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ABSTRACT
M.A,

Titles THE HISTORY OF THE DETERMINATION
OF THE VELOCITY OF LIGHT TO THE
MID TWENTIETH CENTURY. -

RICHARD MALCOLM GOLIGHTLY

The thesis looks at the various attempts at measuring the
velocity of light from ancient times to 1940, It '
concentrates on astronomical and optical methods apart from
. mentioning electrical methods where this was considered

- necessary in the historicel development.

In the early part of the study the ancients considered
that light travelled faster than sound and controversy arose
as to whether it had a finite or infinite velocity.

A brief look is taken at the theories of Alhazen and Roger
Bacon before turning to the work of Galileo and his attempts
to produce an experimental verification of the finite
velocity of light.

The experiments of Roemer and the first astronomical
verification of the finite nature of the velocity using
the satellites of Jupiter are considered in some detail.
Here mention is made of the work of Descartes and the
independent verification by Bradley in 1729.

Next the rival wave and corpuscular theories of light are
considered as in trying to explain the phenomena of refraction
each theory gave rise to a different value for the velocity

of light as it travelled through a more dense transmitting
medium, Thus the velocity of light became a crucial factor
in deciding which theory had more merit.

Wheatstone's use of a revolving mirror to measure small time
intervals is mentioned as well as the Fizeau method on
comparing the velocity of light in air and water.

The main part of the thesis concentrates on the various
terrestrial optical methods of the nineteenth century
starting with the experiments of Foucault, Cornu and Fizeau.

The work of Young and Forbes is given in detail since their
series of experiments were made so that each observetion was
to be an accurate measurement of the velocity.

The classic experiments of Michelson spanning 1879 - 1930
are considered in detail as well as mentioning the work of
Newcomb and Perrotin.

The work of de Bray is mentibned along with a comparison
of modern determinations.

The concluding chapter draws attention to the emergence of
the 'experimental method' in Renaissance times and the
requirement of progress in scientific technology before
accurate measurements can be taken. The transition from the
single scientist working in isolation developing into the
team effort as is common practice today is also mentioned.




THE__HISTORY OF THE DETERMINATION
OF _THE VELOCITY OF LIGHT T0 _THE
MID TWENTIETH CENTURY

A Thesis sﬁbmitted for the degres of
| MASTER OF ARTS
of the
UNIVERSITY OF DURHAM
,by .
RICHARD MALCOLM GOLIGHTLY
1985

The copyright of this thesis rests with the author.

Department of Philosophy No quotation from it should be published without

University of Durham his prior written consent and information derived

from it should be acknowledged.

101N 1986




CACKNOWLEDGEMENTS

I would first like to thank my wife for being sa patient
for the period of the preparation of the thesis, and for.

encouraging me to undertake this work.

My colleagues, too, have been very helpful in their support
and I record my gratitude to them with a special mention

for Mr. R. Sandetson and Mr. G.B. Thornton.

Finally, I am indebted to Dr. D.M. Knight for his guidance,
encouragement and advice during the preparation and writing

of this thesis.



CONTENTS

ACKNOWLEDGEMENTS

CHAPTERS
1 From Antiquity to the time of Galileo
2 'The Influence of Galileo on the Theories
concerning the Velocity of Light
3 The First Determination of the Velocity of Light
4 Roemer's Astronomical Observations
5 The Wave and Corpuscular Theories
6 The Work of Fizeau
7 Charles Wheatstone: The use of a rapidly
revolving mirror to measure smell time intervals
8 Arago's Projected Experiment on the Velocity of
Light
9 Foucault's Experiments
10 The Experiments of A. Cornu
11 The Determination by Young and Forbes
12 The Early Experipents of A.A. Michelson
13 The method of Simon Newcomb
14 Michelson and Intexferometxy
15 Perrotin's Experiments
16 Michelsons The Experiments of 1924
17 Michelsons The Mount Wilson/Mount San Antonia
experiments :
18 The work of de Bray
19 Conclusion
APPENDICES

(

i) De Bray: Graph of Velocity Results

( ii) Roemer: Extract from Philosophical

Transactions (1677)

(iii) - Bradleys:s Extract from Philosophical

Transactions (1728)

( iv) Cassini: Extract from Philosophical

Transactions (1694)

REFERENCES
BIBLIOGRAPHY

PAGE

56

67
74
96
98
114
141
145
154
156

161
169
175

187

188

190

203
214
224




DECLARATION

No material contained in the thesis has previously
been submitted for a degree in this oxr any other

university.

COPYRIGHT

The copyright o? this thesis rests with the author.
No quotation from it should be published without his
prior written consent and information derived from it

- should be acknowledged.




CHAPTER 1.

FROM _ANTIQUITY TO THE TIME OF GALILEO

In Antiquity.vprevalent ideas on the nature of light were very
different from those of today. It was true that in the pre-
Socratic period there were philosophers like Democritus(i) who,
through his general atomic theory regarded light as small particles
emitted from a source and moving with finitebvelocity. But this
theory was never widely accepted. The problem of the velocity

of light was frequently mentioned during discussion on the

relative merits between the rival emission and atomic theories

of light (see late:)ﬁ It was generally accepted that since
lightning comes before the thunder then light travels faster

than sound,

The Greek philosophers arrived at two main theories concerning

the nature of light, both of which involved the use of particles.
(ii)

Firstly Democritus and the Pythagoreans considered that vision

is caused by the projection of particles of light from the
object seen, into the pupil of the eye. Secondly Empedocles(lll)
(iv) (v)

Euclid and the Platonists held the doctrire of ocular
beams where the sense of vision was considered to be similar to
the sense of touch. The eye itself emits a stream of particles
- rays of light; thése rays go out and "apprehend" the object

seen (1) see Lucretius(VI)(Z)see Plato.

Democritus of Abdera (approx 460 - 370 B.C.). Philosopher.
' Pythagoras of Samos (568 - 480 B.C.) Philosopher.
Empedocles of Acragas (492 - 432 B.C.)
Euclid (c 300 B.C.) Alexandrian Mathematician.
Plato (427 - 348/347 B.C.) Philosopher.
Titus Lucretius Carus of Rome (96 - 55 B.C.) Philosopher,

He.
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'Aristotlé(i) in tuin, rejected the atomic theory, falling back
on the view originafing with the Pythagoreans that the essence
of matter was to be found in four primary and fundamental
qualities, existing in contrasted and opposite pairs - the hot
aha the cold, the wet and the dry. He also objected to the
Euclidién model, If rays of light were emitted from the eyes,
then how was it that.when we open our eyes we see things
immediately? One could say that light travels very fast; but
we see even the distant stars instantaneously, and the stars
are very far away in anyone's cosmology. Perhaps the light
waves travelled with infinite speed, but this idea was abhorrent
to Aristotle (3).

By the time we reach Mediaeval times the velocity of light had
been one of the most debafed subjects concerning natural

'philusopnb especially since Ibn al=Haitham (Alhazen)(ii), Ibn

Sina(iii) and others of the Arab school had insisted that to
enable the human eye to see, the existence of an external Some=-
thing' of a physical nature was necessary, Two oppasing
theories existed: one suggested that this 'something! was
endowed with a very high but finite velocity, while the other
maintained that the velocity was infinite, The failure of
every attempt made to measure this velocity strengthened the
faction thét held the view that the velocity was infinite., It
" is true that in most cases the reason'for believing that the
velocity of light was infinite was dictated by metaphysical
considerations and often by observations which were.both super-
ficial and wrongly interpreted. . On the other hand there was

great ﬁonfpsion of ideas. One group thought in terms of the

velocity of visual rays, and the fact that as soon as they

(i) Aristotle of Stagira (384 - 322 B,C.) Athenian Philosopher

( ii) Ibn Al-Haitham of Basra (965-1039) Founder of Cairo
University

(iid) Ibn Sina of Bukhara (980-1037)




opened their eyes they could see extremely distant objects such
as the stars, seemed to justify their conclusion that rays had

an infinite velocity. Another group thought in terms of the
velocity of the species, and fepeated the same reasoning as
thatAused for the visual rays without realizing that this reason-
ing, when applied to the species, was not logical.

From the philosophers of the time, Ibn al Haitham was significant
in assuming a finite velocity of light. He tried to explain
refraction by a theory on which the velocity was split into ore
component-éarallel to the éurface between the two media, and
another»perpéndicular fo it. When light was passing from a

less densé éo‘a more dense medium the parallel component, he
maintained, was diminished so that the angle of refraction

became smaller than thevangle of incidence. Al-Haitham did

nét succeed in discovering the exact law of refraction although
his theory did lead to a reduced velocity o% light in a denser
medium,

(i)

Mention should also be made of Roger Bacon » @ disciple of
.the English scholar Robért Grossteste(ii) who attempted the
creation of é completely new and comprehensive philosophical
system by which Christianity coﬁld be defended against Islam.
Bacon knew of Ibn al-Haitham's optical investigations and
followed his Arab predecessor in assuming a finite velocity

of light.
In 1604 there appeared the book Ad Vitellionem Paralipomena

in which Kepler(lll). under such a modest tifle exposed many

( i) Roger Bacon, (1219 - 1292) Frenciscan Scholar at Oxfoxrd.
( ii) Robert Grossteste (1168-1253) Chancellor of Oxford 1213/1251
' Bishop of Lincoln
(iii) Johannes Kepler (1571-1630) Imperial Mathematician at
Prague and Court Astronomer. :




fundamentalAconcepts, " In the first chapter he gave 34

Propositions summariziﬁg the physicai properties of light and
its relation with colour (4); Keplef considered that light
had infiﬁte’velocify but it should be noted that this Propos=-
ition éuffered’considerably from the scarcity of experimental

data.




CHAPTER 2

THE INFLUENCE OF GALILEQ ON THE THEORIES CONCERNING

-

THE VELDCITY OF LIGHT.

We must now turn our attention to the works of Galileo(i) on

the determination of the speed of light. He had as late as
1623 entertained the notion that light was transmitted instant-

aneously. (5) However it was in his book Dialogques Concerning

Two New Sciences that he proposed an experiment to calculate

its velocify;

In the Dial@gue, the roles of the interlocutors were clearly.
“defined with_Sélviati, Galileo's spokesman, representing the
mathematical intellect of the new science; Sagredo, the mind
aiready freed frﬁm any prejudices of Aristotelian tradition
and the illusions of common sense, a mind Which was therefore
capable of grasping the new truth of the Galilean arguments;
Simplicio represented common sense, believing in the authority
of Aristotle and of official science, struggling under the
burden of tradition.

' Sahiati and Sagredo started to discuss the recent publication
of‘Father Cévalieri‘ii) on the subject of the burning glass
(specchio ustorio);v. |

(6) SALVEATI - "Hence 1 do'not understand how the action of
light, al%thgh very pure, can be devoid of motion and that
of the swiftest type."

SAGREDO - "But of what kind and how great must we consider

this speed of light to be? Is it instantaneocus or momentary

( i) Galileo Galilei (1564 - 1642) Professor at Pisa,
Padua etc. Philosopher to the Duke of Florence.
(ii) Buonaventura Cavalieri (1598 - 1647) Jesuit Priest
' and Prior at Bologna.




or does it like other motions require time? Can we not

decide this by experiment?" |

SIMPLICIO - "Everyday experience shows that the propagation of
light is instantaneous; for when we see a piece of artillery
fired, at a greast distance, tﬁe flash reaches our eyes without
lapse: of timé; but the sound reacﬁes the ear only after a
noticeable interval.,"

SAGREDP - "Well, Simplicio, the only thing I am able to infer
from this familiar bit of experience is that sound, in resching
our ear, travels more slowly than light; it does not inform

me whether the coming of the light is instantaneass or whether,
although extremely rapid, it still occupies time. An
observation of this kind tells us nothing more than one in
which it is claimed that 'As soon as the sun reaches the horizon,
its liéht reaches our eyes'; butiwho will assure me that these
rays had not reached this limit earlier than they reached our
vision?"

SALVIATI. - "The small con¢lusiveness of these and other similar
observations ﬁnce led me to devise a method by which one might
accurately ascertain whether illumination, i.e., the propagation
of light, is really instantesneous.s The fact that the speed

of sbund is as high as it is, assures us that the motion of
light cannof fail to be extraordinazdly swift., The experiment
which f.devised was as follows:

Let each of two persons take a light contained in a lanterny
or ﬁther.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 cubits 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 prompt
that without sensible error the uncovering of one light is
immediately followed by the uncovering of the other, so that

as soon'as.one exposes his light he will instantly see that

of the other. Having acquired skill at this short distance
let the two experimenters, equipped as before, take up positions
separated by a;wdistance of two or three miles and let them
perform the same exp?riment at nighf, 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
propagation of light is instantaneous; but if time is required
at a distancé of fhree miles which, considering fhe éoing of
one light and the coming of the othef, really. amounts to six,

. then the delay ought to be easily observable; If the experi-
meht.is to be.made;at still greater distances, say eight or

ten miles, telescopes may be employed, each obéerver adjusting
one for himself at the place where he is te make the experiment
at nfghtﬁ then a;though the lights are not large and are

" therefore invisible to the naked eye at so great a distance,
they can‘readily be covered and uncovered since by aid of the
telescope, once adjusted and fixed, they will become easily
visible."

. SAGREDD - "This experiment strikes me as a clever and reliable
invention. But tell us what you conclude from the results.”
SALVIATI - "Iﬁ fact I have tried the experiment only at a

short distance, less than a mile, from which I have not been




able to ascertain with certainty whether the appearance of the
opposite light was insténtaaeous or not; but if not instanta-
neous it is extraordinarily rapid - I should call it momentary;
and for the present I should compare it to motion which we see
in the lightning flash between clouds eight or ten miles
diétant from us. We see the beginning of this light - I
might say its head and source - located at a particular place
among the clouds; but it immediafely spreads'to the surround-
ing ones, which seems to be an argument that at least some time
is required for propagation; for if the illumination were
instantaneous and not gradual, we should not be able to
distinguish its origin - its centre, so to speak - from its
outlying poition,"

Descartes(i) qualified this experiment as "useless" and offered
an alternative which he outlined in a private letter in 1634
but never included in his published writings. Descartes’
correspondent had suggested an experiment_similar to the one
Galileo proposed: an observer would move a lantern in front
of a mirror placed at a quarter of a mile and the interval
between moviﬁg the lantern and perceiving its reflection in
the mirror would afford a measure of the velocity of light.
Descartes replied that there was another expériment “oftep
performed by thousands of careful observers that showed that
there“was no lapse of time between the moment light (7) left
the luminous object and the moment it entered the eye." This
experiment was provided by the eclipse of the moon,

Descartes correspondent had conjectured that the speed of
light was such that it could cover the quarter of a mile to

and from the mirror in one pulse beat. Descartes generously

—
(i) Rene du Perron Descartes (1596 - 1650) Philosopher



proposed to increase this value by 24 times to 1/24th of a
pulse beat for a quarter mile orv1/6th for 6ne mile.

Assuming the current values of 50 earth radii for the distance
of the moon and 600 miles for the length of the earth's radius,
this would entail that light'takes 5000 pulse beats or roughly
one hour to travel from the earth to to the moon and back
again.

Now along a line ABC, let A, B

A B c and C represent the positions of
the sun, the earth, and thé moon respectively; .and suppose
that from the earth at B the moon is being eclipsed at C.
The eclipse must appear at the moment when the light emitted
by the sun at A, and reflected by the moon at C, would have
arrived at B if it had not been interrupted by fhe earth. On
the assumption that it takes one hour for the light to make
the return journey from B to C, the eclipse should be seen one
hour after the light from the sun reaches the earth at B. In
other woids, the.eclipse should not be observed from the earth
until one hour after the sun has been seeﬁ at A, But this is
faise since, when the moon is eclipsed at C, the sun is not
seen at A an hour earlier, but at the same moment as the eclipse.
"Hence", Descartes declared, using the same word he was to
apply to Galileo's suggestion, "your experiment is useless". (8)
The issue of the instantaneous or temporal propggégion of light
was.peripheral to Galileo's physics but it played an important
role in Cartesian mechanism where it illustrated the casusl
efficacy of contact action in a world permeated with subtle
matter., Descartes saw the instantaneous propagation of light

as experimental evidence for his theory and he was evem prepared




to admit that if an interval of time were detected "my entire

philosophy would be completely subverted." (9).

10




CHAPTER 3

THE FIRST DETERMINATION OF THE VELOCITY

S i SIS ——

OF LIGHT.

IMMEDIATE _BACKGROUND
y (1)

Ole Roemer (Romer in September 1676 announced to the
(Paris) Academy of Science that the eclipse of the innermost
satellite of Jupiter would occur exactly ten minutes later
than the time calculated on the basis of previous eclipses.

He explained that the delay was caused’by the simple fact that
astronomers considered light to be propagated instantaneously
rather than gradually. Once his prediction had been confirmed
by observation, Roemer told the Acadéﬁie that the speed of
light was of such magnitude that it would require about 22
minutes to traverse the diameter of -the annual orbit of the
earth.

Prior to Roemer's work the finiteness of the velocity of light
was considered by Roger Bacon who although (was) in perfect
agreement with Alhazen's conclusions on this subject, felt
that he must show, nevertheless, that they were arrived at_on
no proper basis. Bacon was interested in Astrology (in which
he believed implicitly) and was interested in the means
whereby the astral influences, as well as starlight, were
transmitted through space. In his Opus Majus he said that (10)
"all authorities make this statement (that light travels
instantaneously) except Alhazen who atteﬁpts to pfove this

view fals€eeese But these reasons of Alhazen do not have

any weight." Essentially Bacon showed that the sort of

(1) Ole Christensen Roemer (1644 - 1710) Professor at
Copenhagen and Scientific Adviser to the King of Denmark.

