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INTRODUCTION

In this HISTORY OF SCIENCE CASE, we shall meske a critical study of a part
of the development of a major scientific idea. Although we want to learn same-
thing about this idea, our chief interest in this CASE will be to find out as
.mch as we can about:

. o the methods used by scientists

o the means by which science advances and the conditions
under which it flourishes

e the role of scientists as people and the personal charac-
teristics of scientists

e the interplay of social, economic, technological, and psy-
chological factors with the progress of science

e the importance of accurate and accessible records, con-
stantly-improved instruments, and free commnication
Proper study of this CASE consists of more than simply reading this little

booklet. In the narrative outline, which follows this introduction, you will
ﬁ.ﬁd numerous comments and questions in the margins. These marginal notes are
intended to stimmlate your thinking and to guide discussion on the points
11lustrated by the CASE. Space is provided on the left-hand pages for you to
write answers to the questions which appear in the marginal notes . . . A most
important part of the study of this CASE are the experiments and exercises
vhich are suggested in this boaklet, following the narrative outline. You
should try to complete as many of these exercises as possible, so that you may
get a real "feel" for the situations faced by scientists in creating science.
Your teacher may suggest additional exercises and experiments that you can work
on in connection with this CASE. On the last page of this bocklet, you will
find some reading suggestions of books and articles relating to the story of
ti:is particular CASE.
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Same students will think that this CASE is out of date, because the story is

gsetinthescientiﬁcpasto Nothing could be further fraom the truth. The points
about science and scientists which are featured in this CASE hold Just as cogently
in the present as they did in the past. The methods of scientific investigation
are mich the same today as they have been for several hundred years; similar non-
scientific factors now interact with the progress of sclence as they did then; the
character and personalities of scientists are always paramount factors when we think

about science; adequate recording, free cammnication, and improved instrumentation
contimie as vital needs. These aspects of science held true yesterday, hold true
today, and will hold true tomorrow. '

As you study this CASE and work through the exercises, you will learn a great

deal about scientists and about what goes on in science.
L.E.K.

The principal people you will meet in this CASE are:

Galileo Galilei Italian astronomer and physicist.
Born 15 February 1564 at Pisa.
Died 8 Jamuary 1642 at Arcetri, Florence.

Ole Roemer Danish astronomere.
Born 25 September 1644 at Aarhus, Jutland.
Died 19 September 1710 at Copenhagen.

Jemes Bradley English astronomer.
Born 1693 at Sherborme, Gloucester.
Died 1762 at Chalford, Gloucester.

Armand Hyppolyte Louis Fizeau French physicist.
Born f% September 1819 at Paris.
September 1896 at Venteuil.

Jean Bernard ILéon Foucalt French physicist.
Born 18 September 1619 at Paris.
Died 11 February 1868 at Paris.

Albert Abraham Michelson American physicist.
Born 19 December 1852 at Strelno, Germany.
Died 9 May 1931 at Pasadena, California.
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[Use these left-hand pages to talke notes and to write out your answers to the
questions suggested in the margins of the story]

Why is it important to obtain an accurate value for the speed of light?

How do we define "speed"?

vmywuldthespeedofligbtbeinﬁniteifittooknotimetocweragivendistance?




THE SPEED OF LIGHT

Scilentists have been interested in the speed of light for many years. They
have wanted to know how fast light travels not only because precise measurement is
in itself one of the foundations of scientific work, but also because the speed of
light has held and continues to hold an important place in fundamental sclentific
theories. For instance, in the nineteenth century, a knowledge of the speed of
light in air compared with its speed in water was of crucial importance in deciding
between the theory of light considered as a stream of particles and the theory of
light considered as a wave motion. In this century, the speed of light holds a key
place in the theory of relativity, formulated by Albert Einstein.

You probebly know already that the speed of light is approximately 3 x 10°
meters per second (or about 186,000 miles per second), and this is a pretty fast
rate of speed, fast enough for light, if it could travel in a circle, to go al-
most 7% times around the earth in a single second!!! How is it possible to
accurately measure such a large and elusive quantity? What ideas, devices, know-
ledge, and skills must be brought to bear on this problem? . . . In this Case, we
shall see how a succession of scilentists, including some of the most famous and
many not so well known, attempted to measure the speed of light. The story of
our Case spans approximately three centuries, from the early 1600's up to the
present time « o« o »

Before we can even think about how to measure the speed of light, How do we define

" "
speed ?
we must believe that light has a speed. It might well be that light
takes no time at all to cover any given distance, that it is trans- If this were so,
- the speed of
mitted instantanecusly. Indeed, our everyday experiences would lead light would be
infinite. Why?

us to believe that this is so. For example,




-2
What 1s meant by "hypothesis” in science?

Can a scientist today be both an astronamer and a physicist? Does this happen very
oftten today? If not, why not?

What does Galileo mean by "without sensible error"? -- Is he correct in saying this?
If not, what are the chief sources of error in this experiment?




Walk into a dark roam, which is equipped with an electric
light fixture. - Flip on the switch. The light originating
from the bulb or bulbs in the fixture immediately fills the
roam. It seems to take no time at all for the light from the
fixture to reach to the furthest corner of the room. There-
fore, isn't light transmitted instantaneously?

Perhaps you can think of a mmber of other observations that would lead

to the hypothesis that light is transmitted instantaneously. (See ex- What is meant by

"hypothesis"?

ercise 1, page 20.) You will then not be surprised to learn that in
the 17th century many scientists believed that light has no measur-
able speed, for & speed that is infinite cannot be measured. Johann
Kepler in Germany and Rene Descartes in France, two of the ablest
scientists of the 17th century, believed in the instantaneous trans-
mission of light.

In contrast with this belief, the Italian astronomer and physi- Can a scientist today

. be both an astrono-
cist, Galileo Galilei, held that light had a finite speed. Moreover, mer and a physicist?
Galileo suggested an experiment for measuring the speed of light in
' - his last book, Discorsi e dimostrazioni matematiche intoro b due

nuove scienze, (Discourses and Mathematical Demonstrations concern-
" ing Two New Sciences), published in 1636.

Let each of two persons take a light contained in a lantern,
or other receptacle, such that by the interposition of the hand,
the one can shut off or admit the light to the vision of the
other. Next let them stand opposite each other at a distance
of a few [yards] and practice until they acquire such skill in
uncovering and occulting their lights that the instant one sees
the light of his companion he will uncover his own. After a few
trials the response will be so prampt that without sensible error
the uncovering of one light is immediately followed by the un-
covering of the other, so that as soon as one exposes his light he
will instantly see that of the other.

