863)

were listed in the report as follows: "Professor Wheatstone, F. R. S. ,
Professor Williamson, F. R. S., Mr. F. F. Varley, Professor Thomson, F. R. S., Mr. Balfour Stewart, F. R. S., Mr. C. W. Siemens,
F. R. S., Dr. A. Mattiessen.,, F. R. S. , Professor Maxwell, F. R. S. ,
Professor Miller, F. R. S., Dr. Joule, F. R. S., Mr. Fleeming
Jenkin, F. R. S., Dr. Esselbach, Sir C. Bright" (68, p. 39).
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of force and length; that is,
R

electrostatic

=

W

- Fd
2

=

QZ

2

2
- c t2

ct2 ct dct dct

The dimensions of units in the electromagnetic system were deter-

mined in a similar fashion except that a magnetic force equation was

substituted for Coulomb's relation given in No. tabove (68, p. 64).
A further consequence of the absolute system held for many

electric and magnetic parameters including the quantity of electricity,

electric current, electric displacement, surface-density, magnetic
induction and magnetic force. For these parameters the ratio of

their measure in the electromagnetic system to that in the electrostatic system was a constant which also possessed the dimensions of

a velocity or its reciprocal. 373 This ratio of electromagnetic to
units, or v, was measured and reported by Maxwell in the Treatise

as 288,000,000 metres per second (206, vol. 2, p. 387). Alternatively he expressed the constant as 28.8 Ohms of resistance, where
one Ohm was defined as ten million meters per second or one quadrant

of the earth per second (206, vol. 2, p. 373, 244). An important
373

The dimensions of various electrical and magnetic quantities
in the two systems were determined and tabulated in tables by Maxwell
and Professor Fleeming Jenkin in an appendix of the Committee Report (68, p. 90-91)1 Maxwell republished a tabulation of the dimension of parameters in both systems in the 1873 Treatise (206, vol. 2,
p. 239-245).
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hypothesis of Maxwell' s electromagnetic theory of light was that the

ratio of units, v, and the optically measured velocity of light,
were identical constants.
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APPENDIX VI.

THE DERIVATION OF A CORRECTION
FACTOR EMPLOYED BY ROWLAND IN
EXPERIMENTS TO MEASURE THE RATIO
OF ELECTROMAGNETIC TO ELECTROSTATIC UNITS374

Two equations describing the position and velocity of the galvanometer needle were written by Rowland as
x = a sin bt
0

v = a0 cos bt
where

x = position of the tip of the needle for small angles
of vibration

v = the derivative of x with respect to time
a - a constant to be evaluated
o

b = Tr /T, where T = period of the galvanometer needle

t = time (308, p. 312).
Rowland assumed that at equal periods of time (t1, 2t1, 3t1

.

.

. )

the discharge of the condenser gave new impulses to the needle. Its
velocity was increased accordingly by v at each of these times. 375
374

See p. 214, n. 246 above.

375

The fact that the incremental velocity remained a constant
was easily deduced from Newtonian mechanics. If a free body (approximated by the loosely suspended needle) of mass, M, received
a fixed impulse, P, the conservation of momentum required that
MV + P = MV',

where V and V' represented the initial and final velocities of the
body respectively. It followed easily that (V - V' ), the incremental
velocity, was a constant.
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The following relations then represented the position and velocity of

the needle during any time interval:
between o and t 1 ; x =a sin bt, v = a b cos bt

between t 1 and

1

; x = a' sin b (t+t'), v = albcosb(t+t')

between 2t, and 3t1; x = a" sin b (t+ t"), v = "b cos b (t+t")
where ao, a', a" and

t", etc. were constants to be determined

(308, p. 312).

At the times o, t1, 2t1, etc.,
x = 0 and v 0 = a0b.

Therefore a o sin bt 1 = a' sinb (t, +t' ); v o + a o b cos b t

al cos b(t +t)

(308, p. 312).
Then by algebraic manipulation and elementary trigonometric identi-

ties
2
a0 2b2
b =v
0

a 1 2b2

=a2b

. . .

etc.