1
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reaéoning used by Alhazen was identical with that of the
scientists who attempted to prove the opposite view. Yet
Bacbn mersly replaced Alhazen's argument by his own which

was equally metaphysical to conclude that

"Aristotle's statement that there is a difference between the
transmission of light and that of other sensory impressions is
not to be understood as consisting in the fact that light is
transmitted instantaneously and the other imﬁressions requiie
time... this difference is not one of instantaneousness and
time, but a less time and more time". (li)

Now Francis Bacon'l! felt that the velocity of light was finite.
His remarks on the subject were.a classical example of the
confusion exhibited by a first rate mind attempting to be
reasonable with no scientific basis to act as a guide. (12)
"Even in sight, whereof the action is most rapid, it appears
that there are required certain moments of time for its
accomplishments.... (It is not surprising that we do not

see the actual passage of light, for there are) things which
by reason of the . velocity of their motion cannot be seen =
as when a ball is discharged from a musket. This fact, when
others like it, has at times suggested to me a strange doubt,
viz...whether the face of a clear and étarlight sky be seen at
the instant at which it really exists, and not a little later;
and whether or not, as regards our sight of heavenly bodies,
(there is) a real time énd an apparent pléce which is taken
account of by astronomers in the correction for parallaxes

(whether or not) fhe images or rays of heavenly bodies take a

(i) Francis Bacon (1561 - 1626) Viscount St. Albans.
Lord Chancellor of England.
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perceptible time in travelling to us. But this suspicion as
to any considerable interval between the real time and the
apparent afterwards vanished éntirely... What had most weight
of all with me was, that if any perceptible interval of time
were inteiposed between the reality and the sight, it would
follow that the images would oftentimes -be intercepted and
confused by clouds rising in the meanwhile, and similar
disturbances of the medium."

The theoretical background of science at this time was in a
state of flux with "the whole scientific mode of thought in
these times corrupted as it was by theology and scholastic
divinity" (13) being very evident in the works of Kepler (4).
Kepler wrote two treatises on optics; one concerned completely
with refraction, (14) and the other, an earlier work, a type

of commentary and supplement to Vitellius(i). a treatise on

the whole science of light. In this earlier work (15) he
begins (page 6) by working out that a sphere, considering its
centre, radius and surface may be a representation of the
Trinity. Later on he aﬁalysed the characteristics of light,
stating that from each luminous point an infinite number of
réys travel ocut to infinity The propagation takes place
instantaneously because light has neither mass nor weight
(page 9). Therefore having no mass, the lighé can offer

no iesistance to the moving force and according to Aristotelian
mechanics, giving the light anlinﬁinite velocity.

Beeckman(i?) seems to have been certain, not only that the

velocity of light was finite, but that this fact could be

( i) Vvitellius (1230 - 1275) Polish Physicist/Philosopher
see Vitellionis, Nuremberg, 1535. Third Edition
edited by F.Risner.

( ii) Isaac Beeckman (1588 - 1637) Dutch Physicist. Rector
at Dordrecht. Author of Mathematico Physicarum

Meditationum Quaestionum Solutionum Centuria. Utrecht 1644
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verified experimentally and the magpitude of that velocity
determined. In his journal (Marxrch 19th 1629) it states: (16)
"Distet homo ab alio pér tot miliaria per quod (lege quot)
bombardi explosi lumen potest videri; 4&quo spatium hoc fit
majus, stet uterque in monte excelso, ne quid in medio abstet
quo minus lux vel flamma ignis acﬁensi videri possit, Verisimile
autem est, magnum spatium requiri ad diffarntiaﬁ aliquam |
notandam tempore, ob incredibilem luminis in movendo celeiitatem.
'Uterque homo habeat exactissimum horologium portatile, &
uteféde, tam is qui bombardo exploso astat quam qui tam longe
ab éo remotus est, uterque, inquam, eo momento quo lumen videt,
in horolegij celerrima rota notet punctum aliquod, vel atramenfo
vel alio modo, quo exacte potest seire quot denticuli tacti
fuerint dum sibi invicem in viaAoccurrerint. Uterque enim

cum hgrolugio suo ad socium proficiscatur; at que ubi sibi
occurrerint, ﬁndsquique numeret quot denticulliﬁ éuo horologio
transierint; idque saepius permutatus horologijs. Verisimile
mihi videtur, non tantam esse lucis celeritafem, quin illi
deprehasuri sint, plures dentes traniojsse in horologio ejus

qui bombardo explosoc adliterat." which translates as:

"Let one man stand at a distance froh anoéher over as many

miles as to allow the light from a burning flare to be visible
(té'be within range of vision). Where the distance is greater
than fhis, then let sach of them stand on a high hill to avoid
any obstacle inlbetween preventing the light or flame from a
lighted fire being seen. However it is probable that a long
distance is required to measure a quantifiable difference in
time, on account of the unimaginable speed of light in motion,

Each man should have a portable clock exeetly synchronised
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with each other; each man, both the one who stands close to

the burning flare and the one who is far removed from it, each
man, I repeat, at the precise moment that he sees the light
" should mark on the clock's second hand (lit., 'the fastest
Qheel') a point either with dye or by some other method, by
which he can determine precisely how many teeth (on the cog-
wheel, I imagine) have been 'clicked' (i.e. elapsed time) by
)the time the two men meet each other on the road. For each |
man should set off towards his opposite number with his clock;
when théy meet, each one should then count how many teeth

have ticked away on his own clock. This count should be done
repeatedly - and the clocks exchanged. I think it probable
that the speed is not soc fast that they will not be able to
observe that more ‘teeth have ticked away on the clock kept by
the one who was positioned where the flare was 1it."

Beeckman tried to convince Descartes that the velocity of

light was finite but‘without much success. Descartes, defending
his belief in instantaneous propagation, had worked out what |
seemed to him to be final and complete proof that his belief

was the only one tenable. In 8 lettef to Beeckman (August
22nd, 1634), he reviewed all of their previous correspondence
and intefchange of ideas on the subject.(17) Descartes
argument in favour of instantameous propagation was, in
principle, scientifically sound as opposed to unconfirmed
hunches (Galileo) and metaphysical arguments (Bacon, Alhagzen).
The mistake he made was in the estimation of how large the
velocity of light might be if it were finite: his value being
much too small.

Hei'considered an eclipse of the moan, caused by the moon,

earth_  and sun being in a straight line, with the earth
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interposed between the other two. Should it take an hour,

say, for light to travel from the earth to the moon. Then

the moon will not become dark until exactly one hour after

the instant of collinearitylof the three bodies., Similarly

one would not observe (on earth) the moon'ssdérkening until

the ;assage of another hour, or untilAtwo hours after the moment
of collinearity. But in this time, theomoon will have moved

. in ifs.orbit and the three bﬁdies will nE ﬁonger be collinear.
Hence, Descartes argued this is conttaiy to expe%ience, for

one always observes the eclipsed moon at the point of the
ecliptic appoéite to the sun (so that, for example, oné never
sees.the sun and the eclipsed mooﬁ simultaneously). Hence

light does not "travel in time" but ih an instant., |

Descartes asserted in his two works 6n op¥ics, that light

- travels instantaneously. Yet, in neither o% tﬁése did he

give the above observation as his basis for his asée;tion.(le)
Hg instead‘reasoned using in one instance, a blind man who

feels the impact of his stick upon é stohe the moment the

stone is st;uck, and in the other, a piie of elastic balls.
where a movement of one of the balls at the bottom of the pile
is transmitted instantanéausly fo those at the top. Descartes
was'perfectiy willing to admit that the concept of instantaneous
(i)

transmission was difficult to grasp.(19) Mersenne '~ 'questioned

him on this point, being bothered by the seeming exclusion of
prioiity of place ?i,eé,if light travels instantaneously, how
can it be first in one place and then in another, for that

would imply a lapse of time between the instants of being in

(i) Marin Mersenne (1588 - 1648) Priest at the Place Royale
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the two places). Descartes replied only "pour la difficulté
que vous trouvez en ce qu'elle, se communique en un instant,
il y'a de l'éauiuoque au mot d'instant..."(20)

Descartes was of the opinion that light depends on a pressure
which is propagated instantaneously and he thought of it as
being similar to the pressure in a liquid. In his Discours
premier (21) he stated "that light in the body we call luminous
is simply a given motion or a given. action which is very
quick and lively and which moves towards our eyes passing
through thé air and other transparent bodies, in the same way
as the movement or the resistance of bodies met by this blind
man passes to his handAthrough the stick."

" In his Discours Seconde, Descartes studied reflection,

B

diffusion and refraction of projectiles rather than of light.
Once the laws were established for projectiles he extended
them to light with only slight variations being necessary.

He proved the law of refraction by following Alhazen's
reasoning but added in mathematical form that the ratio between
the sines . of the angles of incidence and of refraction is
'constan?. Furthermore when light passed from air to water
the rayfzent towards the normal to the surface of separation
which in turn led to the concluéion that the normal component
of motion had increased. The conclusion of this was that the
velocity of light should be greater in the denser medium.

New if light were supposed to have an infinite vélocity. it

is not at all clear what such a statement would mean.(22)

,Grimaldi(l) in his book de Lumine considered the theory of

(i) Francesco Maria Grimaldi (1618 - 1663) Priest at the
Jesuit College, Bologna.
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of Descartes where he emphasised that Descarte; theory

required an-increése of veiocity in the denser medium when
refraction oécurs. "In reality I consider that this opinion

in itself and in its solé éxpositionlappears to me improbable".(23)
Finaily looking at the works of Robert Hooke(i) who tried

to grasp at the idea of a wave theory of light. In his
Microgragﬁia (24) he said that light was essentially a motion
that was "exceeding quick", he added that light "may be
communicated or propagated... to the greatest imaginable
distance in the least imaginable time: thougﬁ I see no
reason to affirm that it must be in an instant. For I know
not any one expe:imenf or observation tha;-does prove it ...
(And as for moét statementé on the subject) I have this to ,
answer. That I can as easily deny as they affirm. If
indeed the propagation were very slow, tis possible something
might be discovered by Eclypes of the Moon; but though we‘
‘should grant the progress of the light from the Earth to the
Moon, and from the Moon back to the Earth again tb be full
two minutes in performing, I know not aﬁy possible means

to discovér it; nay, there may be some instances perhaps of
Horizontal Eclypes that may seem very much to favour this
supposition of the slower‘progression of Light than most

imagine. And the like may be said of Eclypes of the Sun

etc, "

(i) Robert Hooke (1635 - 1702) Secretary of the Royal
Society and Professor of Geometry at Gresham College,
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CHAPTER 4.
, _—
ROEMERS - ASTRONOMICAL OBSERVATIONS

e e e e e A R

One of the first projects of the Academie Royale des Sciences
was the preparation of maps less defective than those in use
at the time., This project was quite feasible since the
pendulum clock invented by Huygens(i) in 1657 was reliable
enough to serve in the determination of longitude.’ However
aﬁ astronomical phenomenon was required capzble of simultaneous
observation from a point of known longitude and the place whose
longitude was to be determined. Such a phenomenon was the
eclipses of the first four satellites of Jupiter discovered by
Galiléo in January 1610.(25) Before they could be used for
this purpose tables of their motion were needed, The earliest
tables of this sort that enjoyed any confidence at all among
(ii)

astronomers were those published by Cassini in 1668, together

with his later set pidblished in 1693. (see Appendix (iii) ).

The first observations of the eclipses of the satellites of

Jupiter made at Paris were those of Jean Picard(lll)and were

taken (26) before Cassini had arrived from Italy to be director
of the Observatoire.(27) Picard had first to determine the
precise longitude of Uraniborg on the is;and of Hveen so that
'propeg_use could be made of all previous observations. He
started to make observations on September 6th 1671 with the

help of Erasmus Bartholin(lv) and Ole Roemer. There the

( 1) Christiaan Huygens (1629 - 1695) Academie des Sciences,Paris
( ii) Giovanni Domenico Cassini (1625 - 1712) Professor of

Astronomy at Bologna.
(iii) Jean Picard (1620 - 1682) Prior of Rille, Professor

at the College de fFrance.
( iv) Erasmus Bartholin (1625 - 1698) Physician, Copenhagen
Al

University. ‘
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party observed a series of eclipses of the first satellite

of Jupiter while Cassini made simultaneous observations in
Paris.(28)

Ole Roemer of the University .of Copenhagen studied under
Bartholin‘andlevenfually joined the Acadé%ie as assistant to
Picard and Cassini, He made many observations, both in Paris
and in other parts of ?rance. He displayed great mechanical
and inventive genus and constructed a Jovilabium which is of
note since it enabled him to account for some of the irregul-
arities in the motions of the satellites.

Du Hamel(i) mentioned a paper which Roeher read to the Academie
in 1677 in which he discussed Descarteslproof of the Law of
Sines (29) explaining that the admission that light would
travél faster in a denser medium was questionable. He
preferred the seemingly more logical view that was the direct
opposite of Descartes on which basis he gave a synthetic proof
of the Law of Sines, similar to the analytical proof given by
Farmat.(ii)

Sinde the satellites of Jupiter were of extreme practicel
importance, it was necessary to know as much as possible qf
(iii)

their irregularities. According to Maraldi the nephew

and collaborator of Cassini -
"On appelle premier inégalité des planetes celle qui vient de
leur excentricité’au Soleil, & qui est rééllement dans leur

’ / -/ .
cours, par rapport a cet Astre, & second:zinegalite, celle qui

A .
vient de ce qu'elles sont vues de la terre, & non du Soleil™(30).

( i) Jean Baptiste du Hamel (1623 - 1706) Secretary to the

Académie des Sciences.
( ii) Pierre de Fermat (1601 - 1665) Counsellor in the

Parlement, ,
(iii) Giacono Filippo Maraldi (1665 - 1729) Academie des

Sciencese.
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Cassini announced this 'seconde inégalitea in August of 1675,
remarking that this =

"seconde inégalité paréﬁt venir de ce que la lumiere emploie
guelque temps ; venir du satellite jusqd'a nous, et qu'elie
met environ dix a onze minutes a parcourir en espace ééal au
demi-diametre de l'orbite terreste."(31) But "M.de Cassini
ne demeura pas longtemps dans la penséé que la propagation

successive de la lumiere produisit cette seconde inégalité".(32)

In fact when Roemer;'read his classical paper on the subject,
one of the strongest objectors was Cassini himself,

Roemer predicted in September 1676 that the eclipse of the
first satellite of Jupiter which was supposed to take place

on the following November 9th at 5h 25m 45s would be 10 minutes
late. On November 9th, this eclipse was observed at the
Observatoire Royal at 5h 35m 45s, in perfect confirmation »f
his prognosis. On the following Noveéber 2lst he read another
paper to the Académie in which he explainea the delay in the
eclipse of the preceeding November showed the necessity of his
new equation, the equation of light (allowance for the time
spent in light's passage) and that the time required for light
to cross the diameter of the earth's annual orbit was about

22 minutes.(33) Roemer stressed what was for him the central
point, that observations of immersions of the first satellite
geveAa smaller period of revolution than similar observations
of emersions.(34) (see appendix (i)).

Cassini, aithough having once entertained the idea himself,
objected vigorously. Not that there was any difference of
opinion bethen fhem as to the fact of the delay. The sole
disagreement lay in accounting for the delay. Cassini

“"perceived that the successive propagation of light explained
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the irregularities in the eclipses of the first satellite
when the Earth was in different positions of her orbit; but
finding that it did not account in an equally satisfactory
manner for the irregularities of the other satellites, he
rejected it altogether, and instead of it he used in the
tables of the first satellite an empiric equation depending

on the relative positions of the Earth and Jupiter."(35)

'Huygeps read the account of Roemers discovery and wrote to
him on September 6th 1677 (36) asking for more information
and asking too, whether or not the figure 22 minutes were
-correct. In his reply Roemer listed a set of four reasons
for the fact tha£ similar computations based oﬁ the other
three satellites would give no results and also attempted to
show why the delay could come from no other cause. In the
end Huygens was completely convinced.(37).

Although many of the academicians were convinced of the
neceséity of the equation of light, the Cassini family
remainéd a stronghold of reaction. A paper was delivered
by Maraldi who had devoted much time to the study of Jupiter's
‘satellites. In this paper of 1707 (38)'he admitted, in
common with his uncle, that the equation of light gave a
very satisfactory explanation and account of the errors of
the first satellite; but, he maintained, it should vary
from the perihelion to the aphelion of Jupitér'é orbit.

Also the errors should be the same for all the satellites.

Roemer said that he had collected more than 70 obsexrvations
of the first satellite, these made by Picard and himself

since 1668 and had divided them into the following nine

periods:
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Period I Earth receding from Jupiter Mar.1671-May 1671 EMERSIONS

" | II " approaching " Oct.1l671-Feb.1672 IMMERSIONS
" III " recéding from * " Mar.l672=June 1672 EM

" Iv " approaching u Nov.1672-Mar.1673 IMM

"V " receding frem "  Apr.l673-Aug.1673  EM

" vl » receding from " Jul.1675-0ct.1675 EM

" vir » approaching " May 1676=-June 1676 IMM

"oVvIII v receding from no Aug.1676-Nov;1676 EM

" IX " approaching " Junel677-Julyl6e77 IMm

The observations of the first satellite number 67. Meyer(i)

has computed the mean period of revolution of the first
satellite to get (39) |
Period I 1d 18h 2Bm 47s Emersions

" Il 1l 18 28 18 Immersions

" III 1 18 28 35 Emersiaons

" Iv 1 18 - 28 27 Immersions

" v 1 18 28 46 Emersions

" VI 1 18 28 48 Emersions

" VII 1 18 28 20 Immersions

" VIII 1 18 28 a7 Emersions

" IX 1 18 28 30 Immersions
This confirmed Roemer's statement that the mean period was
always greater when calculated on the basis of emersions than
when calculated on immersions.,
Roemer chose these ocbservations made during the years 1671,
1672 and 1673 to obtain his figure of 22 minutes for light
to cross the diameter of the earth's orbit because he had at
his disposal a large number of observations for that period

of time., Further during this period Jupiter offered

(i) Kirstine Meyer (1861 - 1941) Professor at the Roemer
Institute Denmark.




comparatively few variations in its movement and distance from

the sun (1672 marked the aphelion passage of Jupiter).