One way in which sci-~

entists exchange
ideas and infor-

mation is by pub-
lishing bookse.

What does Galileo
mean by "without
sensible error"?

Is he correct?

Having acquired skill at this short distance, let the two ex-
perimenters, equipped as before, take up positions separated by
& distance of two or three miles and let them perform the same
experiment at night, noting carefully whether the exposures and

occulations occur in the same manner as at short distances; if
they do, we may safely conclude that the [tranamission] of light
1s instantanecus; but 1f time is required at a distance of three
miles, which, considering the going of one light and the coming
of the other, really amounts to six, then the delay ought to be
easily observable. .

A chain of reasoning
connects experi-
mental observations
with the idea being
tested.
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What are "scientific societies"? =-- How do they serve science?

How is the specialized equipment needed in scientific work obtained? -~ Who makes
it? Who pays for it?

Was this "Académie" asFrench school? What was it? =-- Is it still in existence
today? What functions does it perform?

How does a scientist depend on the work of his predecessors? What can he learn fram
the work of previous scientists? ~- Does a present-day scientist view the work
of earlier scientists in the same way that a present-day artist views the work of
earlier artists? Give reasons for your opinion.




The experiment which Galileo suggested was later tried by members of

the Accademia del Cimento (Academy of Experiment), ome of the earliest ymat are "sclemtific

. "2 do
scientific societies. :gge:::vse scgce?

We tryed it at a Miles distance (which in the going forward
and Return of the Light must be recikn'd Two), and could not ob-
serve any Delay. If in a greater Distance it be possible to
perceive any sensible Delay, we have not yet had an opportunity
to try.

Thus, Galileo's ingenious suggestion to test the hypothesis that the

speed of light is finite could not be carried out. The suggestion was Can the 1 of

sound be found in a
a good one, for all later terrestrial measurements of the speed of simil 2- See
light used the same idea of measuring the time it takes light to exercise 2, page 20.

travel over a known distance. Yet, the investigators of the 1Tth

- century did not have the necessary equirment available to perform Specialized equip-

ment is needed in
- the experiment properly. scientific work. —
How is it obtained?

Thus it was that the first evidence for the finite speed of light

end an estimate of its great speed came from astronomical observations.
This was accamplished in a dramatic manner by the Danish astronomer,

Ole Roemer. In September 1676, Roemer announced to the Adamémie des Vas this "Académie”

a French school?
Is it still in exis-

an eclipse by its parent planet on the night of 9 November exactly ten UeRce today?

Sciences at Paris that the innermost moon of Jupiter would emerge from

mimutes behind schedule. Ever since the moons of Jupiter were dis-

covered by Galileo in 1610, they had been much observed, and it was How does & sclentist

depend on the work

learned that the innermost moon revolved once arocund the planet in of his predecessors?

-@bout 42 1/2 hours. On the basis of many observations, tables that pre-
dicted the times when its moons would be eclipsed by Jupiter had been

prepared. According to these tables, Jupiter's immermost moon was
scheduled to emerge from eclipse on the evening of 9 Novenmber at 25
minutes and 45 seconds after 5 o'clock, as seen from Paris. However,
Roemer pointed out that this prediction did not teke into account the
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Can you explain why this factor would make a difference? ’

_ Vhat did Roemer observe? What idea did he infer from this observation?

[We shall be asking you to answer pairs of questions similar to these two several
times more in this Case. The reason is that you should be able to distinguish
between what is actually seen in a certain observation or experiment and the in-
terpretation that is given to the observation. Often, a lengthy chain of reason-
ing, involving many assumptions, connects what is actually seen with its inter-
pretation. For example, here Roemer (or sameone else) observed the enmding of an
eclipse of Jupiter's first moon ten mimutes behind schedule. But, how did he
interpret this? What reasoning led to this interpretation?]

Do you know if 22 minutes is still the accepted value today for the time it takes for
light to cross the diameter of the Earth's orbit? -~ If not, what may have hap-
pened since 1676 to change the value? Has the distance between the Earth and the
sun changed? ’

Does the argument of these doubting astronomers seem reasonsble? =-- What attitude
are these astronomers demonstrating here?

Why do scientists publish papers about their work? -- [‘.’Ih:l.s is a double-barreled
question... From the point of view of the progress of science, the reasons are
‘quite clear. But, scientists also have personal reasons for publishing papers.
Your answer should include both kinds of reasons.]

What did Bradley observe? What did he infer from this observation?



time it takes light to travel over the varying distances between Jupi- Can.you explain why

this factor would
ter and the Earth. By including this factor in his calculations, Roe- m:auéem?
mer made his own prediction of the time when the phenomenon would occur.

« o oand it hath been lately confirmed by the Emersion of the
first Satellit observed at Paris the 9th of November last at 5 a
Clock, 35' . 45". at Night, 10 minutes later than it was to be ex- ymat did Roemer ob-

pected, by deducing it from those that had been observed in the serve? What idea
Month of August, when the Earth was mich nearer to Jupiter. did he infer from

this observation?
By this dramatic confirmation of his prediction, Roemer gained

confidence in the idea of light having a finite, measurable speed.
From his observational data, Roemer calculated that light takes 22 Do you know if this
mimites to cross the dlameter of the Earth's orblt. With this Infor-  septed somect
mation, he was able to make the first relisble estimate of the speed
of light. (You can do this calculation easily yourself; see exercise
3, page 21.) However, Roemer's explanation for the observed delay in
the eclipse of Jupiter's moon being due to the finite speed of light
was not accepted by all astronomers. Many argued that the observed
Does this seem like
delay might be due to other unknown causes. They felt that the finite 4 yeggonable argu-
t?
speed of light could mot be taken as an established fact simply because ypat attitude are
these astronamers
it provided a convenient explanation for one isolated astronomical displaying here?
phenamenon. These doubts were not fully dispelled until fifty years

. after Roemer's dramatic demonstration.

In 1729, the English astronomer, James Bradley, published a paper
" Why do scientists
in the Philosophical Transactions of the Royal Society entitled "An publish papers about
their work?