(308, p. 312).

For example, the second relationship in the series may be derived in
the following manner although Rowland did not give the albebraic de-

tails of doing so:
If

a sin bt =- a'
o

then

ao 2 sin 2 bt 1 = a' 2

And if

v + a b cos bt = alb cos b (t +t),
o
o

b (ti +V ),

1

2

b(t 1 +t).
1

418

then

vo

2

+a

2 2 cos2bt + 2a by cos bt
0
1
o
o
=

'

2 2

2

b cos b (t + t),
1

sin. x + cos2x = 1
2

since

a

2

cos b (t1 + t) = 1 -

and

v

2

o

+a

2b 2

o

2

a1 2

sin bt

+ 2ao v ob cos bt 1 = a' b

If t1 were small compared with the time of vibration, T, of the
galvanometer needle, then
t =-

1

2

t

1; till =

II

2

t 1 etc.

Again Rowland did not provide the algebraic details which, however,
follow easily:
If

and

t 1/T << 1, then cos bt 1
o<t<t
2

2

1

,

and

a' b = v 0 2 + a

Since

v = a b,
0

2
0

0

2

2

Then

a' b = 4 a 2b

and

a' = 2 ao.

Likewise under these conditions,

if

a sin bt = a' sin b (t + t'
o
1

ao bt 1

1

a'b (t +t').

+ 2 a v b.
o

o
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Also, substituting for a' from the expression above,
a t
o

(2

o

1

or

1

=

) (t + t')
1

t.

t", t "', etc. were derived in a similar fashion.
Substituting these values in the expressions involving
a

2
,

a'2, a "2, etc. above, he obtained:
a'

a

2

"2

a"2

= 2a o2 (1 + cos bt ) = 4 a
= 9a.

2

2

74 (bti

376

2
.(1--(bt
)2)
3
1

= 16 a 2(1-1) (bt )2 377
o

It followed from the binomial theorem that,

a' = 2a o[1--8 (bt 1) 2 ]; a" = 3ao[

1

3

(

t 2]; a

=4ao 1-[5 ll

t

2

378

Here a , a', a", a"' and aiv represented the values of the needle
deflection with 1, 2, 3, 4 and 5 discharges respectively.
3a

a0, 2a o,
o

and 5a represented the values of the deflection if the discharges
376

Here Rowland evidently used -the first two terms of the approximation
4

2

cos x=4 1
3771n

x
2

1.

+

41

for x <1.

the published paper, the factor 5/4 was erroneously
printed as 4/5 (308, p. 312). The error was not not carried further
throughout the derivation, however.
378Again
Rowland did not explicitly indicate the approximation.
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had been made simultaneously (308, p. 312). Since t was about 1/5

second and T approximately 6.8 seconds, the factors in the parentheses following ao in the immediately preceding equations above

amounted to 1.0000, 0.9989, 0.9970, 0.9944 and 0.9910. Since the
ratio of t to T was approximately 0.029, bt was about 0.092. Rowland's assumption that sin (0. 092) and cos (0. 092) could be approxi-

mated by 0.092 and unity, respectively, placed terms containing
these factors in error by approximately 14 and 43 parts in ten thousand.

This error was greater than the maximum difference indicated

in the values of v computed for one and five discharges, a difference
amounting to about seven parts in 10,000. However, the total cumu-

lative effect of this approximation throughout the derivation is not
known. Without high speed computational devices it would have been
difficult for Rowland to estimate the cumulative error brought to his

series of transcendental equations. Rowland rightly or wrongly assinned that the error was small (308, p. 312).
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APPENDIX VII. AN OVERLOOKED CAPACITIVE EFFECT
IN THE CONVECTION APPARATUS OF
1889.379

During the experiments carried out at Johns Hopkins in 1889
Rowland and Hutchinson expected a needle deflection which was

directly proportional to the distance of the glass plates, y, from the
disc,,D, andwhich was inversely proportional to the electrometer
reading. 380 As the distance of the glass plates was decreased, the

surface density of electrification was increased for a given potential.
However, if the potential was decreased at the same time by a proper
increment, the deflection should have remained constant. This was

not found to be the case. Rather the deflections appeared to be
directly proportional to the electrometer reading and nearly independent of the plate position.