The mean period of revolution for the first satellite was
computed as follows:
1671 - 1672 1d 18h  28m 30s
1672 - 1673 1d, 18h 28m  3ls i
When one looks at the immersions of January 12th 1672
1671 October 24d 18h  15m Solar time
-15m  45s Equation of time
297d  1Th  59m  15s Mean Time
1672 January 1l2d Bh 59m 22s Solar Tiﬁe
4+ 9m 23s Equation of Time
1l2d 9h Bm  45s Mean Time
Subtracting one gets
1672 12d 9h 8m  45s
1671 297d  17h 59m 158
79d  15h | 9m 30s
For the same period of time, the mean period of revolution
was 1d 18h 28m 30s and as there were 45 revolutions of
the satellite between October 24th 1671 and January 12th 1672
the eclipse should have taken place at 45(1d 18h 28Bm 30s) =
79d 15h 22m 30s. Tﬁus the immersion of January 12th
occurred Lg;minutes earlier than it would have been expected.
" But during this period (between the two eclipses used in the
computétion) the distance from the Earth to Jupiter had
diminished by 1.21lr (r is the radius of the earth's orbit)

from which the time required for light to traverse the distance

r as l3min
1.1 10m 45s

or about 1llm as given by Roemer.

Meyer however lodking at the increment in the distance from

24
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Jupiter to Earth (August 23 and November 9th 1676) was 1.l4r

showing that he would have got a 10 minute delay 10 _min

1.14 = 8.7 min

Roemer's innovation was not generally accepted in France;
indeed such was not the case until the startling independent

(i)

confirmation by_Bradley in January of 1729. But by that
time, the idea that the velﬁcity of light was finite had gained
much headway in England and elsewhere..

In England,'Hooke alone was not convinced by Roemer. In

the pre-~Roemer period Hooke doubted the instantanenus trans=-
mission of light. .4After Roemer's demonstration he doubted
finite transmission, He said:

"Supposing this. (Roemer's demonstration) may prove it (light)
to be temporafy and not.instantaneous, yet we find that it is
so exceeding swift that 'tis beyond imagination; for so far
hg thinks indubitable, that it moves a space equal to the
Diameter of the Earth, or near 8000 miles, in less than oné
single second uf.time, which is in as short time as one can
well pronounce 1,2,3,4; and if so why it may not be as well
instantaneous I know no reason." (40)

Halley(ii) was conVinced of thenecessity of this new equation
and in 1694 he published Cassini's tables of the first
satellites of Jupiter (reduced to the Julian style and to the
meridian of London); in the introduction, discussing the
second inequality, he remarked that Cassini admitted that:

"Monsieur Roemer did most ingeniously explain (this second)

inequality) by the Hypothesis of the progressive Motion of

( i) James Bradley (1693 - 1762) Savilian Professor of
‘Astronomy at Oxford and Astronomer Royal.
(ii) Edmond Halley (1656 - 1742) Savilian Professor of
' Geometry at Oxford and Astronomer Royal.
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Light; to which Cassini by his manner of calculus seems not
to assent, though it be hard to imagihe how the Earth's
Position in respect to Jupiter should any way affect the
motion of the Satellites. But what is most strange, he
affirms that the same Inequality of two Degrees in the Motion,
is likewise found in the other Satellites, requiring a much
greater time, as above two Hours in the fourth Satellite:
which}if it appeareﬁ by Observation, would overthrow Monsieur
Roemer's Hypothesis entirely. Yet I doubt not herdth to make
it demonstratively plain that the Hypothesis of the Progressive
motion of Light is found in all the other Satellites of

Jupiter to be necessary, and that it is the same in all."(41)

(i)

He listed some observations of his own and some of Flamsteed's
and noted that Roemer's figure of 11 minutes was too large and
that the figure computed by Cassini (as a time of delay, with
no clue to the cause) was too small, being only Tm Ss. The
correct figure, said Halley was closer to 8.5m;

Sir Isaac Newton(ii) has made two direét references to the
velocity of lith.. In the first of these in Opticks (42) he
mentions that most people consider light to be propagated
instantaneously and so initially he defined rays, refractions
etc. in accordance with that belief.

"But by an argument taken from the Aequations of the times of
the Eclipses of Jupiter's Satellites, it seems that Light is
propagated in time, spending in its passage from the Sun to

us about seven minutes of time; And therefore I have chosen

to define Rays and Refractions in such general terms as may

i) John Flamsteed (1646 - 1719) Astronomer Royal
ii) Isaac Newton (1642 - 1727) President of the Royal Society

— g—
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_agree to Light in both cases.”

It seemed that Newton wished to avoid commitment to one point
ofvvieQ or the other as long as possible. But when he reached
that part of the book where "the last proposition depended on
the velocity of lighta. he introduced the proposition (43)

that "Light is propagated from luminous Bodies in time, and
spends ébout seven ﬁr eight Minutes nf.an Hour in passing from
the Sun té the Earth": He added that this "was observed first
by Roemer, and then by others, bg means of the Eclipses of

the Satellites of JupiterJa

Bradley discovered the aberration of light and published his
findings in 1729 (44) confirming Roemer's "mora luminis"
independently. (see.Appendix ii). He deduced from'his value
of the constant of aberration that the;{"*ltime required fof
light%to travel from the sun to the earth should be 8m 12s .Qﬁﬂ
a figure much close# to Newtﬁn's and Halley's than Roemer's 3
remarking that

"It is well known that Mr. Roemer supposed that it (light)
spent about 11 Minutes of Time in its Passage from the Sun to
us: but it hath since béen concluded by others from the like
Eclipses, that it is propagated as far in about 7 Minutes.

The Velocity of Light therefore deduced from the foregoing
Hypothesis (the aberration) is as it were a Mean betwixt

what had at different times been determined from the Eclipses
of Jupiter's satellites.” (46)

Bradley's work led to the final acceptance of the finite
propagation of light. Evén the Cassini family had to give

in. Maraldi(l) published a paper in 1741 in which he showed

that the equation of light explained much of the irregularity

(i) Giovanni Domenico Maraldi (1709 - 1788)
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in the motion of the third satellite.

Delambre(l) wrote that from an examination of the eclipses

of Jupiter's satellites the figure he had arrived at was
8m 13.2s (48). Whittaker(ii) mentions an inaugural dissert-
ation of 1875 (49) by Glasenapp(iii)who. discussing the
eclipses of the first satellite befween 1848 and 1870,
derived values bstween 8m 16s and 8m 21s, the most probable
being 8m 20.8s. He also mentibned the work of Sampsnn(iV).
who in 1909 derived the value 8m 18,64s from his own reductions
of the Harvard observations and 8m 18,798 from the Hérvard
reductions, with probable errors of 10.02s.

A more recent determination for the time of transit from the

(v)

Earth to the Sun is that of Brouwer who from a value of
8.8030 "(10.0020)" for the solar parallax, derived the value
8m 19s.

It is pf little or no consequence that the figure arrived

at by Roemer was too large being a little less than a third
larger than more recent values. He offered a means of
contradicting the general belief that the velocity of light
was instantaneous that convinced the major portion of the

scientists of his time. Even if his figure was a little large,

it was, in any case, of the right order of magnitude. (50)

( 1) Jean Baptiste Joseph Delambre 1749-1822) Secretary of
: the Academy of Sciences.,
( ii) Edmund Taylor Whittaker (1873 - 1956) Professor of
Mathematics at Edinburgh.
(iii) Sergei von Glasenapp (1848 - ) Professor of Physics
at St.Petersburg
( iv) Ralph Allen Sampson (1866 - 1939) Professor at Durham
and Edinburgh, Astronomer Royal for Scotland.
( wv) Luitzen Egbertus Jan Brouwer (1881 - 1966) Professor
: of Mathematics at Amsterdam. 4
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BRADLEY AND THE ABERRATION OF LIGHT

James Bradley published his discovery of the aberration of
light in 1729. . By aberration it was meant the apparent
displacement of g heavenly body due to the com&ination of

the orbital velocity of the earth with the velocity of light.
His success was due to a combination of his excellent instrumental
means, his own pexfect experimental fechnique together with his
thoroughness and persistence..

Bradley ‘did not simply discover aberration for his determination
of it was, considering his iﬁstrumental means, extremely
accurate. He concluded that the maximum aberration was
included between 40" or 41", the value of the constant of
aberration accepted today is 20"47 (that is 40"94 for the

whole axis). .He deduced from this value the speed of light,
and found that the sunlight would reach us in 8m 13 sec
‘(present estimate (Bm 19 sec).

Bradley observed the star X in the head of Draconis with

the object of discovering its parallax, and had found that
during the winter of 1725 - 1726 the transit acraoss the
meridian was continually more southerly, whilst during the
following summer its original position was restored by a

motion northwards.

Such an effect could not be explained as a result of

parallax. In order to investigate the problem further he

had a2 new telescope erected at Wanstead and theré observed

this épparent motion of a number of stars over a long period,
finally arriVing at tHe complete solution.  He considered

the matter in the following manner :



~,

If a particle of light' moves
from A to B while the eye moves
from C to B, the axis of an
observing tglescope must take

up the position CA so that the

\
\
R <

light from A reaches the point B

when the axis has gone from CA

b

to the parallel position BA.

C
The tangent of the 'angle of aberration' is given by
“tan A = %g = % » where W is the earth's velocity

perpendicular to the line of sigﬁt and V is the velocity of
light.

He then proceeded on this basis to a consideration of the
apparent movement of actual stars wifh the motion of the

earth around the sun; and from the results of his observations
deduced that the angle of aberration 4)was 20.2" and that

the ratio bf the velocity of light to the velocity of the
garth's motion in its orbit was therefore 10,210 to 1, This

-ﬁave a value for the velocity of light of 301,000 km/sec.
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CHAPTER 5

THE WAV AND CDRPUSCULAR THEORIES

N

During the €17th and C18th there were two competing views
concerning the nature of light., One considered that it was
a wave motion, the other that beams of light consisted of
streams of corpuscles. The wave theory was developed by
Huygens, but was not generally accepted at first because it
was overshadowed by the reputation of Newton, who favoured
the corpuscular theory.

Descartes, one of the main formulators of the corpuscular
theory, applied himself to a study of the nature and the

propexties of light. Although his researches in optics do

not rank in importance with those in mathematics or philosophy

because much that is contained in his works is to be found in
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gearlier writers. Nevertheless, the importance of La Dioptrique*

is great becausg éf the emphasis placed upon the practical
aspect of the science.

The phenomena of reflection and refraction werewell known in
these times and both thewave and corpuscular theories could
easily explain how these phenomena took place. However, in
an attemptiqa to explain the refraction of light as it passed
from a less dense to a more dense transmitting medium (say)
the corpuscular theory indicated that the light travelled
faster in the denser medium whereas the wave theory required
the light to travel slower in the denser medium.

Descartes seems to have been the first writer to attempt to

explain the bending of a ray of light as it passes from one

y ‘
~# Discours de la Methode, Plus La Dioptrique etc., Legden,
- 1637.




medium to another. He presented thé law of refraction as
a deduction\from theory using the aid aof an analogy of a
moving ball:when rays of light meet ponderable bodies_"they
are liable to be deflected or stopped in the same way as
the motion of a ball or a stone impinging on a body; for it
is easy to believe that the action or inclination to move,
which I have said must be taken for light, ought to follow
in this “the same laws as motion."(51) ‘
Descartes assumed that the bending of the ray of light
resulted from the unequal speeds of the light, and fuither.
that the speed of propagation depended only on the nature
of the medium through which it passed. Furthermorg in order
to make the analogy with the moving ball relevant, he was
for;ed to make the light travel faster in the denser medium
and to explain this he argued tha? the tex£ure of the rare
body was such as to hinder the passage of the light through
it.

In his Discours Seconde, Descartes considered that a ray of

light is refracted éczESS a plane interface from one mediuﬁ
into another: (52)

Let a light corpﬁscle; whése velocity in the first medium
is Oi. be incident on the infe:face, making an apgle i.witb
the normal to the interface, and let it be refracted at an
angle r into the-sécond medium, in which its velocity is Vo

v
Therefore ;% = - (say) because the ratio depended

only on the nature.of the media (see above). Assuming
also that the component of velocity parallel to the interface
is unaffected by the refraction

. sin i = v sin r
then vi _ r

32
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Should i >'r then the velocity would be greater in the

second or denser medium which furned out to be in contradiction
with experimental fact.

Descartes’conclusipns were attacked by many of his contemporaries
notably Hubbes(i), Fermat aﬁd'Roberval(ii); Hobbes wrote

to Mersenne from Paris (53)(7th February 1641) drawing
attention to blemishes in La Dioptrique.' Descartes did not
take Hobbes' criticism seriously and indeed did not welcome
:‘H_:S‘,; observationé..

| Fermat argued that light should‘travel with'diminished

speed in the deﬁser meaium, This, he thought, followed from
é prihciple which the ancients (especially Hero) had accepted
as a corollory to the equality of the angles of incidence and
reflection, a principle which later was to :be known as the
Principle of Least Action, It was known in antiquity that

so long as the light travelled in the same medium it would
always take the shortest path. Fermat generaslised the
priﬁciple, arguing that itnwould still hold if the light

- passed frﬁm one medium.to another, so that light travelling
from a point in one medium to a point in the other would so
adjust its péth that it would traverse the distance in the
shqrteét possible time.  Applying his rules p% maxima and
minima, which he haa now perfected, to such a'case he showed
that the resistance encountered in the two media would be
inﬁersély proportional to the series of the ahglgs of incidence

and refraction, He arrived at the solution in 1661 and wrote:

( 1) Thomas Hobbes (1588 - 1679) Author .of'Tractatus ticus!
(i3 ‘Gilles Personne de Roberval (1602 - 1675) 'Trait€ de

ii) —~L31ite de
méchanigue"
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"The result of my work, has been the most extraordinary, the
most unforeseen, and the happiest, that ever was; for, after
having performed all the equations, multiplications, éntitheses
and other operationé of my method, and having finally finished
the problem, I have found that my principle gives exactly and
precisely the same proportion for the refractions which
Monsieur Descartes has established."(54).

Descartes wrongly believed that the speeds would be inversely
proportional to.the sines of these same angles and he further
stated that light must travel more readily through water than
through air, and still more readily through glass, results
thch were experimentally disproved‘by.Foucaﬂi in 1850.
The‘usefulness of Fermat's work was summarised by Whittaker

as follows: ’

"Aifhough Fermat's result was correct, and, of high permanent
interest, the principles from which it was derived were meta-
physical rather than physical in character, and consequently
were of little use for the purpose of framing a mechanical
explénation of light. The influence of Descartes' theory

was therefore scarpely at all diminished. as a result of
Fermat's work."(SS)

Huygens in his I;éggé:gg_ig_ggmgggg could not accept that
corpuscular light could penetrate matter without,at the séme
time, undergoing some sort of disarray and diffusion. He
conside:éd'that light was the hovement of the matter existing
between the object seen and the eye itself, After careful
consideration he felt able to conclude that:

"there is no doubt that light also comes to us from a luminous

body by some motion impressed on the matter in-between, since
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as we have already seen, this cannot be by the %#ansport of

a body which passes from the luminous object to us".(56)
Huygens prefe:red motion to matter. He considered that the
ezistence of the finite speed of light denied by Descartes but
which had been determined by Roemer in 1675 was an argument in
favour of his views., He also had adopted the finite velocity
of‘;ight as a hypothesis several years before. Roemer announced
his results. Huygens in fact had devised his theory to
account for those phenomena which Descgrtes' theory had tried
to explain : namely, rectilinear propagation, the fact that
rays of light may cross ane another without hindering or
Vimpeding cne aﬁother. reflection and ordinary refraction in
accordance with the sine law. His aim was to give a clearer
and more plausible explanation than the unsatisfactory
inconsistgnt cbmparisons proposed in Descartes' Dioptrigue

and his starting point was exactly those physical problems
which the Cartesian theory had left unsolved;'

Hooke in his Micrographia (57) said

"the constitution and motion of the parts must be such,

that the appulse of the luminous body may be communicated

or propagatea'through it to the greatest imaginable distance
in the least imaginable time; though I see no reason to affirm,
that it must be an instant.®

Hooke heré questioned Descartes/hypothesis of the instantaneous
propagation of light; He did not actually assert that the
veloﬁity of light must be finite. But that he favoured such

a vie@ (at the time of writing the Micrographia) may be gathered

from the following discussion of Descartes' arguments from the

eclipses of the moon:
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"I know not eny one Experiment or observation that does

piove it (viz. instantaneous piopagation).. .And, whereas

it may be objected, that we see the Sun risen at the very
instant when it is above the sensible Horizon, and that we

see a star hidden by the body of the Moon at the same instant,
when the Star, the Moon and our Eye are all in the same line;
and the like observations, or rather suppositions may be
urged, I have this to answer That I can as easily deny

as they affirm; for I would fain know by what means any

one can be assured any more of the Affirmative, than I of the
Negative. If indeed the propagation were very slow, 'tis
possible some thing might be discovered by Eclypses of the
Moon; but though we should grant the progress of the light
from the Earth to the Mpon, and from the Moan back to the
Earth again to be full two Minutes in performing, I know

not any possible means to discover it; nay,there may be

some instances perhaps of Horizontal Eclypses that may seem
very much to favour this supposition of the slower progression
of Light than most imagine. And the like may be said of

the Eclypses of £he Sun, etc." (58)

He did not himself produce any positive arguments, experimental
or theoretical, to support successive propagation, But the
picture which he gave in the fifth remark clearly depicted

the propagation of light as a process taking place at finite
speed. |

"in a Homogeneous medium this motion is propagated every way
with equal velocity, whence necessarily every pulse or
vibfation of the luminous body will generate a Sphere, which

will continually increase, and grow bigger, just after the
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same manner (though indefinitely swifter) as the waves or
rings on the surface of the water do swell into bigger and
bigger circles about a point of it, whereby sinking of a
‘Stone the motion was begun, whence it necessarily follows,
that all the parts of these spheres emdulated through an

Homogeneous medium with the Rays at right angles,"(59)

The above ideas represented a definite advance towards a

wave theory. However, one cannot assume that he necessarily
understood the vibrations in the light bearing medium to be
transverse, that is, at right angles to the direction of
propagation. Nor does he say that the pulses or waves
follow one another at: regular intervals,

Hooké in Micrographia p.57 considered what happens to a pulse
or wave-front whéh it passed from one medium into another.
Looking at the construction, the velocity of light must be
greater in_denser media, since it was based on the Cartesian

relation giving the sines in inverse ratio to the velocities.