Account of a New Discovered Motion of the Fixed Stars.” In this paper,
Bradley announced his discovery of an anmual shift in the apparent posi-
tions of all the stars. He explained this phenamenon by a cambination
of the speed of the Earth in its orbit and the speed of light. (See  ymat giq Bradley

observe? What did
exercise 4, page 21.) Bradley also calculated that the speed of light po iner from this

observation?
is 10,210 times as great as the average speed of the Earth. Here then




Can you suggest any reasons why the means for carrying out this experiment did not
become available until the 19th century? =-- What does your answer to this ques-
tion tell you sbout the dependence of science on what is going on outside of
sclence?

Do you think Fizeau was able to succeed because he was more clever than the earlier

experimenters? Explain your opinion.



vasaphenumenonepplyingtoallthestauthatcmldbeemlmedby
accepting the finite speed of light. The skeptics were silenced,
scientists no longer doubted thatligh-l:hasa speed.

Ve have seen that umstacenturyelspsedbetveen!}elileo's sug~
gestion of an experiment to demonstrate the finite speed of light and
the general acceptance of this 1a.ea !et, this acceptance came from
astronmical o'bservations and Ga.l;u.eo's experiment had still not been
perfomed successm.uy Another cenwry va.e to ela.pee berore the means ogn - you suggest any

for- ca.n'ying out the experment became available. - * ::::n;o:hzut:;ms

out this experi-

The selentist vho vas finally able to carry out the first success- T e o

ful temstri.al measurement of the speed of light was the n-ench physi- 1gth 3
cist, Armand Hyppolyte Louis Fizeau. On 23 July 1849, Fizeau read his
classic paper titled "Sur un expérience relative & la vitesse de
propagation de la lumiére" ("On an experiment pertaining to the speed
of promgation of ‘light") before the Acedanie des Scienees at Paris.
I hsve succeea.ed. in making percepti’ble the velocity of

transmission of light by a method which seems to me to fur-

nish & new way of studying with precision this important phe-

nomenone. .
Butthis nevvay ‘bore a remarkable- resemblencetotb.eexpeﬂmnt
Geli.'l.eo had susgested mre tha.n tvo centu.ries 'before. ’ Fizeau “succeeded

Do think Fizeau
becense he was able to devige an arrangement of apparatus that could uazo:‘ble to d.ozthis

b se he was more
overcome the difficulties of the earlier attempts. Galileo hed sug- degxr than the

~»gested that the. first experimenter should repidly uncover and cover a Sardler e
lampbyhand Fbrthis elov operstion, Fizeaumbstit\rted.arotating

toothed wheel in front of his light scurce, so that short pulses of

light were sent out as the wheel turned. In place of Galileo's dis-

tant observer who would signal with his own lamp as soon as he saw the

light from the lamp of the first experimenter, Fizeau used a distant

mirror which reflected the light pulse back without any delay.
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vhat does Fizeau mean by "will .enter- in such a way"?

-2

Was-M. Froment a scientist?

[B:I.nce you probably have no vay'ork:nowing whether or not Froment was a.séieh'iist,
we'll be sporting and tell you the answer to this question. .However, we'd like
you'boansverthemre interesting question which follows right a.fberwranswer]

No, Mntmmtascientist. Hevasaakinedinstrmntmkervhoeon-
. structed the. apparatus used by Fizeau in his experiments. He constructed appa-
Aratusmtmlyfornzeaubutalaoformmt, whom we shall meet on page 13
of this Case. The labors of Frament made it possi‘ble to carry out the ingenious
e:;perimnts devised by these scientists.

: lIcm 'does'_the, m'ogress of science depend on the assistance of people who are not scien-
tists themselves? =~ Try to think of other ways than that given in the example of

m:at kind of lens is a telescope ob.jective? Hha.t does it do to rays of light origi-
nating from its focal point? IS

i

Why was the objective lens of the distant telescope focused on the objective lens of
the first telescope’l ﬂha.t path uu the n@t take vith this an-anwent?

N T R T

ENER MV 1Y ] LT Gew WIS L0 JT e 3 . TE oLt

vmatdidﬁzeauaehmuyobservet What did he infer from this observation? ; ¥
[Bere's that familiar pair of questions again. (See page 6 above.) :Besureto:l.n—
clude in your answer the.reasoning.that led to Fizeau's interpretation.]. .. .

e e . . PRI sy’ ) 2 IS N Sl




we arrive at this result: ifthemlseofn@t,a.rterit
mssedthrou@,isreﬂected'byamirmrm
toothed wheel s0 as to meet it again at the same point in space,
the speed of light will enter in such a way that the pulse will
pass through the space between two teeth or will be intercepted
by a tooth of the rotating wheel. Which of these two possi-
hilities occurs depends upon the speed of rotation of the wheel
amlthedistanceatvhichthenghtisreﬂ.ected o o o

'.Bae d:l.sc, with 720 teeth, was nmnted on a system of vheels
moved by weights and constructed by M.- Froment; a counter made
it possible to measure the rate of rotation. The light was
taken from a lamp so arranged so as to give a brilliant source
of light.

Fizeay  placed the rotating toothed wheel at the focal point of the
objective lens of a telescope. He placed the distant mirror at the _
focal point of the objective lens of ancther telescope. The distant
telescope was focused on the objective lens of the first telescope.
(See exercise 5, page 23.)

This arrangement succeeds very well even when the telescopes
are separated by a considerable distance; with telescopes of six
centimeters aperture the distance be eight kilometers with-
out -the light becoming too feeble. |In the eyepiece of the first
telescope,| we see then a luminous point like a star formed by
the light which has originated from a space between two teeth on
the disc and, after traversing a distance of sixteen kilometers,
has come back again to pass exactly through the same point before
reaching the eye. . . .The experiment succeeds very well, and
we observe that, according as the speed of rotation of the toothed

or is totally eclipsed.
By noting the speed of rotation of the toothed wheel when the “"star"

a ppeed for light which was in good agreement with the determinations
from the astronomical methods of Roemer and Bradley.

¥While Figzeau was doing this work, another method for the terres-
trial measurement of the speed of light was being developed. In 183k,

AT RRRIERE

@mpidlymtatingmimrtodeteminethespeeﬂoftheelectricmumt

wheel is greater or less, the luminous point shines out brilliantly

is seen in the eyepiece of the observer's telescope, Fizeau calculated

Charles Wheatstone, an English physicist, devised an apparatus using a

Was M. Frament a
scientist?