This action remained unexplained for two months (310, p. 455).
Rowland and Hutchinson had focused their attention on the action indi-

cated by the lower needle, N, between the glass plates. At first the
discs, D, had been insulated and charged to a potential above the rest

379See
380

p. 157, n. 179 and p. 172, n. 198, above.

Instead of using the length of a spark as Rowland had done in
Berlin, the men made a more accurate determination of electrostatic
potential by employing an absolute electrometer which had been designed by William Thomson. The instrument read a decrement of potential inversely to its magnitude (67, p. 281). This instrument is
described in the British Association Report for 1867 (354, p. 489-512).
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of the apparatus including the glass plates which were attached to the

earth. The experimenters had overlooked the possibility that the
discs might form a capacitance with parts of the apparatus other than

the glass plates.
It was finally suspected that "a charge on the back surface of
the gold coating of the discs facing the counting gears might also be

created by their method of electrification (310, p. 457). They believed that the brass axle supports and counting gears taken with the

axle, L, formed "a condenser of a certain capacity" with the gold
face (310, p. 457). Since the relative position of the disc with re-

spect to the gears and other parts was fixed, varying the position of
the glass plates had little effect on the capacity of this condenser.
Thus the surface density of electrification was less dependent on
the position of the glass plate than they had expected.
The capacitance formed between the disc and the counting gears
and axle supports was not measured by Rowland and Hutchinson, but

its magnitude has been determined during the course of this study.

381

381This data was taken from measurements conducted on April
9-10, 1968 in the Smithsonian Museum of History and Technology.
The capacitance was measured with an impedence bridge, Type 1608-A,
made available through the courtesy of the General Radio Company.
The bridge measured capacitance in pico-farads (10-12 Farads).
However, the ordinate scale in Figure 3Z may be considered arbitrary since the intention here is merely to show the significant magnitude of the disc-gear capacitance in comparison to that of the discs
and plates.
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The capacitance as a function of plate-disc space is represented in
Figure 32.

0

1

2

4

Plate-disc spacing [inches]

Figure 32. Capacitance as a function of Plate-disc Spacing
in the Rowland-Hutchinson Charge Convection
Apparatus. (See n. 178. )
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Curve A represents the capacitance between the plate and the
disc isolated from the capacitive effect of the counting gears and axle.

This capacitance decreases with increased plate-disc spacing. Curve
B represents the capacitance between the disc, and gears and axle
supports. The latter capacitance is nearly constant with plate-disc

spacing. From Figure 32 it is clear that the disc-gear capacitance
represents a significant fraction of the plate-disc capacitance for
spacings exceeding about one and a half inches. An increase of plate

disc spacing from two to three inches is accompanied by a 34 percent

decrease in plate-disc capacitance. If the disc-gear capacitance is
added, however, the same increase in spacing is accompanied by only
an 11 percent decrease in apparent capacitance.
Rowland and Hutchinson were forced to change their method of

electrification. They arranged to connect the discs, axles, gears and
axle supports to the earth while leaving the gilded glass plates charged.
This arrangement allowed the surface charge density on the disc to be
more nearly proportional to the potential applied to the glass and to
the disc-plate spacing.
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APPENDIX VIII. ROWLAND PATENTS AND PROVISIONAL
SPECIFICATIONS (IN CHRONOLOGICAL
ORDER)382
1.

Canadian patent #4811, "Improvements in Means of Cooling
Transformers, " March 10, 1893.

2.

Canadian patent #42564, "Improvements in Method of Cooling
the Iron in Transformers or in the Armatures of DynamoElectric Machines, " April 12, 1893.

3.

Canadian patent #42565, "Improvements in Methods of Cooliag

Transformers, Dynamos, Motors, or Electrical Conductors," April 12, 1893.