Now in Huygenés'construction for refraction the wave front
must be perpendicular to the direction of propagation after
refraction.

This construction thus yields a law according to which one
must adopt the opinion opposite to that of Descartes regarding
the velocity of light in different media.

Whittaker again comments:

"The above represented a decided advantage on the treatment
of (60) the same problem by Descartes which rested on mere
analogy. Hooke tried to determine what happened to the

wave-front when it met the interface between two media;




and for this end he introduced the correct principle that the
side of the wave-front which first meets the interface would
go forward in the second medium with’the velocity proper to
that medium, while the otherlside of the wavé;front. which

]

was s8till in the first medium was still moving with the old

velocity; so that the wave-front would be deflected in the
transitidn from one medium to the other.”

/
Huygens later suggested in the Traite (61) that "the progression

of these waves ought to be a little slower in the interior of

the bodies, by reason of the small -detours which the same

particles cause."

Huygens first adopted the finite velocity of light about
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three years before Roemer's discovery not because any terrestrial

experiment had forced him.to do so, but simply because this
hypothesis was required for & clear understanding of the
fjﬁengﬁhé@gand particularly, of, refraction. It was implied
in the Traité that Huygené had changed his mind also about
Descartes/eclipses arguments before Roemer announced his
results. One 6f the reasons given by Huygens confirmed the
preceding account of the development of his thought.

"I have then made no difficulty, in meditating on these things
(Descartes’eclipses arguments),'in supposing that the emanation
Aof light is accomplished with time, For it has always seemed
to me 24et even Mr. Des Cartes, whose aimhas been to treat all
the subjects of'Physics intelligibly, and who assuredly has
succeeded in this better than anyone before him, has said
nothing that is not full of difficulties, or even inconceivable,
in dealing with Light and its propérties.

But that which I employed only as a hypotheéis, has recently

received great seemingness (vraisemblance) as an established
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truth by the ingenious proof of Mr. Romer..."
Huygens Treatise p.T

It would seem that Huygens accepted Roemer's demonstration
not so much because he saw in it an impressive revelation of
facts but, rather, because it was in agreement with what he
had adopted as a physicsl hypothesis which he had required
for a clear explanation of the properties of light. Using
the principle of secondary waves, Huygens was able to devise

a construction for ordinary refraction (62).

X a¥
[ T R

AC being a plane wave front, obliquely striking a separating
surface AB. Let vV, be the velocity of the light in the
medium above and t the time taken for C to arrive at B.

Let V be the velocity in the lower medium.

Huygens was able to demonstrate that since the Angle of
incidence EAD is equal to the angle CAB and the angle of

refraction FAN is equal to the angle ABN, then

Vit v
-E-i-n-—i = = c = a—i =
sin r %% X %ﬁ Kﬁ Vrt Vr n

"This law implies that when the angle of refraction is

smaller than the corresponding angle of incidence, the velocity
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must have been diminished by refraction. And since light in
passing f;om a rare into a dense medium is deflected towards

the normal, it must be concluded that the velocity of light

is greater in rarer media, Huygens’law is the same as that
deduced by FermatA(from the least time principle) and maintained
by Pardies(i) and Angosii) But whereas Ango and. (perhaps)
Pardies simply assumed the wave-front to be perpendicular

to the direction of propagation after refraction, this is
pfesented by Huygens as a consequence of regarding the wave-

front as a resultant wave composed from the secondary waves

generated successively at the surface of the refracting medium." (63,

Newton considered the Cartesian proof in his Optical Lectures

of 1669 - 1671:

"The Aﬁcients determéned Refractions by the Means of the
Angles, which the Incident gnd refracted Rays made with the
Perpendicular of the refracting Plane, as if those Angies had
a given Ratio... the Ancients supposed, that the Angle of
Incidence ... , the Angle of Refraction ..., and the refracted
Angle ..; are always in a certain given Ratio, or they rather
believed it was a sufficiently accurate Hypothesis, when the
Rays did not much divaricate from the Perpendicular ... But
this estimatiné of the Refractions was found not to be.

sufficiently accurate, to be made a Fundamental of Dioptricks.

And Cartes was the first, that thought of another Rule,

(i) Ignace Gaston Pardies (1636 - 1673) Author and
Lecturer at Le Grand College, Paris.
(ii) Father Pierre Ango (1650 - 1700) Author of Optigue 1682




‘whereby it might be more exactly determined, by making the
Sines of the said Angles to be in a giving Ratio ... The
Truth whereaof the Author had demonstrated not inelegantly,
provided he had left no room to doubt of the Physical Causes,
which he assumed." (64f

By tﬁe mid Cl8th there were two rather distinct lines of
develapment in natural philosophy. Newton's wish to refrain
from hypotheses and his deliberaté avoidance of unequivocal
statements about the causes of forces and the nature of
matter, allowed two different overall views of his works,
dependent upon the current interests of the interpreter.
SUMMARY BY SCHOFIELD

"Now it is only by implication, and that not a clear one,

that Newton's theory of matter can be determined. ' There is

no doubt that he was a corpuscularian, nor that he had modified

that belief, rejecting the nétion that all natural phenomeha
were explicable simply in terms of the various sizes, shapes
and motions of these fundamental particles of nature. But
Newton schelars are still divided as to whether, in the end,
he beiieved that the corpuscles also acted upon one another,
at a distance, by means of unexplained immaterial forces of
attractiﬁn and repulsion, or that an intermediary aether
suBtle, elastic, and electric, provided the mechanism for
their action. For our purposes, the amswer to this problem
is essentially irreiEVant for we need rather to know that
eighteenth-century natural philosophers believed that Newton
believed, Unfortunately, it appears that this conflict

of opinion divided eighteenth - as well as twentieth-century
Newtonians. In the long run the most influential view was

probably that of the aetherial school, in which more-or-less
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traditional materialists successfully reconciled their views
with Newton's aether into a series of imponderable fluids

each of which carried the properties essential to explain the
various phenomena they had been created to solve. Nevertheless,
there remained a clear line of British investigators, starting
early in the century, who adopted the notion of forces and
ignored that of the aether."(65)

Newtoh in his 'Opticks' had developed the arguments for the
ratio of the sine of incidence to the sine of refraction of a
ray of light. He stated "That bodies refract light by acting
upon its Rays in lines perpendicular to their surfaces."

John Michell(i) wrote more explicitly: "for let us suppose
with Sir Isaac Newton that the refraction of light is
occasionedlby a certain férce impelling it towards the
réffacting mediﬁm. an hypothesis which perfectly accounts

for all the appearances." (66)

Newton argued that the velocity of light could bé related to
Fhe ratio of the sine of incidence and refraéfion as follows:
"If any Motion ﬁr mdving thing whatsoever be incident with
any Velocity on any broad and thin épace terminated on both
sides by two parallel Planes, and in its Passage through that
space be urged perpendlcularly towards the farther Plane by
any forca which at given distances from the Plane is of given
Qual;tles; the perpendicular velocity of that Motlon or
Thing, at its emerging out of that space, shall be always
equal to the square Root of the sum of the square of the
perpendicular velocity which thét Motion or Thing would have

at its Emergence, if at its Incidence its perpendicular

velocity was infinitely little.,"

(i) . John Michell (1724 - 1793) Rector of Thornhill.
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Newton proceeded with mathematical demonstration to show that
the sinégvof incidencé was to the sine of refraction, "in a
given ratio." He then added his usual.cautionary statement:
..."Add this Demonstration being general, without determining
what Light is, or by what kind of Force it is réfracted, or
assgming anything further than that the refracting Body acts
upon the Rays in lines perpendicular to its Surface; 1 take
it to be a very convincing Argument of the full truth of

this Proposition.,

So then, if tﬁe ratio of the Sines of Incidence and Refraction
of any sort of Rays be found in any one case, 'tis given in
all cases; and thus may be readily found by the Method in
the following Proposition."(67) see also (64).
Jphn_Robison(i) as late as 1788 argued strongly for the
Newtonian scheme and was somewhat scathing concerning the
rival wave theory:

" "The other hypothesis is that of Mr. Huyghens and Dr.Hooke.(68)
These gentlemen suppose that, as hearing is produced by means
of the tremuious motion of elastic air, which affects the

ear, so vision is produced by the tremulous motion of elastic
light, which affecfs the eye. This hypothesis was announced
and applied to the explanation of phaenomena in very general
terms, and did not, for a long while, engage the attention:

of the learned. The celebrated mathematician Mr. Euler(ii)
ha;'lately brought.it into credit, having made sdme alterations

in it. He supposes, that vision .:is produced by the tremulous

motion of an elastic fluid which he calls aether, and which

i) John Robison (1739 - 1805) Professor at Edinburgh
ii) = Leonhard Euler (1707 - 1783) Professor of Mathematics
"at St. Petexrsburg. .

I~
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he supposes to pervade all bodies., He attempts to show

that the propagation of this tremulous motion is analogous

to the appearances in the reflection and refraction of light.

I confess that I cannot admit his reasonings on this subjecf

to be agreeable to the principles of mechanics; and I am
decidedly of opinioh, that the propagstion of the tremulous
motion of én elastic. fluid is totally inconsistent with those
facts in vision where no refraction 6r reflection is observed.
But I shall reserve my objections till another oppatunity,

when I propose to submit to this Society a mechanical explanation
of this'h&pothesis, and I shall admit for the present that

Mr. Euler's explanation of refréction and reflection is just.

It is an essential proposition in this ; hypothetical theory,
that the velocities of the incident and refracted light are
proportiaonal tb the sines of incidence and refractiﬁn, and
therefore that light.is retarded when it is refracted towards
the perpendicular. It seems a necessary consequence that, in
this case, the particles of aether are actuated by forces
tending from the refracting body. I shall, therefore.'consider
what effects must result from the combination of this retardation
with the motion of the refracting body. If time will allow,

I shall consider what will be the effects produced on the

motion of light by the motion of the visible object. These

" are so different in the two hypothesgs, that it is very

probable that some natural appearance.may be found which

will give us an opportunity of determining whether either of
these hypotheses is to be received as true."

Robison was correct in his suggestion that the two hypotheses

could be subjected to experimental comparison if it could be
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determined whether light wére accelerated or retarded upon
entering a medium of higher index of refraction. But this
experimental determination did not occur until after 1849,
with/the'work of Fizeau and Foucault. Until then, the choice
between the two hypotheses remained largely a matter of
personal preference. It was clear that Robison opted for

the Newtonian system,




CHAPTER 6

HE__WORK _OF FIZEAU
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The problem of measuring the time interval, occupied by light

in travelling a relatively short distance on the earth's

surface was first overcome by H.L;Fizeau(l)(lﬁdg) and in

!

~doing so he introduced a principle of fundamental importance

in the field of measurement. Instead of trying to

measure

the short interval occupied by one return ‘. journey of light,

he arranged for a regular repetition of the journey
observed some parameter, in this case the intensity
light returned, which reached an optimum value when
of repetition agreed with the time of travel. The

measurement was thus replaced by the measurement of

and

of the
the time
time

the rate

of repetition or frequency, which is a far easier technical

problem, —
|

With réference to the diagram : W was a toothed wheel whose

rim was at the principal focus, F, of an objective lens, O

Light from a source, S, was reflected at the surface of the

glass plate, G, and brought to focus at F, from which it

emerged as a parallel beam. This beam, after traversing s

distance of several kilometres, fell on a reflector

and

hence onto a focus on the surface of a concave mirror, R.

The'optical centre of the lens, L, was at the centre of

(i) Armand Hippolyte Louis Fizeau (1819 - 1896)
Director of the Bureau des Longitudes.




47

curvature of R, and so the incident beam of parallel light
was returned prallel and fell on 0, which formed a real image
of the source at Fo

Now rays of light eminating from a luminoué source;diverge

in all directions from their position of origin; thus the
further a given surface is from the source of light, the less
it receives. Therefore in this exneriment where distances
of several kilometres were involved, the mirror would only
receive an insignificant quantity of light, moreover only

a very sméll portion of that lighﬁ would come back to strike
the eye so that very little would be seen. Thus to minimd;se
loss of light the lens system as above was arranged. In
fact, the two converging lenses were objectives of two tele-
scopes placed at the extremities of the distance over which
~the light travelled, and directed towards each other so that
the image formed by the objective of one was seen at the
focus of the other. (69)

"This arrangement succeeds very well, even when the telescopes
are separated by considerable distances., With telescopes

of 6 centimetres (ZT% inches) aperture, the distance can be

8 kilometres (nearly 5 miles) without the light becoming too
feeble. We thus see a luminous point'like a star, and

formed by the light, which, setting out from this point, has

traversed a distance of 16 kilometres,(nearly 10 miles) then
returned and passed exactly through the same point to reach
the eye. i

"It is exactly at this point that the teeth of the revolving
disk must pass to produce the effects spoken of. The

experiment succeeds very well, and we observe that, according

to the greater or less velocity of ratation,'the luminous

point shines brilliantly or is totally eclipsed.”
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In the circumstances in which the experiment was made, the
first eclipse was produced in about twelve turns and sixe-
tenths of a turn in one second. With double the velocity
the star shines again, with a triple velocity a second eclipse
takes place; for a quadruple velocity the point shines again,
and so on.

"The first telescope was placed on the terrace of a house

at Suresnes, near Paris; fhe second on the heights of
Montmatre, at an approximate distance of 8,633 metres

(28,516 feet or 5,3645 miles).

The disk, carrying 720 teeth, was attached to wheel-work
moved by Qeights. and constructed by M.Froment; a register
gave the number of revolutions. The light was obtained

from a lamp so disposed as to give a very bright beam."

The time occupied by the light to travel 2 x 8633 metres

—t uti Y
was thus %720 of a revolution or 5 X 12.6 x 720 seconds,

so that the velocity of light in air was 2 x 8633 x 12.6 x
2 x 720 metres/séc or 3.13 x 1010 cm per second.

Boubling the speed of rotation would result in a maximum
intensity and it is clear that the preﬁision of setting
increases with the speed and the number of teeth that are
by-passed, Fizeau however never reported thé details of
his experiments apart from a single result which was stated
to be the average of 28 measurements. This value was
given as 70.948 leagues of 25 to the degree, corresponaing
to the above value in modern units:

The project developed by Arago(i) in 1838 had shown the

possibility of measuring the velocity of light and that

(i) Dominique Francois Jean Arago (1786 - 1853)
Secretary of the Académie des Sciences
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it would have to move over a short distance on the earth's
surface to determine this Qelocity. The experiment of
Fizeau based on an entirely different method was the first
determination of the velocity of light on earth and whaose
agreement with that which astronomers had arrived at ffom
sidereal observations was satisfactory for a first attempt
of'this kind.

It was for éhis experiment at Suresnes that the Institute
of France awarded to Fizeau, at its annual meeting in 1856,
the triennial prize of 30,000 francs founded by the Emperor
for the work or the discovery which, in the opinion of the
five academies of the Institute, has done‘most honour and

" service to the country.

THE VELOCITY OF LIGHT AND_WAVE THEORY

According to the emission theory - the velocity of light in

passing from a rarer medium into a denser should be increased.
For example, the refractive index in passing from air to
water is 4/3; thus according to the emission theory, the
velocity of light in air to the velocity in water should be
3/4.- Against this stands the wave theory. According to
this theory, the velocity of light in passing from a rarer

to a denser medium should be diminished; in the case of air
and water the ratio of velocities would be reversed and
beéome 4/3.

Arago suggested submitting the question to an expgrimental (700
test and proposed the idea of using a rotating mirror to
carry out the idea using a suggestion of Wheatstone(i). He

himself was unable (71) to carry out the experiment due to

failing eyesight.

(i) Charles Wheatstone (1803-1875) Professor at
Kings' College, London.
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Arago conceived a ray of light to fall upoﬁ the plane surface
uf.a reflecting mirror set perpendicdlar to the direction of
the light, whence the latter would be sent back along the
path by which it entered. If the reflecting surface be
oblique to the direction of the light, the latter will be
reflected in some other direction; should a second reflecting
mirror be set ﬁgrpendicular to this lstter direction, the
light will be reflected from this in the direction of the
perpendi;ula;, will again strike the other mirror, and be
finally sent back by the latter through the aperture by

which it entered. In this case the fay has. suffered tuo
reflections from the intermediate mirror; and if it is true
that light requires timerin passing from one point to another,
these two reflections cannot occur contemporanecusly. A
certain @portion of time, however sméll, will be required

for the journey to and from one mirror to:ithe other. Now
when the'aperéure and. the two mirrors are_perfectly still,

the path of the light in comihg will coincide with itsrpath
ih returning; . but while on its route between the two mirrors,
shoulé fhe position of the first mirror be cﬁénged)e.g.
become more iéclined to the direction of the ray, then the
latter wiil not be reflected along the line of its épproach,
but will be reflected somewhere to the side of the aperture.
This change in the position of the mirror ﬁuring the almost
infinitesimal portion of time occupied by the light on its
passage between the mirrors is accomplished by giving the
mirrdr a high angular velocity. Thus this gives a meané

of comparing the velocity of light in air with its velocity
in water. The leés time occupied by the light in performing
its double journey betweeﬁ the two mirrars, the less the

divergence ought to be and vice versa. Hence, if the




Newtonian theory(pe(etrgé, the introduction of a column
of water six feet long ought to bring the reflected image
of the aperture nearer to the aperture itself; and if the
wave theory;@%éitrﬁe, the introduction of such a column
should make the divergence greater.