What kind of lens
is a telescope ob-
Jective? - What does
it do to rays of
light originating
from its focal
point?

Why was the distant
telescope so
arranged?

What did Fizeau

servation?

Men from many coun-
tries contribute to
the progress of sci-
ence. - See exercise
9, page 27.



12
What is meant by "theoretical model"? - -~ -How 1s a theory different fram an hypothesis?

-

How might Arago have learned of Wheatstone's suggestion? == Mention at least three
possible ways. ; A o : o - )

Can you explain how this experiment could decide between thé rival theoretical models?
[To answer this question, you must first recall what predication each theoretical
model makes regarding the refraction of a beam of light when it passes from a less
dense to a more dense médium. Is the prediction the same in each theory?]

why does it frequently happen in science that two men make the same discovery at sbout
the same time? - : ' :

What kind of publication 18 the Comptes Rendus? What functions does it (and publica=:-*
tions like it) have?




He also suggested that a similar apparatus might be used to measure ' . )

the speed of light and to test between the rival theoretical models Of ymat 1s meamt by
"theoretical model"?

the nature of light then being debated by scientists. The debate was o

concerned with whether light should be considered as a stream of par-

" ticles or as a wave motion. Wheatstone's suggestion was taken up by  poy might Arago have
Dominique Francols Jean Arago, who, on 3 Decan'ber 1838, read. to the stone's suggestion?
Paris Académie des Sclences a paper with the title, ”Sur un syste!ne ) (Studente of French
d texpériences 4 1l'aude duquel la theorie de l'emission et celle des

ondes seront soumises 4 des éspreuves décisives.” In this paper, Arago
F described the principles and the details of an apparatus for messuring Ceri you éxplain how

thérela.tivespeedofli@tinairandihwster. However, more than ?qﬁddecide‘between

the rival theoreti-
a decade elapsed before a workable form of apparatus was devised to cal models? )

do the experiment. Then, at the meeting of the Académie on 6 May 1850,

both Fizeau and Jean Bernard Iéon Foucalt announced that they had each
Tt frequently happens
perfected an arrangement of apparatus employing a rotating mirror to in science that two
) . men meke the same
carry out Arago's proposed experiment. Foucalt completed his deter- discovery at about
' the same time. - Why
minations first and reported: does this happen?

These results demonstrate a speed of light less in water than
in air, ard fully confirm, according to the views of Arago, the
4 irdications of the theory of undulations [or wave motion].

Six weeks later, on 17 June 1850, Fizeau reported results obtained with
his form of the rotating mirror apparatus in agreement with Foucalt.

‘Foucalt did not stop working after esteblishing the relative speeds
¥

of light in air and in water, but continued to improve his apparatus.

In 1862, he published a further paper entitled "Determination expéri-

mentale de la vitesse de la lumidre” in the Comptes Rendus des Séances yhat kind of publica-

tion is the
de 1'Acadénie des Sciences. Rendus? Somptes
vhat functions does
In the session of 6 May 1850, I presented the result of a differ- ji phave?
ential experiment on the speed of light in two media of unequal
densities; and at the seme time I suggested that the same method,




What ig the reascn for takingtheman"? - [Befomyouanswerthis question,: be
mthstyouunderstandmta ‘mean"” 1ig.

Vhat is the meaning of "precision”? ‘How is it diffeient froam “accuracy"? -- Can
the given value - of a quantity be precise and not accurate? Explain.

' Can you suggest some reasons for the lack of notesble American physicists during the

Do scientists today generally work as college teachers? If not, in what other places
may sclentists be employed?

What does the "+hBO" stend for?
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based on the use of a rotating mirror, might be used to measure
the absolute speed of light in space. .« « &

The apparatus used does not differ essentially from that which
has been previously described. [See exercise 6, page 24.] . . .By
increasing the distance traversed by the light and by introducing
greater exactness in the measurement of time, I have obtained
detemminations of which the extrene differences do not Pass 1/100 e slesym o rorioy
and which, cambined by taking the mean, very soon give series which jip gejence. Why?
are in agreement to about 1/500. What is the reason for

"taking the mean"?

What is the meaning
achieved before, Foucalt's method of measuring the speed of light was of “"precision"?

In addition to making possible a higher degree of precision then was

the first that could be carried inside a laboratory of moderate size.

Despite its' many improvements, Foucalt's method did not yield a
very accurate value for the speed of light. The problem now passed to
Albert Abraham Michelson, the first American physicist since Franklin

Can suggest same
to attain a notable international reputation in science. In 1878, rea& fgg the lack

of notable American
the young Ensign Michelson carried out his first experimental deter-  phygicists during all

this time?
minations of the speed of light while he was serving as an instructor

Do scientists today
at the U.S. Naval Academy at Annapolis. For these determinatioms, generally work as

college teachers?

Michelson designed a modified form of Foucalt's apparatus. (See

exercise 7, page 25.) He used a turbine driven by a blast of air to

turn a re.pidly rotati.ngmimr ‘Tts speed. of rotation wa.sdete:mﬂ.ned ﬁote the improved
apparatus available

with the aid of an electrically-driven tuning fork. The deflection to Michelson.

of the light reflected from the rotating mirror vag. measured by gn.

accurately-machined micrometer. On 21 August 1878, Michelson

announced to a mei;ing of the American Association for the Advance-

ment of Science at St. Louis his newly-determined value for the speed

of 1ight of 300,140 480 kilometers per secand. What does the "480"
- . i, H . . stand for?

This series of determinations seems to have whet Michelson's
appetite for the problem of accurately measuring the speed of light.
He contimed to improve his apparatus and to make new measurements.

In 1883, Michelscn announced a new value for t.hespeed. of light in
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Vhat is meant by a "standard"?.- .

How do standards beccme accepted? = -~ 7

What is the Nol;el Prize? ‘-- ' What purposes do such prizes have in science?

Does progress in science depend on how ve].'l.-d.eveloped a country 8 industries are?
: Explain your answer.

What did Michelson actually cbserve? What did he infer from his observations?