4.

Canadian patent #42566, "Improvements in Methods of Cooling
Electrical Conductors, " April 12, 1893.

5.

United States patent #513, 420, "Methods of Cooling the Iron
of Transformers" January 23, 1894.

6.

United States patent #513,422, "Methods for Cooling Electric
Conductors, " January 23, 1894.

7.

United States patent #513, 422, "Methods of Cooling Transformers, " January 23, 1894.

8.

United States patent #511, 851, "Methods of Varying the Frequency and Number of Phases in a Polyphase Current, "
May 19, 1894.

9.

French patent #239, 124, "Polyphase Current, " June 7, 1894,

10.

German patent #88806, "Verfahren, aus einen Mehrphasen=
strom einen anderen Mehrphasenstrom von beliebiger
Perioden and Phasensabe zu erzeugren, " June 9, 1894.
382

Compiled from documents contained with professional correspondence in the Rowland papers at The Johns-Hopkins Uttiversity's
Eisenhower Library (2). See p. 324, n. 333, above.
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11.

United States patent #531, 970, "Electrostatic Voltmeters,
January 1, 1895.

12.

British provisional specification #11, 059, "Methods of and
Apparatus for Varying the Frequency and Number of
Phases in a Polyphase Electric Current, and for Converting Alternating Electric Currents into Continuous Currents, and for Other Purposes, " April 13, 1895.

13.

United States patent #546, 377, "Electric Meters, " April 19,
1895.

14.

British patent #8966/95, "Improvements in Electromotors,
Applicable for Use as Electric Meters, " May 6, 1895.

15.

British provisional specification #9349/96, "Improvements in
Electrical Measuring Instruments, " October 2, 1895.

16.

United States patent #547, 683, "Phase Modification, " October
8, 1895.

17.

United States patent #564, 437, "Electrical Measuring Instruments, " November 30, 1895.

18.

United States patent #561,918, "Electrical Measuring Instrument, " June 9, 1896.

19.

United States provisional specification #561,919 "Electrical
Measuring Instrument, " June 9, 1896.

20.

United States patent #628, 358, "Methods of and Apparatus for
Varying the Number of Phases in Polyphase Currents, "
July 4, 1899.

21.

United States patent #272, 088, "Casting Brass and Other
Metals, " n. d.

22.

United States patent #542,945, "Electric Meters, " July 16,
1895, in the names of Rowland and Louis Duncan.
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APPENDIX IX.

VALUES OF THE STANDARD MERCURY
COLUMN AND THE RATIO OF UNITS
(1868-1920)383

The Ohm as represented by the resistance of a column of mercury and values of v which were experimentally determined between
1868 and 1920 are represented graphically in Figure 33, below 384

The magnitude of v rises with the magnitude of the resistance standard somewhat sharply until about 1890 when the value of both parame-

ters stabilizes. The left and right hand ordinate scales do not indicate the same percentage change in resistance or magnitude of v
for the same interval of length. This is because the magnitude of
resistance enters into the computations of the different experiments
in different powers although the dimensionality of the final expres-

sions for v in these experiments remains length divided by time.
No

attempt was made here to determine the exact effect of the resis-

tance standard in the 46 individual experiments which are represented in Figure 33. Instead these ordinate scales were chosen
383

See p. 231, n. 270,above.

384The mercury standard is discussed on p. 242, above. The

data displayed in Figure 33 have been compiled from several sources.
The resistance data was from a similar graphical presentation given
by Curtis (93, p. 23). Values of v to 1889 were taken from a tabulation given by Rosa (262, p. 312). Values of v made between 1890
and 1900 were tabulated from the papers listed on this subject in the
Royal Society Index (317). The 1907 value of v was determined by
Dorsey (96, p. 16).
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simply to present in compact form an indication of the general

trend of the relationship between resistance and v.
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Figure 33. The value of the Ohm and the ratio of units (1868-1920).
(The sources of this data are discussed in n. 273).

y