Such experiments although simple enough in principle,

)
demanded considerable delicacy of manipulation. In order

to observe the extremely small divergence Foucault(i) made
use of a small square (72) apérture furnished with a number
of vertical bars qf fine platinum wire; . eleven of these
fitted in the space of one millimetre, and between each

two there was a small space through which the light entered.
The image given by this was a small field furrowed with
alternate black and white stripes. The light after entering
through this ‘aperture fell upon a lens by which it was
converged, but beforg it came to a focus on the opposite
side it fell upon the rotating mirror; and it was then cast
upon a concave miiror placed about 6 feet away, which
reflected it back again.- Foucault was able to compare

the divergence of the black and white stripes in the image
from the platinum wires and their intervening spaces.. "I

~ have already proved," said Foucault, "by two successive
operations that the deviation of the image after the journey
of the light through air is less than aftér its journey
through water.: I have also made another confirmatory

experiment, which consists in observing an image formed

partly by light which has passed through air,-and partly by

(i) Jean Bernard Léon Foucault (1819 - 1868)
Paris Observatory.
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light which has passed through water For small ve;ocities,
the stripes of this mixed image were apparently continuations
of each other. But by the acceleration of the motion the
image is transported, and the stripes are broken at the
point.of junction of the air image with the water image.

The stripes of the latter take the advance in the sense of
the genéral déviatioh. Further, on taking into account the
length of water and of air traversed, the deviations are
found to be proportional to the indices of refraction. These
results indicate a velocity of the light which is less in
water than in air,.and, according to the ¥Views of M.Arago,
fully establish the theory of undulation.”

Fizeau.ﬁnd Breggét(i) published work on the same subject
almost simultanéously. "We have realized with great
exactitude the (73) experiment described in our note presented
to the Academy during its session of the 6th of May last;

an. experiment which we felt called upon to make, although
M.Foucault in the same session had read an extended paper
upon this subject, din which he announces that he has already
obtained decisive results. We have thought_that, for the
solution of é capital question like the present, the proofs
could not be too much multipled, and that experiments made
under different circumstances could not but contribute to
render our knowledge of an important fact more certain.

We have applied'nurselves to the solution of the question

as proposed by M,Arago in 1848; that is to say, How can the

two opposite theories regarding the nature of light be

submitted to a definite test? We have adopted such measures

(i) . Louis Francois Clement Breguet (1804 - 1883)
Designer to the Bureau des Longitudes
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as are calculated to éxhibit in a striking manner the - )
differences of the phenomena as deduced from the one or

the other theory.

As remarked in our preceding communications the observation (74)
was made simultaneously on two bund;es of light; the one
having traversed air, the other a column of water.

For each of these bundles the path was as follows: A
telescope was so disposed that its object glass was very

near the %rotating mirror; a little rectangular prism was

‘ placed in the focus of the telescope, in such a position that
the solar rays failing.upon it form a convenient lateral opening
near the eye-glass, were totally reflected towards the object
glass. Bayond'phe rotating mirror, and at a distance which
for the ray that passed through water amounted to two metres,
there was a fixed reflector-designed to send back the light
to the rotating mirror by a normal reflection.

The focal distance of the telescope was such that the image
of the little prism placed at its focus formed itself
distinctly upon the fixed reflector just mentioned. After
having been reflected from it, the light returned to the
rotating mirror, was sent on through the telescope, and on
passing the focus formed an image which exactly covered the
.prism.

By the rotation of the mirror we give birth to a number of
images thch éqcceed each other very rapidly, and the
superpasition of which produces the sensation of a permanent
image,

When the rbtation became sufficiently rapid the permanent

image was pushed forward in the direction of rotation, this
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direction being the result of the angular motion of the.
mirror durzng the time occupied by the light in passing
twice over the space which separated it from the flxed
mirror.

A second similar fixed mirror was placed bes;de the former s
1t -permitted us to make the experlment with air and water
51multaneously. |

If the lengths traversed had been equal for both media,

the times occupied in passing' them would be in the ratio of
4:3 or of 3 ¢ 4, according to the one or the other tﬁeory.
and the deviations produced by the rotation of the mirror
would have been in the same ratios | |
AInstead aof equal lengths we have adopted equivalent lengths;
that ie to say, lengths traversed by the light in equal
times. - These lengths are very different, accérdlng as they
are calculated from the one or the other theory. Tde length
forAwaier being 1, the equivalent length for air would be
3/4 by the theory of emission,.and 4/3 by the theoxy of
undulation, | | |

'lf the e#periment be made by adopting the lengfh 3/4 for
air, that of water being 1, according to the theory'of
emission the tlmes occupied by the two bundles of light in
:pas51ng over these spaces will be equal, and consequently
the deviations w1ll be equal. = By the other theory, on the
’contrary. the times occupied by the lighf in passing through
bofh.media will be very different; these times will be for
water and'for air in the ratio of 16 to 9, and the deviations
Qill be in ﬁhe same ratio.

To coincide with the one or the other theory, it will

therefore be sufficient to prove, either that the deviations



55

are equal, or that one is nearly double the other.

If the equivalent lengths calculated from the theo?y of
undulation be taken, the results will be similar but
inverse,

According to the theory of emission, the deviations will

be in the ratio of 16:9, according to the‘other theory they
will be equal.

We have made these two experiments, and the results obtained
are very exact. The phenomena observed are altogether in
accordance with the theory of undulation, and in manifest
opposition to the theory ofmemission;

In the first arrangement the deviation is greater for water
than for air; it is nearly double. The difference is
sensible with a velocity of 400 or 500 revolutions per
second; with a velocity of 1500 revolutions it becomes
quite evident.

In the second arrangement the deviation is the same for

air and Qater; and whatever be the velocity 6f the mirror,
there is no sensible difference between the two deviations.
These experiments have been made in the meridian room of
the observatory; the column. of water was 2 metres long,
and was contained in a crystal tube closedAat the ends
with glass. This length is more convenient than that
which we first employed, namely 3 metres. The light is
less weakened, and, after its double passage, retains an
intensity:which may be estimated at double of that which
was obtained with éhe tube of 3 metres.

The deviations were observed at a distance of 1,50 millimetres

) \
from the rotating mirror,
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CHAPTER 7
CHARLES WHEATSTONE: _The use of a rapidly

revolving mirror to measure small time intervals.

Wheatstone was 'investigating the direction and velocity of
the electric spark. His oriéinal épparatus‘(sée diaéram)
was not a greét success since he was unable to observe any
deflection of the spark. However, a brief description
will be given for completeness sake. |
Fige.l shows the apparatus, which was to fhe spindle of 5
whirling macﬁine (at a) so that a rapid rotary motion could
be given to it. Both the upper and lower parts were brass
being insulated from each other by a glass rod de with bc
being a woﬁd diéc. The ball h was connected with a by
tinfoil ana it was possible to vary the distance separating
the two balls. The ball f was placed so that an electric
spark could ﬁass between f and the generator as well as a
spark passing between g and h, Wheatstone considered that
should the angular motion of the balls be in some proportion
to the velocity‘ of electricity then there would be a
deviation between the upper and lower ends of the line,
With the instrument revolving from left to right, and the
motion“of the spark be downwards, the deflection of the
line shquid be as in Fig.é: and if the motion was upwards
it should be deflected as in Fig.3J.

When the apparatus was made to revolve rapidly no deviation
of extremeties of either of the two sparks from the same
vertical line was observed. The appératus could revolve
at 50 times per second and a difference of 1/20 paft of

the circumference described by the balls could easily have
been observed and hence Wheatsone concluded that the spark

passed jointly through the air and the metallic conductor
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in less'than'l/IUUD of;a second.

Wheatstone then continued as follows: (75)

"Having failed tovnbserve any deflectipn of the spark by
the means just mentiongd, 1 found it necessary, if I would
continue the inguiry, to contrive some more effectual means
oprrosecutihg'it. It occﬁired to me that the motion of
the reflected.image of the electr;c spark in a plane mirror
would answer all the purposes of the motion of the apparatus
itself connected with the spark. Several advantages, it
was evident, wnuld result from this substitution; the
apparent motion of the reflected4image in a small moving
mirror would be equal to an extensive motion of £hd object
itself; the séme:mirror might be presented to any object
to be examined, thus forming, with its moving machine, an
independent and universally applicable instrument; and many
experiments might be tried, which, without this experiment,
would be difficult or impossible to perform, from the sine
or immobility of the apparatus. |

The most convenient form of the rerlving mirror is
represented in fig.4; it rotates on a vertical axis, and
in its motion successively assumes every vertica} plane.
If a luminous point, the flame of a candle for instance, be
placed st any distance4bgforé this revolving mirror, the
successive places of its reflected image will describe a
circle, the radius of which is equal to the perpendicular
distance.between the luminous point and the axis of rotation.
The angular velocity of the image is twice that of the
mirroer;. the entire circle is consequently described while
the mirror makes a semi~revolution; and if the back of the

mirror be also a reflecting surface, the image will describe
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two enﬁire cird&es during one revolution of the mirror.

If thé motian exceed a cértéin rapidity, the successive
images leave their impressions on the retina, and the eye,
prope;ly placed, takes in the view of a perfectly ‘.continuous
line ;f_light, being an arc of the circle described, which
arc is larger in extent in proportion to the proximity of
the eye4toﬁthe mirror. |

If now; while the mirror is in motion, the luminous point

be mévéd in a direction parallel to the axis of rotation,
theJCQmpusition of the two motions of the image,the one
depending on the maotion of the object, the other on the
motion of the mirror, will give rise to a diagonal resultant;
and if the number of rotations made by the mirror in a

given time are known, the direction and velocity of the
moving point may be calculated.

By screwing_the axis of the mirror to a machine with
multiplying'whebls, 1 was enabled to cause it to revolve
fifty times in;é second." The reflected image of a luminous
point, fheréfﬁre, passed over half a degree in the 72,000dth
part of = seﬁdnd, the angular velocity of the image being,

as before néticed, double that of the mirror. An arc of
half a degree is easily estimated by the eye, and is equal
to about an inch seen at the distance of ten feet.

Supposing this to be the limit of distinct observation,
though perhéﬁs a much smaller arc might be distinguished
even by the}ﬁﬁgssisted eye, we might expect, when a line of
electric liéhi}is placed parsllel to the axis of the revolving
mirror, to agéertain two things: first; the duration of the
light at .each point where it appears; and secondly, the time

which elapses between the appearance of the light in two
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successive points of its path; provided that the time, in
eithe;vcase, be not less than the 72,000dth part of a second.
The first would be indicated by the horizontal elongation of
the re?iected image, and the second by the distance between
two linés drawn from the images perpendicular to the
hbrizoﬁtal plane. = If the auration and velocity were both
rendered'sengéble by the mirror, the reflected image would
apbear as a?ééflected band of light.

I succeséi?giyipresented to the mirror, sparks four inches

in length d?aWn from the prime conductor of a powerful
electrical macHine; the explosions of a charged jar; a
glass rube four feet in length, exhibiting a spiral of electric
sparks;passing'ﬁéﬁwegh'dnts of tinfoil; an exhausted glass
tube six féet in length, through which the sparks passed,

and ﬁradUcéa'an unbroken line of attenuated electric light;
various pictuiés,'such as birds, staré, &c., formed of
electric sparkéf But in all these caseé, when the reflected
imagés accurredlwithin the field of view, they appeared

- perfectly unaltered, and precisely as they would have done

- had they been reflected from the mirror while at rest.,

Qﬁeﬁ sparks were made to follow each other quickly, several
refleﬁted images were simultanecusly seen in different
positions, owing to the images having been renewed before
the visual imp;essinn caused by the first had disappeared.
The exhausted5¢ube being held near a prime conductor, when
looked at di:eétly, will sometimes appear to gleam with a
continuous-liéht; but examined in the mirror, this apparent
ﬁontinuity is seen to be owing to a rapid succession of

transient flashes,"

Wheatstone moved the position of the rewolving mirror for
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6ther experihents. When the reflecting surface was
inclined to the axis of rotation (fig 5) then the angular
velocity of the imége was equal to that of the mirror, and
both moved in the same direction. Whereasjin‘the former
case the image moved with double the vélocity of thémdrror,
and in the opposite direction. |

He went on to remark on thé early experiments to determine
_the veloc1ty of the transm1531on of electricity through
conducting bodzes where attempts were made to measure the
time intervél supposed to occur between two discharges made
at opp031te ends of a wire which were brought close to each
other so that they might be seen at the same tlme. In

(i)

.1747 at Shooter's Hill, Dr. Watson constructed a circuit
- 4 miles in extent; but' the discharge appeared to be
pérfectly simﬁltaneous. as.in all similar ekperiments.
Wheatstone did not consider this surprisiné since he knew
‘that the eye was unable to distinguish time intervals less
than 1/10 second and that with a circuit of four miles in
extent, the velocity of a few miles per second would be the
most observable by such means. He decided to repeat such

experiments but using a revolving mirror to eliminate errors

caused by eye judgements,

" "The experiment was tried at the Gallery in Adelaide Street.(76)
The insulated wire, the total length of which was half a

mile, was disposed as in fig.6. The parallél portions of

the wire were each 120 feet in length, and six inches apart,

and were tied to the balustrade with silk loops six inches

(i) Sir William Watson (1715 - 1787)
Censor of the Foundling Hospital.
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long.A' The swagging of the wire was prevented by silk

cords extending across the gallery; and to keep the leng ‘ths
at their proper distances épart they were tied to the cords
wherever they crossed them. The ends of the wire marked
2,3,4,5, were continued toithe similarly marked wires of
the:spark-board, fig.7, which was so fixed against the

wall beneath the galiery, that the balls between thch the
sbarks were to pasé were in the same horizontal line. The
striking-distance between each spark was the tenth of an
inch,.and the spark-board itself was three inches and a

half in diameter. The conducting wire I employed was of
copper, and its thickness the fifteenth of an inch.

Fig.8 represents the measuring instrument with its appendages;
and fig.1l0 shows in a more distinct manner some of its
essent;al parts. A BCDis a solid board of well baked
mahogany one foot in length, and eight inches in breadth,

£ is a circular mirror of polisheq steel one inch in diameter,
so fixed to the horizéntal axle F G, that the axis of
rotation is in the plane of the mirror. The.pivots of

the axle work in the upriéhts of the brass frame H I.

Motion is communicated from the wheel K to'fhe axle by

means of a thread passing over grooves made on the circum-
ferences of beoth; and a band passing over the wheel L,

on the same axis with K, msy be attached to the wheel ofany
machine capable of giving to it a rapid motion. In the
experiments I have made with this instrument the train of
whe?ls was so arranged.that the axle carrying the mirror
would have made 1B00 revolutions while the wheel to which

the motion was first communicated was turned round on?e,

had there been no retardation to have been taken into

consideration arising from the slipping of the bands,
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M is a 'small Leyden jar, the inner coating of which is to

be constantly supplied, through the chain N, with electricity,
either pﬁsitive or negative,:from a machine; the bent wire
proceeding from the inner coating of the jar is in immediate
contaﬁt with the fixed discharger 0 P, and the spontanecus
discharge of the jar is to be regulated by varying the
distance between the two balls. The wire 1 in connection
with the outer coating of the jar, and the wire 6 attached
to the knob of the brass frame, are continued to the
similarly numbered wires of the spark-board. When the jar
" is fully charged, and the arm Q, revolving with the axle,

is brought opposite the knob of the discharge, the discharge
of électricity. or disturbance of electric equilibriam,
passes through the entire circuit, and the three sparks
appear perfectly simultaneous'to the eye., When the face

of the mirror is level with and turned towards the spark-
board, and is so adjusted ;s to form an angle of 45°% with
the horizontal plane, the eye loocking directly downwards
sees the reélected images of the three sparks. The ‘plane
glass or lens d is for the purpose of preventing the eye
'apprdachihg too near the mirror, and for accommodating the
vision of long- or short-sighted observers. The arm
is-sorplaced.that the circuit may Be completed when the
mirror is in the position just described; ' the other arm
serves merely as a counterpoise, To obviate éhe inaccuracy
lwhich would result from discharges taking place when the

arm is in different positions witH respect to the knob of
the discharger, a plate of mica, S, is interposed, having

a very small horizontal slit exactly opposite the axis of,
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the discharger; this fixes within narrow limits the
occurrence of the discharge, and with whatever rapidity
‘the mirror moves, the sparks are generally within the field
of view.

It was a point of essential impoitance to determine the
angular Velocity of the axle carrying the mirror. No
confidence could be placed in the result obtained by cal=-
culating the frain of wheels, as in such rapid motion many
retarding causes might oparufe and render the calculation
uncertain: it was neceséary, therefore, to devise a means
independent of these sources of error; and which should
immediately indicate the ultimate velocity.- Nothing
éppeared more likely to effect this purpose than to attach
a small syren to the instrument, the plate of which should
be cafried round by the axle of the mirror; T is a small
hollow box an inch in diameter, into which wind was conveyéd
~through a tube placed to the aperture U.  0On the face of
this boi a number of equidistant apertures were-arrangéd in
a circle, andva disc moving before it having the same number
of apertures, periodically intercepted the issuing current,
and produced a sound corresponding to the frequency of the
-impulses. It is obvious that the number of revolutions
wuﬁld be ascertained by dividing the number of vibrations
in a second, corresponding to the sound, by the number of
'apértures. i at first employed ten apertures: when the
motien was slow, the sound could be easily detefmined; but
on augmenting the velocity it became inappreciable. I
then reduced the number of apertures to five, but with no
better success, and'ultimately to two; but the sound was
then so feeble, compared with the accompanying noises, that

it could not be distinctly heard,
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The difficulty was at last overcome by employing the arm Q
itsalfvto produce the sound. A small slip of paper was

held to it; and as at every revolution a blow was given

to the paper, its rapid recurrence gave rise to a sound the
pitch, of which varied wi?h tﬁe velocity of the motion.