How large an error is 1 pe.rt in 190,000 for a distance of 35 k:l_‘l.omters? -- Give
your answer 1n centimeters. - : : RSN

SN 1 RS RN PR N SaTt B : '
RS : Deee s LSamat ol E . BN

Why would Michelson use & Weighted iieen? == Is his calculation of ‘the welghted’
mean correct? . . . 3

Bl e it I S B B N B S N

Tums per Sécoml Mirror Nm‘ber of SPeed of Light
- Observations in vacuo
528 1 Gass botagon | 5767 ‘ 299,197 - _
528 . Steel octagm | = 195 299,19 L]
352 - Glags“12-gider - |~ 'r-’?g R SIT299,796 0 ’
352 Steel 12-sider 21 6
% | Sassibetser | o s |- 5T
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vacuwum of 299,853 £60 kilometers per second, which was taken as the accepted

standard for four decades. Then, in the 1920's, Michelson, now a What is meant by a
"gtandard"?

celebrated professor ﬁt the University of Chicago and a Nobel Prize How do standards

recipient, undertook an elaborate new experiment. became accepted?

What is the Nobel
Prize? Vhat pur-
poses do such
prizes have in
science?

For this work, which involved the transmission of a beam of light
over the 35-kilometer distance between Mount Wilson and Mount San An-

tonio in California, many of the resources of a large industrial nation Does progress in

science depend on
how well-developed
a country's indus-
tries are?

were enlisted. To replace the rotating mirror of earlier experiments,
an octagonal prism, whose angles were made equal to within one-tenth
of a second, was furnished by the Sperry Gyroscope Company. The source
of light was a brilliant electric arc, originally developed as a high-
intensity military searchlight. Time was measured with the aid of an
electric tuning fork maintained at a constant vibration by a vacuum
tube circuit. (See exercise 8, page 26.) After two years of work,
Michelson obtained a mean value of 299,77l kilameters per second for the

speed of light in vacuum. what did Michelson

actually observe?

This result should be considered as provisional, and depends
on the value of D, the distance between the two stations which
was furnished by the Coast and Geodetic Survey, and which it is

What did he infer
from his obser-
vations?

hoped may be verified by a repetition of the work.

It was also found that a trial with a much larger revolving
mirror gave better definition, more light, and steadier speed
of rotation; so that it seems probable that results of much
greater accuracy may be obtained in a future investigation.

Subsequently, the distance between the Mount Wilson and Mount San An-

tonio stetions was measured to an accuracy of onme part in 190,000 by How large an error

was this for a dis-

the U.S. Coast and Geodetic Survey. tance of 35 km.?

Observations with the same layout were resumed in the summer
of 1926, but with an assortment of revolving mirrors. The first
of these was the same small octagonal glass mirror used in the
preceding work. The result obtained this year was V = 299,813.
Giving this a weight 2 and the result of the preceding work
weight 1, gives 299,799 for the weighted mean.

The other mirrors were a steel octagon, a glass 12-sider, a steel
12-gider, and a glass 16-gider. The final results are sumarized in
the teble [on the opposite page]-

Why would Michelson
use a welghted
mean?
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V¥hy did Michelson make so many observations?

Did Michelson construct this tube himself? -~ What does your answer to this ques-
tion tell you about the dependence of scientists on non-scientists?

Why do scientists frequently work together on one problem today?

In this Case, we have followed measurements of the speed of light made with ever-
increasing precision. Starting from a rough estimate (Roemer) of this lar
quantity, we have come to a value with four significant figures (Michelson).
Determinations of the speed of light made since the end of World War II have
added a fifth significant figure.

Do you think it is possible to obtain a value of the speed of light with much greater
precision than this, say down to the number of meters per second? ['I‘his would re-
quire nine significant ﬁsures-] -- Glve some reasons for your opinion.

@
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After many hundreds of observations, Michelson submitted a final Why d1d he made so
report of his new determination to the Astrophysical Joumal in 1927, o bservations?
The new value for the speed of light in vacuum was 299,796 £k kilame-
ters per second. But this value for speed in vacuum had been calcula-
ted from observations made in air, and Michelson conceived of measuring
the speed in vacuum directly. Although in his late seventies and in
poor health, he organized a new experiment to accamplish this. A mile-
long, air-tight steel tube was constructed and the light transmitting pi3 Michelson con-
and reflecting apparatus vas mounted inside it. Large pmps evacusted pimeovpr > Do
the air fram the tube down to a pressure of half a millimeter of mercury.
Many difficulties arose in operating the huge, yet sensitive, experimental
set-up, and, before the work could be completed, Michelson died on 9 May
1931. The measurements and calculations were continued by his associates,
Francis Pease and Frederick Pearson. Under the joint authorship of
Michelson, Pease, and Pearson, the paper giving the final result for the

Scientists frequently
speed of light in vacuum was published in the Astrophysical Jourmal in Work together on one

problem today.

1935. The value was 299,774 +11 kilometers per second. Way 1s this so?

Having covered a period of three hundred years on the problem of measuring the speed
of light, we shall bring this Case to a close. However, we do this reluctantly, for it
is clear that the value of this important constant was not precisely determined even
after the mommental efforts of Michelson. There were differences between his best values
and experimental errors had not been reduced sufficiently. Thus, efforts to obtain a
better value for the speed of light have been made by many physicists since the 1930's
and are being made today. However, lanterns and toothed wheels and rotating mirrors are
no longer used in such experiments. These have been replaced by varicus, newly-developed
electronic devices, which are more relieble and more convenient to use. But the key points
in solving the problem have not changed. Imaginative scientists must plan the experiments;

f& the experimental apparatus must be available; measurements must be made with as little error

S

as possible; careful calculations and interpretations must be made from the observed data --
all these factors go into finding a value for THE SPEED OF LIGHT.
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Experiments and Exercises

1. Eypothesis of Instanteneous Transmission of Light. ::: Perhaps you can suggest same

other observations, in addition to the one given on page 2 of this Case, to support the
hypothesis that light is transmitted instantanecusly. In each instance, can you suggest
an alternative hypothesis to instantaneous transn:l.ssion? Which hypothesis is more rea-
sonsble or easier to accept?. :o-

Here is an observation in support of the hypothesis of instantaneous transmission put
forth by Rene Descartes in the 17th century:

If light takes time to travel from the moon to the Earth, then, at the moment
of a lunar eclipse, the moon should not appear to occupy the heavens at a point
diametrically opposite the sun, but detectaebly different from that position. How-
ever, observations do not show this, and the moon is seen diametrically opposite
the sun at the moment of eclipse. Therefore, light must be transmitted instantane-
ously. . .

Do you think this is a good argument? In what other way might this observation be
accounted for?

2. Measuring the Speed of Sound. ::: 7You can readily measure the speed of sound in air
by observing the time difference between seeing any sound-producing event and hearing
the sound produced at a distance of several hundred feet. (In such an experiment, what
value do we assume for the speed of light?) Carefully measure the distance between the
place where the sound is produced and the observation point. Use your imagination to
think of a device for producing a sound in which the instant that the sound is produced
is visible at the obse1)'vation point. R. W. Machin (in The Science Masters' Book, Series
III, Part IV, page 122) has suggested using a wooden clapper.

The wooden clapper is made from two pieces of wood sbout  1OUR Ubservations
70 cm. x 10 cme x 1.5 cm. thick, hinged together along a short
edge. It may be painted white or a white handkerchief may be
held behind it, and if held open above the head it is clearly
visible from a distance of 200 to 300 m., and clearly heard
when it is clapped together. The time interval between seeing
this and hearing the report is measured with a stop-watch, and
the speed of sound then calculated. Be sure to make at least
ten observations of the time interval. ... What value do you
obtain for the speed of sound in air?

Another.way-of ob'ﬁa:l.ning the speed of sound in air is to use a resonating air colum
and a tuning fork of known frequency. If the resonating air column is closed at one end,
the speed of sound when the air column is in resonance with the tuning fork is given by

=nx b (1+0.43) where v « speed of sound in air
’ n = frequency ofthet\mingfork
1 = length of the resonating air columm
d = diameter of the resonating tube

Can you derive t’ﬁis rom:ia from your knowledge of resonance and from. the relationship
between frequency and wavelength? . ... Can you devise an experimental set-up for obtaining
the speed of sound by resonance? @




3. Roemer's Method for Demonstrating the Speed of Light.

The diagram at the right is reproduced from Roemer's paper,
"Demonstration touchant le mouvement de la lumidre", -
stration Concerning the Motion of Light), of 1676. His expla-
nation was as follows:

Let A be the Sun, B Jupiter, C the first Satellit of Jupi-
ter, which enters into the shadow of Jupiter, to come out of it
at D; and let EFGHIX be the Earth placed at divers distances from
Jupiter.

Now, suppose the Barth, being in L . . ., hath seen the
first Satellit at the time of its emersion or issuing out of the
shadow in D; and that sbout 42} hours after, (viz. after one revolution of this Satellit,)
the Earth being in K, do see it returned in D. It is manifest that, if the Light requires
time to traverse the interval [or distance] IK, the Satellit will be seen returned later
in D than it would bave been if the Earth had remained in L, so that the revolution of
this Satellit being thus observed by the BEmersions will be retarded by so much time as the
Iight shall have teken in passing from L to K. |[By a similar argument, on the side FG,]
where the Earth by approaching goes to meet the Light, the revolutions of the Immersions
will appear to be shortened by so much as those of the Emersions had appeared to be leng-
thened.

Roemer's argument is quite correct. There are differences between the observed
periods of revolution of the satellite, depending upon whether the Earth is moving toward
or away from the source of light. If you will recall that the period is the inverse of
the frequency, you should be esble to see how Roemer's argument involves the principle of
the Doppler effect, which you probably studied in connection with sound. ... Can you
explain this last remark?

Unfortunately, the speed of light is so great that Roemer was not able to detect any
difference in the lengths of the first satellite's period of revolution between two
successive observations. The errors in observing the length of a period were greater
than the differences betw two ive periods. However, by taking a series of
observations, Roemer found that
«se what was not sensible in two revolutions became very considerable in many
being taken together. For example, forty revolutions observed on the side F
might be sensibly shorter than forty others observed in any place of the Zodiack
where Jupiter may be met with; and that in [the ratio] of twenty two [mimites of
t:Lme] for the whole interval of HE, which is the double of the interval that is
from hence to the Sun.

In Roemer's time, "the interval that is from hence to the Sun", or the Earth-Sun distance,
was estimated as 110,000,000 kilometers. Given Roemer's value of the time light takes
to cover twice this distance, what is the speed of light?

L. Bradley's Method for Determining the Speed of Light. ::: Perhaps you've made the

following observation while looking out of the window of a car or train when 1t was
raining. Suppose that when the car was standing still the raindrops were falling ver-
tically. As the car begins to move, the raindrops are seen to fall down the window at

* an angle. As the car's speed increases, the angle at which the falling raindrops are

seen descending also increases. Clearly, the value of this angle is related to the
speed of the moving car. On what other variable does the value of the angle depend? ...



&.
«ss If we were to place a long mailing tube cutside the window of the moving car and
wanted the raindrops to fall through this tube without hitting the sides, we would have
to tilt the tube forward in the direction of the car's motion. We can measure the angle
of tilt of the tube fram the vertical. The tangent of this angle is equal to the ratio
of the speed of the moving car to the speed of the vertically falling raindrops. Know-
ing two of these quantities, we can easily find the third.

For example, suppose that the speed of the moving car, v,.
equels 10.0 meters per second. The tube's measured angle tan A s f
of tilt from the vertical, angle A, equals 11°20'. What is
the vertical speed, V, of the falling raindrops?

Useful information: tan 11°20' = 0.20042
log tan 11° 20' = 9.30195 - 10

The above observation and example provide an analogy to the
method used by Bradley to determine the speed of light.

/, . N
51 sP In the figure at the left, S represents a star whose direction is at
\ ,’ right angles to the motion of the Earth in its orbit. AC represents a
\ 'I telescope pointed vertically upward. This is the direction in which the
I telescope tube would point to receive the light from the star if the
.I' Earth were stationary. But the Earth is moving in its orbit with a speed,
V\l v, in the direction indicated by the arrow. Thus, just as in the above
A:’ situation, the telescope tube mst be tilted forward in the direction of
motion to allow the light from S to pass through without hitting the sides.
This tilted position of the telescope is shown as AB, and the apparent
position of the star is now 8'. ‘
[A moment's thought will convince you that, as the Earth travels in
y its orbit, the angle at which the telescope must be tilted to observe
the star changes. Since a star's position is determined partly by the
B tilt of the telescope, the apparent position, S', of the star changes
throughout the annual orbit of the Earth. It was this apparent motion of the stars
which Bradley discovered. (See page 7 of this Case.) Actually, Bradley made hundreds
of observations before publishing his paper. In this exercise, we have taken as an
example only the position of the Earth in its orbit where the telescope's tilt is a

Now the tilt necessary to prevent the light from the star from hitting the sides
of the telescope is such that the time teken for the light to travel from A to C equals
the time taken by B to travel to C. If light has a speed of V, the time it takes to
travel from A to C is AC/V. Similarly, if the Earth has & speed of v, the time it takes
the telescope (which moves with the Earth) to travel from B to C is BC/v. Thus, since

the two times are equal:
AC _ BC or v BC Since BC is the tangent of
AC

v v v AC
angle BAC, we see that, similar to the above example: tan BAC & ¥ .
v
Measurements of the angle BAC give 20.45 seconds. ... What is the speed of light?