When the machinery was put in mﬁtion with the maximum
velocity I employed in my experiments, the sound éﬁiwas
obained, indicéting 800 revolutions of the mirror in a.second.
'iAém not aware that anything can have interfered with the
acéuraﬂy of this result; the same sound was heard when
different pieces of paper or card were used; and on
moderating the velocity, the sound descended through.all

the degrees of the seale below it, until distinct percussions
were perceived."

The mirrqr revoived 800 times per second and in this

time the image of a stationary point would describe 1600
circles: the elongafion of a spark through half a degree
l(equal to one inch seen at 10 feet).wouid indicate that it
existed for 1,152,000th part of a second. The deviation

of half a degree between the two sparks {ths wire- being

half a mile long) indicated a velocity of 576.d00 miles

per second. This estimated velocity was on the supposition
that the electricity passéd from one end of the wire to the
other: if, howevef,‘the two fluids in one theory} or the
disturbances of equilibrium in the othér, travel simultaneously
from thé two ends of the wire, the two external sparks will
keep their relative positions, then the middle one will be
alone deflécted, and -the velocity measured would be only

half that in the former case, i.e. 288,000 miles per second.
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CHAPTER 8
ARAGD'S PROJECTED EXPERIMENT _ON THE VELOCITY OF  LIGHT

e —"

An experiment was projected by Arago and communicated to

the Acad@nie desSa

'ﬁéﬁ§f~on December 3rd, 1838. _ In

NSNS

.this project, it‘was\nbt proposed to measure the velocity
of light, but simply to compare the velocities with which
light moved in air, or in a liquid such as water or carbon
Abiéulphide; it was proposed to find by experiment which of
the two velocities was the greater which in turn would
decide which of the two:systems of propagation more
‘accurately explained optical phenomena,

"I propose to show in this communication how it is possible(7%)
to decide, unequivocally, whether light be composed of
lit%le particles emanating from radiating bodies, as Newton
supposes;7and as the greater part of modern geometers admit;
or whethér it is simply the result of the undulations of a
very rare and elastic medium which physicists have agreed
‘to-cali ether. The system of experiments which I am about
tb describe will no longer permit, it ssems to ne, to
hesitate-between\these two rival theories. It will

decide mathematically, (I use designedly this expression);
it will décide mathamatically on of the grandest and most
debated duestions of natural ' philosophy.

Besides, my communication is the fulfilling of a sort of
engagement to the Academy I accepted at one of its last
secret sittings.

I discussed the admirable method, by the aid of which

Mr., Wheatstone attempted the solution of the problem of

the velocity of electricity over metallic conductors. I
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héd hardly-térhinated the eﬁumeration of the ihportant

. results obtained Sy that ingenious physicist, when several
of our members, whose names are authoriﬁy in such matters,
stated that my report was far too approbative. ;In
supposing it wgll determined, the inferior limit assigned
by Mr. Wheatsbne to the velocity of electricity will not
have,' said one, 'any marked influence on the progress of
the sciences; besides limits of the same order, and even
more extensive, can be deduced indirectly from various
918ctric or magnetic phenomena. As to thé method of the
revolving mirrors, it does not seem to be susceptible of

f application, but to the éimple questions already studied.
by the inventor.' I tried to refute this last opinion.

I believed myself that the new instrument, suitably modified,
would lead to results that Mr. wheatstone was not aware of.
I already foresaw that, even in supposiﬁg it Bnclosed in
the nattow limits of a small room, it could serve to measure
the comparative velocities of light moving through air and
thruugh.a liquid. I was not slow'in léarning, and without
having hardly the right to be astonished or to complain
that my assertion had been received with incredulity.
Nevertheless, I intend to vindicate it to-day in all its
parts, | |
Principle of the methed: Let a ray of light fall upon a
plane polished mirror; it will be reflected, as everyone
knows, in forming with the surface of the mirror an angle

of reflection exactly equal to the angle of incidence.

Let us now suppose that the mirror turns through an arc

a around the point of its surface from which the reflection
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takes place. If this motion, for example, increases by

the quantity a, the original angle of incidence, it will
diminish as much the original angle of reflection. The
latter will, therefore, after the displacement of the mirpeor,
be smaller than the first by the quantity 2a: thus it

must be increased to 2a to render it equal to the new angle
of incidence; hence that angle increased 2a will give the
direction of the reflected ray in thé second position or

the mirror; and thus the incident ray remzining the same,
aﬁ angular motion a of the mirror occasions a double angular
"motion in the reflected ray.

This mode of reasoning applies as well to the case where the
motion of the mirror, acting in a contrary direction,

would diminish the first angle of incidence. The principle
is, therefore, general; and it is also that of all
reflecting nautidél instruments.

The'reflection from the plane mirrors can serve to project
the luminoué rays in all parts of sﬁace, without, however,
altering the relative positions; two rays parellel before
reflection will be parallel after their reflection; those
at first inclined to each other 1 minute, 10 minutes, or

20 minutes &ce., will form precisely the same angle after

the reflection has deviated them,

Instead of a single ray, let us consider two horizontal
~rays setting out from two neighbouring points situate in

the same vertical. Admit that they strike on two points

of the median line (alsq vertical) of a plane vertical
mirrer, Suppose that this mirror revolves on itself
uniformly and in a continuous manner around a vertical

axis whose prolongation coincides with the median line
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just mentioned, the direction in which the two hofizontal
lines will be reflected will depend evidently upon the
moment they may reach the mirror, since we have supposed
that it turns. If the two rays have set out simultaneously
from the two continuous radiating points, theg will also
reach simultaneously the mirror. Their réflection will
take place at the same instant; consequently in the same
position of the turning surface: consequentlylas if that
surface was stationary witH respect to them, Therefore
"their primitivévparalleliSm will not be changed. |

In order that the rays which primitively were parallel may
diverge after their reflection, it is necessary that one of
-them should arrive at the mirror later than the other,

It is ﬁecessary that in its Eourse from the radiating point
to the reflecting and turning‘surface, the velocity of the
ray should be accelerated, or what will be precisely the
same thing, it is necessary (the velocity of the first ray
remaining constant) that that of the second should Experience
a dimunution. It is necessary, finally, that the two rays
should be reflected one after the other; and, consequently,
from two distinct positions of the mirror, forming with

each ‘other a sensible angle.

Accofding to the theory of emission, light moves in water
notably faster than in air. Acco;ding to the wave theory,
it-is:precisely the opposite which takes place: the light
moves faster in air than in water. Suppose that one of
the: rays (the upper ray, for example) has to traverse a

tube filled with water before it strikes the. mirror. If




tﬁé theoryvof emission be true, the upper ray will be
accelerated in its progress; it will reach the mirror
first; it will be reflected befpre the lower ray; it

will make with.it a certain angle, and the direction of

the deviation will be such that the lower ray will appear
in advance of the other, that it will appear to have been
deviated more by the turning mirror.

Circumstances remaining the same, let us admit for a

moment the truth of the wave system. The tube of water
will retard the progress of the upper ray; the ray will
_arrive at the reflecting mirror after the lower ray; it
will.be reflected not the first, as in the former case,

but the second iﬁ order, and from a position of the palished
reflecting face in advance of the position that it had wHen
it reflected the upper ray a moment before; these two

rays will make with each other the same angle as in the
other hypothesis, except (and we should well remark it)

the deviation will take place p;etiéely in an opposite
direction; the upper ray will now be in advance, always
indicating thus the direction in which the mirror
‘revolves.

To recapitulate: twb radiating points, placed near each
otﬁer Qn the same vertical line, flash instantaneously
before a revolving mirror. The rays from the upper point
cannot reach the mirror until after traversing a tube filled
with water; the rays from the second point arrive at the
mirror without meétiné in their course any other medium

than the air.. To be more definite, we will suppose_that

71
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the mirror, seen from the position the observer occupies,
turns from the right‘to the left. Well, if the theory of
emission be true; if light be material, the upper point will
appéar to the left of the lower point. It will appear to
its right, on the contrary, if light results from the
vibrations of an ethereal medium,

Instead of two isclated radiating points, suppose that

we instantaneously present tc the mirror a vertical luminous
line. The image of the upper part of this line will be
'fprmed by rays which have traversed the water; the image
of “the iower part will result from the rays which have
throughout their whﬁle course traversed the air. In the
revolving mirror the image of the single line will appear
broken; it will be ;omposed of two vertical luminous lines,

of two lines, which will not be prolongations of each other,

The upper rectilinear image, is}it‘behind the one below?
Does it appear to its left?

Light is a body.

Does the contrary take place? The upper image, does it
sHow itself to the right?

Light is’ah undulation.

A1l that precedes is theoretically, o;~rather speculatively
exact. Now, (and here is the delicate point), it remains
tolprﬁve that, notwithstanding the prodigious velocity of
 light, that notwithstanding s velocity of 190,000 miles a
second,  that notwithstanding the small length that we Qill
be obligéd to give to the tube filled with liquid, that

notwithstanding the limited velocities of rotation that the
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mirrors will have, the comparative deviations of the tw;
images, towards the right or toQards the left, of which I
have demonstrated the existenée, will be perceptible in
our instruments,"” | |

Arago then went into the mgst minute details of all the
parts of tHe experiment and then.termiﬁated as follows:
"Suppose in the experiment that I propbse to execute

we make use of electric éparks, or of lights successively
screéned'and unscreened by.the dse of rotating disks, as
their emissions should only last during a few thousandths
of a second, it may happen that an observer, looking in
the mirror from a given direction, and with a t;lescope
of limited field, will only by chance perceive the light.
To this I immediately reply that in renewing very often
the apparitibns of light - every second, for exaﬁple -
that if, insteadAof a single mirror, we rotate a vertical
priém of eight or of ten facets, that with the concurrence
of severzl observers, placed in different directions, and
each with his telescope, we cannot fail to have numerous
and clear apparitions of the reflected rays. But these
are details on which I shall not dwell tdday. I will
reserve for anothei communication the exposition of the
system of experiments in which we will render sensible,
and in which we will measure, to a certain degree, the.
absolute velocity of light without having recourse to

: W
celestial phenomena.
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CHAPTER 9

FOUCAULT'S EXPERIMENTS

Afago, some eleven years after first proposing his method
for the determination of the velocity of light, requested
the attention of members of the Acwe_rme deo S@\%Caé
(April 29th, 1850) to his suggestions. |

"That communication established that, according to readily
admitted hypotheses as to the angular deviations susceptible
- of being observed in an ordinary telescope, it would not be
‘impossible to determine the comparative velocity of light

in bisulphide of carbon and in air, witﬁout having recourse
to an extremé léngth pf tube, or to a mirror, making more

‘ than 1,000 turns in a second. But the mirror whi;h Mo
Wheatstone used made only 800 turns in the same interval

of times |

It was evident that in this method of observation, and for

a given angular deviation, the length of tube containing

the liquid ought to be so much the shorter, as the movement
of rotation of the mirror is more rapid. This ié the |
reason I propose to add to this deviating motion of rotation,
whiﬁh cannot surpass certain limits, a combination of
several revolving mirrors.

The two rays (one having traversed the liquid, the other the
air) strike the first'mirror, and form a certain angle;

this angle is doubled when the rays fall upon a second
mirror turning in the same direction with the same velocity;
the angle is tripled if these rays are refleﬁted from a

third revolving mirror, and so on. We can thus, by the
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multiplication of the revolving mirrors, arrive at the

same result given by a single mirror turning with a double,
triple, &c., velocity of that which it is pbssible to

obtain with the certainty of not destroying thelteeth of

the wheel, or of overheating the axis. .

My friend, M.Bréguet, jr;, undertook tg accomplish this end
by means of a mechanism, in which the communication of
motion was given by wheel-work. He executed a special
arrangement of cog-wheels, the invention of which is due

to White. At bne of the former industrial exhibitions
could. be seen the system of these moveménts.

In observing the image reflected by the mirror attached to
thé third piece of wheel-work? the effects observed'shopld

be identical with those which shoﬁld be givén by a revolving
mirror méking 3,000 turns per second. From this moment

the success of the projected experiment was placed beyond
doubt. It was only to be regretted that, by the three
successive reflections from three different mirrors, the
1igﬁt necessarily experienced a considerable loss in intensity.
It was, therefore, desirable to arrive at the result by a
single reflection; and it is to this that the experiments
which I am going to relate. seem to lead.

In his investigations intc the causes which pievented us
révoiVing a mirror more than 1,000 turns per second, M.Bréguet
proposed to relieve the last éxis of the‘weight of the mirror
with which it was charged, to turn the axis alone; »and

he succeeded, not without surprise, in giving to this axis
8,000 per second. The obstacle which prevented us giving

the same axis, when it carried the mirror, a velocity greater
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tﬁ56 l,UOU turns per second appeared éyident. It was,

one would think, fhe resistance of the air. I myself
though? of the existence of that cause, and all our thoughts
were directed to the means of revolving the mirror in a
vacuhm.v We immediately constructed a metallic.receiver
d;stined_to hold the revolving apparatus., This receiver-
had several apertures, of which one waé to give entrance
toAthe rays of light after haying traversed the two columns
of air and of liquid., Before the others were to be the
objectiYes of the telescopes, with which fo obsefve the
Tays reflectéd by the rotating mirror, the'necéssary
communications were established by means of stuffing-boxes
between the apparatus and the driving weight. A special
.tube put the interior of the receiver in communication.
with an{air-pump.

All was arranged and placed upon a stone column in the
meridian room of the observafory. It only remained to
make the observation. ... The mirror, contradicting all
ouf ahticipations, turned hardly any faster in the vacuum
than in the air. This circumstance agéin showed the truth
of the pfoverb; fLe mieux est I'ennemi du bien:' (Better

is the enemy ©of good enough). It was necessary to think
 of returning to thé first apparatus composed of three
pieces of wheel-work and ﬁf three separate mifrors, tﬁe.
appaeatus which I had given up only to obtain a greater
intensity in the ieflected raye

I was convinced of the necessity of going back to the first
method of experiment at the time when my enfeebled sight

wduld not allow me to undertake it. My pretensions, therefore,




77

ought 'to be limitéd to having poéed the proﬁiem, and of
héving given the certain means of solving‘it. These means
may, during its accomplishment,’experience modifications,
which4will rendef them applicable, with more;or legs
facility, wifhoutichanging their essential character.

As to myself, I have delayed a long time the réali?ation

of that which I had aﬁnounced that has been ﬁwing in large
part fo the obliéations which M.Bréguet. my collaborator,
had contracted Witﬁ the governmenthfor the supply of electric
telegraphs, and to the desire that I had to operate, as 1
have already said, with a mirror making 8,000 turns per
sebond.

_Probasly, also, I may remain content with thé‘thought that
no one will execute, without my authorization, an experiment
founded .on principles and methods of execution which I have
exposed to the world in their most minute details.
M.Béssely(i) after my publication in the Compte Rendu,
announced to me that he Rad thought of a modification of my
apparatus composed of three sucééssiye pieces of wheel-work,
-each carrying a mirror. He receives the image reflected
by the first rotéting mirror not upon a second fevolving
mirror, but upon a fixed mirror, which sends the ray back

to the first mirror.. After this second reflection, the

rays fall again upon a fixed mirror, from which they are
reflected a third time to the turning mirror, &c. It is

after the last reflection from -the single revolving mirror

(i)  Friedrich Wilhelm Bessel (1784 - 1B46)
Director of the Konigsberg Observatory. C
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that M.Beséel proposes to measure the angulag»aeparture

of the ray. This method, more simple than the one I
proposed, in so far as it required only one piece of wheel=-
work, had the very grave inconvenience of diminishing much
more light, since he had more refiections from the m}rrors
than in the other method.

M.Silbermann,(i ) without knowledge of the prior communication
of M.Bessel, made me a proposition similar to that of the
illustrious observeerf Koenisberg.

Things were in this state when M.Fizeau determined by his
so ingenious experiment the velocity of light in the

: atmosphere. That éxperiment was not indicated in my
.memoir, The author, therefore, had the right to make it
withbut exposing himsslf to. the slightest reproach for

want of due consideration of the rights of others,

As to the experiment on the comparativé velocity pf light
in a liquid and in air, the author wrote to me:"l have not
yet made any attempt in that direction, and I will not
occupy myself with it but on your formal invitation.'

This loyal reserve could only add to the esteem with which
the character and the works of M.Fizeau had inspired me,
and I willingly authorized M,Breguet to lend ﬁim‘one or
several of my rotating mirrors,.

M.Foucault, whose inventive genius is well known to the

Academy, came also to inform me of the desire he had to

(i)  Jean Thiebaut Silbermann (1806 - 1865)
Technician at the Conservatory of Crafts.




sﬁbﬁitjto the test of experiment a modification which he

had devised in my apparatus.

I can . only, in the present condition of my sight, accompahy
with my good wishes the experimenters who desire to follow
my ideas, and to add a new proof in favor of the wave
system‘to that which I have deduced from a phenomenon of
intérference too well known to physicists to need recalling
here."