[Useml information:
Radius of the Earth's orbit = 149,500,000 km. tan 20.45" = 0.0000991%

Time for one revolution = 3,156 x 107sec. log tan 20.45" = 5.99626 - 10]
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The essential parts of Fizeau's appara-
tus are shown schematically in the diagram
at the right. 8 is the source of light,
which is focused by a lens at the point T
at the edge of the toothed wheel. P is a
parallel plate of glass set at an angle of
45° to0 8. I, is the objective lens of the
first telescope. When the toothed wheel
rotates, the teeth will alternately trans-
mit and cut off the light at T so that
pulses of light are sent out through the
lens L. The light emerges fram Iy as a parallel beam and travels to the objective
lens, , of the distant telescope. M is a portion of a curved mirror, whose focal
point is at the center of the lens . Hence the light falling on M is reflected back
to Ly and emerges again as a parallel beam. The light then returns along the same path
to the lens I; and cames to a focus at T, which is the focal point of Ij.

If, wvhen the light pulse returns to T, there is a space between teeth at that point,
the light can pass through. It diverges from T and falls on the glass plate P. Here
part will be reflected and part transmitted. The part that is transmitted passes through
the eyepiece E, where it is observed. The observer sees the reflected image of 8 as a
bright "star" at the point T. On the other hand, if there is a tooth at the point T when
the light pulse returns, the returning light cannot pass through and the "star" is
eclipsed. The speed of revolution of the toothed wheel can be varied, and the number
of revolutions is measured when there is an eclipse and when the "star" is brightest.
Actually, the change in brightness of the "star" as the speed of the toothed wheel in-
creases is gradual, so that there is considerable uncertainty in the observations.

To see how the speed of light can be obtained by measurements made with Fizeau's

_apparatus, consider the following example.

Let V = the speed of light
D = the distance between T and M
t = the time it takes for light to travel from T to M and return, or 2D
n = the number of revolutions per second of the toothed wheel
a = the angle (in degrees) subtended by a tooth of the wheel or by a space
between two teeth (The wheel is cut to make the teeth and spaces equal.)

It is easy to see that t = 2D/V . Why?

Also, the time it takes for the toothed wheel to turn through the angle a may be ex-
pressed as a/360° times the period of revolution, or & x 1

' 360° n
For a light pulse returning to T from M to be eclipsed by the tooth next to the space
through which that pulse went out, the toothed wheel must turn through the angle a in

- the exact time that it takes the light to make the trip out and back. In this situation,

t = 2D _ _ &  oraV = 2D(360°xn) and V = 2D (360° xn)
v 360° x n T

‘F.lzeau’s wheel had 720 teeth. Therefore the angle a =

Eclipse by the adjoining tooth was observed at n = 12.6 revolutions per second.
The measured distance between T and M was D = 8633 meters

@ VWhat is the speed of light?
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6. Foucalt's Method for Measuring the Speed of Light ::: . )
/'.%\ Foucalt's experimental arrangement is shown

/‘\\R schematically in the drawing. Light from the
sun enters through the slit S, passes through .
- the lens L and falls on the surface of a plane
mirror R.. This mirror can be made to rotate
rapidly around an axis which is perpendicular
to the plane of the paper. M is & portion of
a spherical mirror, whose center of curvature
is at R. Hence, the light is reflected from
R to M and back to R. If R is not turning, the light will be reflected back along its
original path (solid lines) to S. For convenience of observation, a parallel plate of
glass, M, inclined at an angle of 45° is placed near the slit, so that the returning
image of the slit is seen at S;. Now, if the revolving mirror R is turning rapidly
in the direction shown by the arrows while the light travels from R to M and back, the
light will not be reflected along its original path but will be deflected, as indicated
by the dashed lines. -The returning light will be focused by the lens L at 8' and may
be observed at Sl" By means of an eyepiece and scale at S,, the separation between
Sy and Sy' can be measured. This separation will be equivalent to two times the angle
that the revolving mirror turns while the light is travelling from R to M and back to
R. The speed of revolution of the revolving mirror was determined stroboscopicelly
by Foucalt. .

AN
L
LY

Now, let us see how the speed of light could be determined from this set-up. If we
= the speed of light

a the distance between R and M .

= the time it takes for light to travel from R to M and back, or 2D

=

=

let

the mumber of revolutions per second of the revolving mirror
the angle (:Ln degrees) through which the revolving mirror turns in time t

PPt

Then, a moment's thought should convince you that a =360° xnxt .

But, t = 2D/V (Why?), so that we have a = 360°xnx$.2
or aV = 360" xnx2D
and V = 2D (360° xn) . (Does this equation look familiar?)
a .
In one trial, Foucalt measured a distance between R and M of D a 20.0 meters.
The speed of revolution of the mirror R in this trial was n = U60 revolutions per
second.

The observed separation between S) and S;' was equivalent to an angle of 160".
Therefore, angle a (in degrees) =

What is the speed of light?
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T. Michelson's Work of 1878. ::: The following extract is taken from the Proce: s of

' - the American Association for the Advancement of Science, 27th Meeting, August, 1578.

5.
3
=
v
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"EXPERIMENTAL DETERMINATION OF THE VELOCITY OF LIGHT. By ALBERT A. MICHELSON, U.S.N."

Considering the importance of this physical constant as one of the simplest and
most accurate means of ascertaining the distance of the sun from the earth, it seems
surprising that but three scientists have sought to obtain it experimentally.

These were Foucalt, Fizeau, and more recently Cormu. .

Foucalt used the method known as that of 'Wheatstone's revolving mirror', the
application of which was first suggested by Arago. Fizeau and Cornu both used
another method, known as that of the 'toothed wheel'. . . .