The above communication was no sooner printed when the
Academy réceived a commuﬁicationj(May 6th) from J.B.Foucsult.
~Here he énnounced that he had realized with complete success
the projecfed (72) experiment of Arago;(70) he further
vannoﬁh:ed the modifications he had made to the original
arranjement which had allowed him to arrive at the‘important

result of the truth of the wave theory of that ofemissioan.,

Two important modifications had been ﬁade by Foucault.
Theifirst of these was to make the execution of the experiment
much easier., In the original proposals the light was to
be transmitted. from a luminous iineAshining only fo; an
excessively short time; and that one beam of that light,
having travelled in air, and the other beam in a liquid,
were then required to fall on a rapidly rotating mirror

and that finally, having been reflected from this mirror -
wduld‘arrive on an obsefving telescope. Now the direction
of the reflected ray depended essentially upon the position
occupied by the mirror at the instant the reflection took
place, and as the motion of the mirror and the reflection

of the light from its surface were independent of each other,
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it is ﬁnly by chance that the mirror would be found in a
specified position; the observer could not know in what
direction he should place the telescope in order to receive
the reflected light. To reduce this difficulty Arago
supposed that the observer, being.stationed anywhere in

the space the reflected rays could reach, and having

directed the  telescope towards the rotating mirror, would

- repeat time and agéin the emission of the light onto the
rotating mirror, so that at least some of the reflecfed

rays would fall on the objective .of the telescopes -Arago
‘reslized the extremely low chance of a reflected ray being

in the correct'blace to be received by the te;esc0pe

and as ,such spoke'of.substituting for the single mirror a
verticél prism of eight or ten facets, and employing at (70)
the same time several observers placed in different positians,
each being provided with a telescope. However, Foucault
modified the instrument so that the reflected rays le%t the
rotating mirrér in a'péedetermined direétion so that the
observer could position himself to receive all the reflected
rayss This was accomplished by allowing the light to fall

on the rotating mirror in‘a continuous manner so that it |
was reflected in all directibns around its akis; in one

of these directions the reflected light met a fixed.mirror

on which it fell perpendiculariy and which caused it to

‘returh ove£ its path and sending it again to the rotating
mirror; there it underwent a new reflection which set it

to the place it set out from, Therefore the observer

could place himself near to the object to receive the reflected

réys which were turned to one side by means of a transparent
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glass plate inclined at 45°,

"A direct ray of light, penetrating a square opening,
meets, very near the aperture, a reticule of eleuen
vertical wires of platinum to the millimetre, (.03937 of

an inch); thence it passes towards an excellent achromatic
lens of long focus, placed at a distance from the reticule
léss than double the principal focal distance. The image
of the reticule of gfeater or less dimensions would be
forEEd on the other side, but, after having traversed the
lens, the pencil, before its convergence at the focus,

. falls upon.the surface of the revolving mirror, and,
animated with an angular motion double that of the mirror,
it forms in space an image of the vertical wires, which is
displaced with great rapidity. During a small poftioﬁ of
its revolution this image meets the surface of a concave
mirror, whose centre of curvature coincides' with the

centre of figure and the axis of rotation of the révolving
mirror, and, during all thetime it passes over its surface,
the light wﬁich has concurred to form it retraces its path
and falls upon the reticule itself, producing there its
image, équal to it in size. In order to observe this
image without shutting out the original beam, we place
cbliquely to the beam of light, near the reticule, between
it and the object glass, a glass plate, and we aobserve with
a powerful ocular the image thrown to 5ne side. The mirror,
in revolving, causes this image to reappear at each revolution,
and, if the velocity of the motion of irotation is uniform,

it remains immovable in space. For velocities which do
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not éurpéss fhirty turn; per second, its successive
appartitions are more or less distinct, but over thirty
turns givé a persistence to the impressioﬁs on the eye, -

and the image appears absolutely fixed.

It is easy to demonstrate that the mirror, in revolving with
greater or less rapidity, will displace this.image in the
direction of the motion of rotation. In fac@. the light
which passes betweeﬁ the wires of the reticule does not
return to the wires until it has received from the revolving
mirror two reflections, separated by the time it takes to
run over double the path from the revolving mirror to the
concave mirror. But, if the mirror revolves very fast,
this time taken by the light to go and come back, even over
the small length of 4 metres, (13.12 feet), cannot be regardéd
as inappreciaﬁle.land the mirror has had the time to change
sensibly its positibn, which is shown by the change of
pdsition in the image formed by the returning beam.
Rigorously speasking, this effect fakas place as soon as

the mirror turns, even slowly; but it cannot be observed
until the mirror has acquired a certain velocity, and only
when we employ certain precautions in the experiment, All
my efférts have tended to render this deviation as apparent
as possible.

Thehprincipal obstacle to surmount is that, in so complicated
a path, the light cannot converge to the focus in a neat,
clear image. The deadening thch the pencil experiences,
in being reflected twice from a turning mirror of small
sufface, necessarily destroys the nicety of the image,and

ptoduces in its contour an unavoidable mistiness. It is




far fhis reason that we have chosen for source of light the
equi-distant linear spaées between the wires of a very fine
net, Although the image obtained is never clear, yet it
is)presented under the form of a system of white and black
stripes, similar to colourless diff;actioﬁ badds, each
having a well defined maximum and a minimum of lights

Like the Qires of the net, these luminous or obscure spaces
are distant from each other one-eleventh of a millimetre, |
(a millimetre equals{»03937 of an inch), and if, to

observe them, we place in the occular a micfometer divided
into tenths of a millimetre, the two systems of lines will
operate, by their relative displacements, as. a vernier, and
will permit us to measure in the imaje, with certainty. a.
displacement of the one hundredth.of a millimetre.

After the known velocity of light, with an objective of

2 metres (6.56 feet), we find that we need not give to the
mirror an extreme velocity (six or eight hundred revolutions
pér éecond) in order to obtain displacements of fwo and
three-tenths of a millimetre.

Such is the construction of the Optical apparatds{which

has permitted me to show the successive propagation of
luminous rays. My first attempts succeeded in the air
with a mirror which made only twenty-five to thirty turns

per second, the length of the double path béing four metres.

In order to make the experiment with water, we have only
to place betweezn the revolving mirror and the concave |
mirror a column of this liquid, held between two parallel
plates of glass in a conical metallic tube, varnished inside

with copal, so that the water would remain clear, to take

83
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the necessary precautioné that the terminal plates were not
strained in their frames, and to ohviate the inconvenience
of the chaﬁge of.focus by the interposition of a liquid
layer of 3 metres (9.84 feet) thickness, haQing paralle;
surfaceé. In the end we succeeded in easily obiaining,
with the feebie and green ray which has traversed thé'water:
an image as distinct as that which is formed without the
interposition of the liquid. Therefore it is requiréd

but ;to turn thejmirror’and‘to)measure with precision its
'velocity of rotation if we desire to deduce the absolute
veiocities in air and in water, or to operate simultaneously
on these twb media if we wish to know only the character

and difference of these velocities." (78)

The second modification introduced by Foucault was
concerned with means by which the mirror could have extremely
rapid rotatibnAwhich could last for a sufficient period of
time. He introducéd pressurised steam frpm a boiler to
drive a small turbine which was fitted to the axis carrying
the mirror. Foucazult announced the results he had already
obtained as follows: |

"In confining myself to theldeterminations of the velocity (78)
‘(of the mirror) by the sound, (produced by the action-of

fhe steam on the little turbine), as I have already proved
by two successive observations that the deviation of the
image after the passage of light thiough the air is less
than after its passage through the water, I have also made
anofher confirmatory exceriment, which consists in observing
the image formed in part by the light which has traversed

the air, and in part by the light which has traversed the
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water. During low velocities the stripes of thé compound
image were sensibly the continuations of each other, and;
by the acceleration of the maoment of rotation, the image is
carried to one side,- and the stripes are broken at the
boundary- line, at the junction of the air image with the
water image, the stripes of the latter being in advance .

in the direction of the common deviatiﬁn. Moreover, in
taking into account the lengths of air and water traversed,
the deviations were seen to be'proportianal to the indices
of refraction. These results demonstrate a velocity of
light less in water than.in air, and fully confirm, aécording
to the views of Arago, the indications of the theory of
undulations."

Thé apbaratus which allowed Foucault to determine that light
moves faster in air than in water was not designed solely
for that comparativé experiment; its principal éim was

to measure the absolute value of the velocity of light,

The apparatus was such that the reflected rays gave fise to
the foimation of a permanent image which was displaced
transversely by a distance which increased £ge more rapidly
the rotating mirror revolved. This distance indicated the
amdunt the mirror turned during two successive reflections
of the light from its surface in going and in returning -
that is while the light had moved over twice the distance

of the fotating mirror from the fixed mirror; therefore

if the exact velocity of rotation of the mirror was known
one could deduce the time interval between the two successive
reflections i.e. the time taken fo; the light to make the

double journey from the revolving to the fixed mirror and
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hence the value for the velocity of light.

A saw-toothed disc was made to have a uniform rotation

by means of a wheel mechanism, This disc made exactly

one revolution per second, The disc had 400 teeth; so
that the.time faken for one tooth to take the piace of its
neighbour wasiexactly 1/400 secaond,. The disc was so
pléced'that its edge cut the plane of the field of view of

a microscope which was used. to observe the return image

from the mirror. Should the field be constantly illuminated
“then the teeth oflthe disc would appear to pasé before the
ogbserver with the velocity of their motion. However, the
light only enteis the micrascope field at the instant a
reflection occurs from the rotating mirrdr; the microscope
field and the edge of the disc are only illuminated by
succes:ive flashes of light, where the flashes are governed
by the rotation of the mirror. Since the mirror made
exactly 400 turns per second, then the time interval b?tween
. two successive illuminations of the microscope field was
exactly equal to the time taken by each tooth to take the
place of its neighbour. Thus at the moment of successive
illuminations a tooth of the disc was always seen at the
same position in the field of view, and hence the disﬁ
appeared stationary. Should the disc reveolve at less than
400 turns per second; then whilst it makes one revolution
each tooth of the disc has to travel a little further to
take the place of the preceding tooth. So at the moment

of successive illuminations the teeth which replace qﬁe
another do no} appear at exéctly the same point in the field

of view. They appear a little in advance in the direction




87

of motion of the disc, so that thé disc appears to have a
slow movement of rotation in the direction of its real
motieon, On the other hand should the mirror rotate at

more than 400 turns per second, the teeth of the disc at

the moment of illumination appear more and more behind a
fixed positien, and the diéc appears to turn in a direction
the reverse of its real motion. Thus once the speed of
rotation of the disc has been.adjusted so that its edge
gppears stationary in the field of view of the microscope
then one is certain that the mirror is making one revolution
whilst tﬁe edge of the disc progresses onE'division, and
consequently whilsf the mirror makes exactly 400 revolutions
per second. Féucadlt further used compressed air instead
of steam for driving the small turbine attached to the axis
of theAmirror; The air being provided by a constant
-pressure blower designed by Cavaillé-Collyf He also
increased the length of the path of light between the

twd reflections from the revolving mirror from 4 metres

to 20 metres (13 feet 1.48" to 65 feet 7.4") by means of

successive reflections -from intermediate fixed mirrors.

Foucault by September 1862 found the veiocity of light in

air to be 298,000 kiiometfes (185,177 miles) per second

which waé below the result arrived at by Struve (308,000
kilometres or 191,391 miles) per second from the value of
aberration (20y45 seconds).

Foucault wés'indebted to Froment for devising the clock~

work mechanism which gave the disc a uniform speed of rotation
of exactly one revolution per second.

A}

In the final form of the apparatus a beam of solar light was
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reflected horizontally from a heliostat through the aperture S.
The sight used was a microscope scale consisting of fine
graduations l/ld m.m. from each other. Thisscaie was
positioned at Sand its image was viewed at a in the field

of the observing microscope. The observer thus saw the
displacement of the image of this scale. The revolving
mirror was a piece of glass silvgred and polished on one

face being supported on a strong ring frame having a diameter
of 14 m.m,. The radius of curvature of the fixed mirror

M was 4 metres and by the use of 5 fixed mirrors the

distance D (R to M) was increased to 20 metres. The lens L,
having a focal length of 1.9 metres was placed between the
revolvihg:mirrorﬁand the first fixed mirror (see lower

sketch) and not between the revolving mirror and the aperture.
The observed displacement of the scale was 0.7 meme giving
‘rise to the final result for the velocity shown above.

It was shown that the veloc1ty of light in air PQ) was

0 _ BMWn = D2
N x (b + D)

where a = distance of the lens from the slit

b distance ofthe lens from the revolving mirror

]

{
X a a the distance of the image displacement

n = number of revolutions per second of thelmirror

D = the distance R to M
Even in the flnal form of the apparatus the distance D
was still small being 20 metres with the use of 5 fixed
mMirrors. Thus it was not ppssible to have a large angular

deviation of the image and there was a serious loss of intensity
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dﬁe to the several reflections. _Further the angular
deviation of the return image, for a given speed of the
revolving mirror, increases with the distance D, and for a
given angular deviation the displacement of the image is
proportional to the distance between the source and the
revolving mirror (radius).. Hence for a large displacement
of the image the distance between the mirrbrs, the ;adius,
and the speed should each be as large as possible. However
the second condition is in conflict with the first, for the
slit and the_fixed mirror must be situated in the conjugate
foci of the lens L.

When the lens is placed between the revolving mirror and
theﬁslit (ubper sketch), the quantity of light returned by
M to R varies inversely as the distance D. This quantity
is further reduced by atmospheric vibration, diffusion and
absorption. On the other hand, when the iens is placedA
betweeﬁ the revolving mirrﬁr and the fixed mirror (lower
sketchj it can be seen that if R and M are in conjugate
foei of L, then the light refiected ffom R will fall upon
Mlés long as the axis of the reflected beam falls upon

the lens, however great the distance D may be.. This is

an impossible arrangement for it is the slit S and not
‘the.mirror R that must be in the conjugate focus of M;
nevertheless it may be approximated to by bringing the

slit close to the revolving mirror.-
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ARTICLE PUBLISHED BY M. FOUCAULT, IN -THE "JOURNAL
DES DEﬁATS," ON THE REALIZATION OF THE EXPERIMENT OF
ARAGO.
(NumEer of Tuesday, April 30th, 1850)
TO THE EDITOR - Sir: I will not wait for the expiration of
the fortnight to give you an account of what most occupied
the Academy of Sciences during their meeting of yesterday.
All knew that M.Arago was to continue the account of his
beautiful researches of pqlarization and of photometry. The
attendance was large, and the Academy recorded at its session
a4fofeign associate and two corresponding members - Mr.
Daviderewster. Lord Brougham, and M de la Rive, of Geneva.
But what was not expected was, thét M.Arago recalled
attention to one of the most beautiful projected experiments
| that the genius of a savant has ever produced, and he declared
that, after having ﬁonceived it, he had left to the young
generation the care and the honor of performing it. This
experiment haé more. than once woccupied the attention of the
Academy; it proposes to decide, by means of a revolving
mirror, whether light moves faster in air than in water,
and to seek, in the probable result of this experiment, the
confirmation of the theory at present adopted to explain
all bptical phenomena.' You may judge, sir, of the emotion
with which I heard this geherqus declaration; I, who for
several days had in my hands the experimental solution of
this greaf problémb Nevertheless I thought it proper to
postpome to the néxt meeting the reading of the paper .
in which I have recorded my résulté. | In the mean time permit

me, sir, to announce, in a few words, the results which I

9l




have abserved.

Light employs more time to run over the same path in water
than in air, and the time which it takes to traverse these
two different media is shown by the deviation of the ray
which is reflected at a given moment from a mirror revolving
with a greaf velocity. All things remaining equal, the
deviations were found to be proportional té the indices of
refraﬁtion of air and of water., It is not possible to
entertain the least doubt as to the reality of these results;
they have been obtained by two aifferent methods. The

two deviations were first observed successively and found
unequal fof the same velocity of the mirro¥. They were
then ohserved simultaneously, which.rendered the obsefvation
stiil mdre dertain.

Permit me to limit myself to the rather technical expression
of these new results., When the columns of the Journal are
unoccubied I shall enter into such developments as will
render.these propositions more intelligible to your readerss
Receive, sir, &cC., &C.,

LEON FOUCAULT.

JOURNAL DES DEBATS
(Number of Saturday, May 4th, 1850)
We published last Tuesaay a letter of M.Foucault announcing
the success of an optical experiment originally devised by
M.Arago, and Which, in giving the relative velocities of
light in air and in water, accomplished the overthrow of
the emission theory in favor of the theory of undulation.
The sun having appeared during the few days past, they haue

been able to repeat several times the experiment in presence
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of a certain number of French and foreign savanfs, and
already the methods which have insured success are generally
- known to the ﬁublic; In waiting for the communication which
will be given at the meeting of the Acédemy next Monday, we
will concisely indicate the fundamental parts of the
experiment.

A beam ofisunlight reflected from 2 heliostat in a fixed
direction penetrates horizontally a dark room; it first
passes through a smal; opening‘of 2 millimetres (507&7‘0f

an inch) square,.then a reticule extended behind this opening,
and formed of eleven platinum to the millimetre;' Pagsing'
through this reticule, the beam of light meets an objective
of a focus of two metres placed at a distan;e from the
reticule less than the double of its principel focal length,
and it tends. to fo;m beyond a magnified image of the reticule.
But before the formation of this image the converging pencil
is reflected from a émall mirror which, capable of_rapidly
revolving around a vertical axis, we will call the revolving
'hirior. After its reflection, the converging beam will

form an image before the mirror at a distance of 4 metres,
énd'when fhe mirror turns, this image moves in space,
describing circles double of the number of the turns of

the mirror supposed to feflect from its two faces. In
sweeping through space this image meets a concave mirror
whﬁse centre of curvature corresponds with the centre of
figuré of the revolving mirror and with the centre of the

- axis of rotation; it thence results that during all the

time that the image of the reticule falls on the concave

mirror the light is thrown back to its point of departure
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by the revolvinc mirror and returns to form at the reticule
its image of natural size, This image coincides exactly
with the reticule, when the revolving mirror being at rest
is placed at thé proper angle of incidence; but as soon

as it moves, the image is deviated and deflected ‘in the
direction of the morion. In order conveniently to observe
this deviation we place obliquely to the path of the entering
beam a glass plate which throws this image to one side.,

This ihage appears. like colorless diffraction bands, striped
with vértical lines, distant from each other the éleventh

of a millimetre; they are examined with a powerfui ocular,
having at its focus a micrometer divided into tenths of a
miliimetre.. The stripes of the image bear the relation to
the divisions of fhe microméter as a scalke to its vernier, .
so that deviations to the one-hundredth of a millimetre can
be read off. Calculation shows that a deviation should be
dbserved for thirty turns of the mirror in a seccnd; and

in fact that it is seen for that velocity; for greater
velocities the deQiation is measurable. If we wish to
measure the velocity of light in water we place between the
revolving mirror and the concave mirror a tube three metres
long, filled with perfectly clear water, and its ends closed
by plates of glass of parallel surfaces. All things
remaining the same, the deviation observedehen we interpose
the tube of water is always greater than when this tube is
not placed between the revolving and the concave mirror.