The objection to Foucalt's method is that the displacement, . . .[Mic.helson is
referring to the separation between S; and ' that is illustrated in Exercise 6
above.] is very small, and therefore difficult to measure accurately. The objection
to Fizeau's is that the time of total disappearance of the light was necessarily
uncertain. .« . .

The object of the experiments which I have undertaken is to increase the displace-
ment in the first method. This can be done . . .by increasing the radius of measure-
ment, i.e., the distance from the revolving mirror to the scale. In Foucalt's experi-
ments, the speed of the mirror wes [about] 400 turns per second; the radius of
measurement was about one metre, and the distance between the mirrors was about
[twenty] mbtres. The displacement was sbout 0.8 millimetres.

In my experiments, the speed of the mirror was but [about] 130 turns per second --
but the radius of measurement was from fifteen to thirty feet--and the distance
between mirrors was about 500 feet. The displacement obtained varied from 0.3 inch
to 0.63 inch, or about twenty times that obtained by Foucalte .« « .«

The following is a description of the apparatus employed in these preliminary
experiments.

Fig. 1 represents the plan. The

sun's rays are reflected by a helie- soofE& m 2
”‘ 7
L

stat through a slit S, and upon a
mirror R, which revolves about a ver-
tical diameter. They are thence re-
flected to a fixed plane mirror M, 3°

upon the surface of which an image of N

the slit is formed by means of the s

lens L. The light now retraces its

path, and finally forms an image of the slit, which, when the mirror R is at rest,
coincides exactly with the slit itself. When the mirror revolves. . .the images is
displaced more and more as the revolution becomes more rapid, the displacement being
twice as great as the [angle of] displacement of the mirror during the time required
for the light to travel from R to M and back again.

It will be observed that the difference between this arrangement and that of
Foucalt is that the concave mirror is dispensed with, its office being accomplished
by the lens and plane mirror; and that this arrangement permits the use of any dis-
tance between the mirrors.

Since this method is the same as that used by Foucalt, what formmla would you use to
calculate the speed of light from Michelson's arrangement?
How could you obtain the value of the angle a (:Ln degrees) from the radius of measure-

" ment, r (= SR in the figure), and the displacement, d (= SS'), of the image?

From Michelson's description above, we can ssume the following data:
Distance between mirrors, MR, -- D = 512 feet = 156.2 meters

Speed of the mirror-- n = 134 revolutions per second
Radius of measurement, SR-- r = 30.0 feet = 9.1% meters
Displacement of image, SS',-- d =z 0.630 inch = 1.60 centimeter = 0.0160 meter

VWhat is the speed of light?
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8, Michelson's Work of 1924-1926. ::: The schematic drawing shows the essential parts
: of the experimental set-up in Mi-
TP chelson's, final determinations of
b My the speed of light. He again used &
Tt o Foucalt's method. The general ar- - |
. M
R > ?
M

rangement had been proposed in 1900

M by Cormu. The most novel features

. were a many-sided revolving mirror
in place of a plane mirror and the

"""" S_F.IM. elimination of the need to measure
the displacement of the slit image.

The measurements were made at night. The source of light was a Sperry electric arc
focused on the slit S. Two large concave mirrors, Manam ﬁ , each of 2h-inch aperture
and 30-foot focal length, replaced the lens and distdnt mirror previously used.
(Compare the diagram in Exercise T7.) The mirrors were adjusted so that sent a
parallel beam of light to the distant mirror Mh’ which formed an image of“the slit on
& small concave mirror, , at its focal point. M5 returned the light to M , which
sent it back to at the’observing station. Both“the outgoing and re light
were reflected the octagonal revolving mirror, R, but from opposite sides. This
was made possible by the use of a system of plane mirrors, M_L,IQ, M6, and M,. On the
second reflection from R, the light passes through the right-angle prism, P, where it
was Observed by means of a telescope, T. The path of the light beam was as follows:

S, Ry My, My, My, My, Mg, My, Mo, Mg, W, R, P, T

The distance over which the light traveled was approximately 35.4 kilometers. The
need for measuring the displacement of the returning slit image was eliminated by
turning the 8-sided mirror (12- and 16-sided mirrors were also used) at such a speed
that the next face of the mirror would be in position to receive it when the beam re-
turned from the distant mirror. Thus, the time taken for the light to travel fram
to M, and back for an 8-sided mirror, would be 1/8 of the period of revolution. The

of the revolving mirror was measured stroboscopically. .

'Can you suggest what some of the adjustments and preliminary measurements might be
before any determinations of the speed of light could be begun? Where might errors
be made? '

Some typicel data that might be obtained from a run with an 8-sided mirror is: |
Distance over which the light travels-- D = 35.4252 kilometers |
Speed of the 8-sided revolving mirror-- n = 528.806 revolutions per second

Derive & formula and calculate the speed of light.

This calculation will give you a value for the speed of light in air. The difference
between the speed of light in air and its speed in vacuum may be taken as 67 kilometers
per second. When you have calculated the speed in air, should you add or subtract this
amount? Why? @

What is the speed of light in vacuum?
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"~ 9. Science is an international activity. We can realize this well when we look at the
" contributions that scientists from different countries have made to almost any field
? of investigation. Below are listed the names and nations of men who played a role

in the measurement of the speed of light. The Roman mumerals preceding the names in-
dicate the century in which they did most of their work. -- Who were these men? What
did they contribute to the measurement of the speed of light? What other contributions
did they make to science and to society? -- Here are topics for same interesting re-
ports to your class. A visit to the library will surely be helpful.

Demmark -~ XVII  Ole Roemer
3 England - XVIII Jemes Bradley XIX -~ Charles Wheatstone
& France -~ XIX Dominique Francois Jean Arago, Armand Hyppolyte Fizeau,
Jean Bernard Léon Foucalt, Marie Alfred Cormu XX - Jean Mercier

Germany -~ XX A. Karolus, O. Mittelstadt, A. Hittel
Italy - XVII Galileo Galilei
U.s. - XIX  Simon Newcomb, Albert Abraham Michelson (Also XX)

XX E. B. Rosa, N. E. Dorsey, F. C. Pease, F. Pearson, W. C. Anderson

Incidentally, isn't there samething peculiar about the above list? Although there
are representatives fram six countries on the list, there are certainly many more
countries than six in the world. Yet there are no scientists from these many other
countries on the list. Why not? Can you suggest same reasons why one country may
produce & considerable mumber of scientists at a given time while another does not?
What does this mean to us today?
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