But it is better,fo operate simulfaheously in the air and

in the water, to employ two comcave mirrors of the same

radiué of curvature and both facing the revolving mirror;
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one destined to receive and send the rays through the water,
and the other through the air only. The mirror in revelving
causes the two images, corresponding to the two reflections,
alternately to appear, but the rapid succession of their
apparitions makes them appear superposed; to distinguish
them from each other we cover a good part of the height of
the concave mirror which reflects the image through the air,
which reduces the light of the brighter image; the re%ainderA
of the field is oécupied by the image which has traversed
the water. The vertical stripes of these two images should
correspond, and indeed do cor#espond, for low velocities of
tHe revolving mirror. But as the velocity of rotation
increases,rthe two rays are deflected unequally, the stripes
break at the lime of junction, and the deviation is greater
for the dull and green image which has traversed the water
than for thé luminous and white image which has progressed
only throuéh the air. This last experiment, although
difficult to repeat with apparatus improvised in a hurry,
has the advantage to appeal directly to the eyes; it has
been repeated before several distinguished gavants, who,

in reference to it, no longer retain the least doubt.

To give to the mirrors rapid and constant velocities M.
Foucault uses'a small steam-turbine, which was constructed
.with the greatest care by.M.Ffoment. We cannot at présent
enter into the details of itsbconstruction. It will be
noticed hereafter, as well as the applications of this new
method of experimenting, when the paper in which it is

described has been presented to the Academy of Sciences.
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CHAPTER 10

EXPERIMENTS OF A. CORNU 1674/75
His first series of exberiments were conducted in 1872
between (79) the école Polytechnique in Paris and Mount
‘ Valerien covering a distance of 10,310 metres (6% miles).
The apparatus»used'was that basically tried by Fizeau but
with some additional improvements, Cornu considered the
main difficulty to be the measurement of the angular motion
or velocity of tﬁe wheel to which the velocity of light was
tp be compared. The éimplest solution was to give a
- uniform motion to the wheel as performed by Fizeau, Cornu,
however, considered such a uniform motion not obtainable in
practi;e and so he developed an electric recording apparatus
to register the continuous increase of motion of the wheels
Using this recorder it was not necessary to have the wheel
tu;ning at an exact uniform velocity and hence the abserver
was able to know the exact moment.when the wheel was
revolving at the required velocity by means of an electriﬁal'
signal from the reﬁorderr
A second improvement was the substitution of a pair of
observations of the return rays, when reduced to a pre-
determined low intensity, for the single observation of a
total extinction. |
The expefiment gave rise to a velocity of light of 298,000
kilometres per second with a probable error of 1%.
In 1874 acting under the orders of the Couﬁcil of.the Paris
Observatory, Cornu made a further series of determinations
of the velocity of light between the Paris Observatory and
the tower of Montlhéry (22,910 metres, 144+ miles). Thé

two main parts of the apﬁaratus were placed at an incfeased
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distance apart and improved sites for the optical énd
mechanical parts chosen. The first ﬁart was provided
with é felescope (0.38 m aperture and 9m focal length)
and this together with the toothed wheel; recorder and
ciocks efc. WETE placéd in a Specially constructed hut at
thé DbéerQatory, TBe reflection telescope in a cast |

S
iron tube was placed on the top of the tower of Montlhery.

A total of 508 pairs of observations were made in 1874

giv;ng‘rise to an average value of 300,400 km/sec.

K

The main problem witﬁ the method used was that it was‘not
possible to measure accurately the brightness of the
'imagéf” ‘The eclipses did not occur suddenly at well-
marked speeds but were gradual so that it was difficﬁlt

to say precisely when they occurred.
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CHAPTER 11

THE _DETERMINATION BY YOUNG AND FORBES (1880-81)

A series of exberimehts to deteémine the absolute velocity
of white light was performed by Young(i) and Forbes(ii)
between 1880 and lBBl,ﬁkﬂThey intended that each observation
should give an atcurate measurement rather than rely upon

the mean of a number of experiments. They considered that
the chief importance of a determination of the velocity of
light was that it gave the means of determining the solar
parallax by cﬁmbining the result with the constant of
“ﬂbifféhq“-determined by astronomers. Further they felt

that the experiments were of interest due to Clerk Maxwell's
theories on the propagation of light being an electro-magnetic
phenomenon, and its velocity should be the same as that of

the propagation of an electro-magnetic displacement. They
also believed that the different colours of white light did
not travel with the same velobity, but that the more refrang=-
ible rays travelled more rapidly through a vacuum, and that
this difference twas quite marked and so could be determined
by independent tests.

In general the theory of the method resembled the experiments

of Fizeau whereby the velocity of light (V) was determined

by V = 4mND
where m = the number of teeth on the wheel
N = number of revolutions a second at the time

of the first eclipse

D = distance between the toothed wheel and the
distant reflector

( i) James Radford Young (1811 - 1883) Industrial Chemist
and Philanthropist.

(ii) George fForbes (1849 - 1936) Engineer and Professor
of Physics at Glasgow.
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Young and Forbes modified the apparatus by replacing the one
distant reflector by two, nearly in the same line, but one of
them being at a greater distance than the other and a little

to one side of iit. With the most distant reflector being
.indicated as A and the other reflector B then the light |
reflected from A should be eclipsed with a slower revolution

of the toothed wheel than that from B; because the ﬁumber

of revolutions required is N, you have N = z%ﬁ .

However D, (the distance to A) > Dy (the distance to B);

thus N, (speed of revolution) Ng (the speed of revolution)
(producing the first) - (producing the first )
(eclipse at A. ) (eclipse at B. )

After the light from A has been eclipsed it starts to increase
in brightness, whilst that from B is still diminishing, and
the method of the experiments was to determine the speed of
revolution when the two lights appeared to be of equal bright=-
ness. when the second and third eclipses were considered

the difference in speed required for an eclipse increased

and they thought that at a certain speed the speed of light
from A reached a maximum at the time when that from B was at
é minimuh and vice versa.

The superiority of this method over that of Fizeau seemed

to be that instead of having to determine the instant at
which a light disappesrs they had only to determine the

instant at which two lights seemed to be of equal brightness,

They showed by mathematical theory that
2m (n--'-l"a1)DB 1l - 5 N 52 -
T B g +p (g+p)?

vV =

]

whese V velocity of light

m =. number of teeth in the wheel

n = number of revolutions per second made by the
wheel :

/7
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D = distance of the wheel to the distant reflector
r = time taken by the light to perform the double
journey
p = phase
r & 1
IS S
Apparatus

The general opticai arrangement was that &evised by Fizeau
with modifications by Cornu.

The observing télescope wés pointed towards the distant
'reflectﬁrs. The revolving toothed wheel being placed at

its focus with a diagonally inclined piece of unsilvered
glaséw

The reflector sonsisted of a telescope pointing towards the
observing telescope, but instead of an eyepiece, it had at
its‘piincipal focus a silver reflector.

As the wheel rofates so that at least ten teefﬁ pass per
second the observer would see Sas the speed increased) the
spot of light disappear, then re-appear, attain its full
brightness, diminish, disappear, reapbaar etc. passing through
similar phases with perfect regularity.

A further important modification was used in that a method
;was devised for determining at any instant the velocity of
rotation of the toothed wheel. This method was based on that
suggested by Cornu whereby an electrical connection was made
between the toothed wheel mechanism and a chronograph so that
a mark was made every 100 revolutions of the toothed wheel.
At the same time a clock marked seconds and through a vibrating
spring mechanism, tenths of a second were marked. The
observer could make a fourth mark the instant he wished the

velocity to be determined.
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The apparatus could be considered to coﬁsist of seven main
parts viz.: 1) the telescope, 2) the reflectors,

3) the toothed wheel, 4) the clock, 5) the chronometer,
6) the dynamo-electric device and T7) fhe lamp.

The telescope had a 5 inch achromatic object-glass and a
focal length of 7 feet. A Bohnenberger's(i) eye=-piece wés
employed, consisting of an erecting eyepiece with a piece

of plain glass in front of the field lens and inclined to

the ‘axis of the telescope at an angle of 45°,

P

Certain optical difficulties occurred mainly in the
illumination of the field of view and four major improvements
were introduced.
IMPROVEMENTS
1) A ciréle of Qlack velvet was attached to the centre
of the object-glass on the inside to reduce reflection from
the centre of the object-gleass.
2 ) On using powerful lights a blaze was reflected from
the toothed wheel. To reduce the effect

a) The toothed wheel was smoked

b)u A highly poiished wheel was bevelled -and
by tilting the revolving mechaﬁism, the reflected light 'was
absorbed in'the blackened adaptor.
3) A silvered reflector was substituted for the diagonal
glass reflector which allowed one-half of the light to pass
fhrough. This arrangemenf doubled the intensity of the light

and due to the darkness of the field its superiority over the

glass reflector was enormous.

(i) = Johann Gottlieb Friedrich Von Bohnenberger
(1765 = 1831) Professor at Tubingen,
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4 ) To minimise slight illumination from the toothed wheel

a strip of metal with holes was placed in the secondary

focus ofAfhe eye=piece. When the apparatus was full& aligned
without its use, the étrip was inserted, using so small a

hole as to show only theddistant reflectors and two teeth

of the wheel, _

THE _TOOTHED WHEEL This was constructed by E. Dent(i) & Co.

¢

It was necessary for the wheel to revolve at great speed and
must be capable of going at least for some minutes as to avoid
the necessity of continually winding it up. It was driven

by a weight 4methanism'attached to five separate pinion
arrangments giving a mﬁltiplication facto; of 10,000, fold.

An électrical contact device was attached so that for every
100 revol:. iions of the toothed wheel a pulse of electricity
waé transmitted to the chronographs. The best shape for

the teeth was saw teeth and the best results were obtained
with a wheel having 400 teeth. |

THE _REFLECTORS The two refiecting collimators had identical
construction by Traughtonﬁi) amd Simmsﬁii). The achromatic
ébject lens was 3 inches in diameter and had a 3 foot focal
léngth. At the other end was a circular silver mirror ground
into a spherical form so placed that its centre of curvature

lay on the object lens., The collimator was so designed that

it could be adjusted for a) focus b) centering c) direction.

i) William Dent (1793 - 1860) Instrument maker.
ii) Edward Troughton (1753 - 1835) Instrument maker.
ii) Frederick Walter Simms (1803 - 1865) Instrument maker.
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THE CLOCK Made by E. Dent & Co. specially for this series
of experiments. It was driven by a weight attached to an
endless chain passing over a drum, The clock could function
without attention for up to two hours.

The abof of the scape wheel had a wheel of 120 teeth for
making electrical contact once a second by means of which a
mark was made on the chronograph.

THE _CHRONOGRAPH In the experiments prior to 1880 a portable
chronograph by Hypp of Neufchatel was used. Although a
large number of observations were made with this apparatus
and wés admirably adapted for observatory work it was'not
suitable for accurgcy'of mare than I%a th second. Thus a

| new ﬁevice was constructed by Elliott Brothers which depended
on uniformity of motion on the inertia of the apparatus,

it was their object to get rid of all clockwork and by ﬁaking
' Qse pf a fly-wheel, which had no work to do,‘to get rid of a
hogt of dirregularities which affected all other chronographs.
By the use of a microscope and vernier and with the apparatus
revolving at the rate of about one revolution a second
accurate measﬁrements‘could be taken with onedivisioh of the
vernier corresponding to Ia:%aa th second.

DYNAMO A Siemen's(i) 3 horse~power unit was used rotating

at 1;400 turns per minute.

LIGHT A Siemen's electric lamp was used in conjunction with
a condensing lens which threw an image of the incandescent
carbon, after reflection by the diagonal reflector,tonto the
toothaé whesl.

The light source and objective piece were set up in Kelly

(i) Sir William Siemens (1823 - 1883) Ehalrman of
A. Slemens Engineers.
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December 21, 1880, No. 5. :
Wheel. Clock. 3
{
. . ) . Alternate Alte
} Reading. Differences. At mean reading. Reading, diﬂ‘erle-g:e& di?:rt:uiﬁgf’“
T ——
_ . 7,953
1,197 : 17,419 16,742
1,964 2,179 24,695 294
3,161 .o (16,448)
T 1,972 5,133 41,143 ‘ 320 .
7,104 50,225 16,128
57,271
Signal.at 3,482 Signal at 33,692
5=3295
- '="001968 4;-2-’?,33
v= 8224,
n=£—,=417:58 | Correction for friction, &c. =— 0006
I r= 8218
.December 21, 1880, No. 6.
Wheel. ll .Clock,
Reading. Differences. At mean reading, Réading. . 'ﬁgﬁii_ A“‘firﬂz?:nz:?nd
i
; 5,952
8,448 5110 0.503 14,799 19,866
10.558 ? ! 25,818 19,699 339
99 34.498 (19,527) 282
. 2,083 12,641
45,345 19,417
14,723 53’915 /
Signal at 12,241 | Signal at 32,524
h §=35,616
v'="002086 4}: ° 285 .
o= -97640
v Correction for friction, &c. =+ 00224
n =;)—,=469‘14 —_—
= ‘97864
Rt
‘ 2m 700155 404
From Nos. 5 and 6 < . l—gip=0.999583 Correction for second term = —79.
i Product =V=188,405

SAMPLE RESULTS (Yaune S~ Forses) Rer (20)

e Tl e
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jollowing is o summary of these results :-—

" "19th and 13th equalities. ,
1880 December 21, Nos. 1 and 2 V=187,707 miles per second.

" , 5, 6 188,405 )
» . .8 , 9 187,676 )
, , 9, 10 . 186,457 .
» » 10, 11 - 185,788 .
1881 January 20, Nos. 3 , 4 186,495 ’
y R Y 187,003 )
" Mean for 12th and 13th equalities: = V=187,076 ’

13th and 14th equalities. .
1880 December 21, Nos. 2 and 3 V=186,190 miles per second.

1881 January 20, Nos. 6 ,, 7 186,830 ’
,, ’ 7 , 8 187,266 "
» January 21, Nos. 2 ,, 3 188,110 ”
. . -8, 4--77 188,079

Mean for 13th and 14th equalities:  V=187,295 "

General mean of both sets . .~ V=187,167 .

wiiplying this by the mean refractive index of air (=1'00029) we obtain the value
> velocity in vacuo, viz.: 187,221 miles per second.

miust be corrected for the rate of our clock. -

eacond of our clock is equal to 0:999723 of a mean solar second.

ling the value found for V by this quantity, we obtain the final value for the

~=*3-6{ the white light from an electric lamp in vacuo, viz. :— )

V=187,273 miles per second (log=15'2724757)
==301,382 kiloms. per second (log=5'4791167)
Using STRUVE's constant of aberration 207445, -
The resulting parallax of the sun is =8""77. '

Distance of the sun =93,223,000 miles.

_“’*lue obtained by CorNU,* using the method of Fizeavu, was 30C,400 kiloms.
“xed, He nearly always used the DrummoxnD (or lime) light. A few experi-

Vm made with a petroleum lamp.

* “ Annales de PObservatoire de Paris” (Mémoires, tome xiii.), 1876.

-

SUMMARY OF Results (Youne e-—FORBESYP&ET-T (39)
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House, Wemyss Bay with the reflecting collimators on the
hills behind the village of Innellan. The distances to
the two reflectors were calculated as 18,210.6 feet and
16,825.3 feet. These results then were-subject to 6 sets |

of corrections after which

CA = 18,212.2 feet = 3.44928 miles

CB = 16,835.0 feet = 3.18845 miles

g = 22 - 1oma -8 .28 . . ooms
/,

£l = L . .08333 8=-i—§--3—%=-0.00484~

T2,y - 1 _ 07697

3
(81)

A.A. Michelson using a modification of the method of

Foucault obtained a value of 299,940 km per second. He used
the light of the sun when near the horizon. Grouping the
three sets in order we have:s

Result for

Usual source of light Method velocity
. km/sec.

MICHELSON The sun near horizon Deflection by 299,940

a mirror
CORNU Lime light Toothed wheel 300,400
and eclipses
YOUNG & Electric light Toothed wheel 301,382
FORBES and equalities

Distinctive colour observed in_the return light

In the observations using sunlight at Pitlochry in 1878 and
those using electric light at Kelly in 1880-1861, Young and
Forbes were disturbed by the presence of colour in the stars,
one of them appearing reﬂdish and the other bluish, This
colouration made it difficult to judge accurately the equality
of the two lights and hence to gauge the exact speed which

produced the equality in the lights. They considered that
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the colours. arose from a want of accurate adjustment of the

distant reflectors.

back into the

The quaiity of light which was reflected

sobserving telescope depended on the accuracy

of focus of thereflecting collimator, hence if the objective

lens was not accurately achromatised then one reflector lens

could be focused for blue rays and the other for red rays.

Thus one star could be 1ntr1nsxcally redder than the other.

On the 1llth February. 1881 observations were made for the

speed of revolution to give the 12th, 13th and 14th equalities

corresponding to speeds of 410, 450 and 490 revolutions per -

second,

or five weights to drive the mechanism.

RESULTS:

1.

2
3.
4,
5.

More observations were made at different speeds

and a statement was recorded in the

February 11lth, 1881

These speeds were obtained by using three, four

A and B very bright and steady

3 wei hts B increasing with increase-of speed. B reddish A bluish

4
5
4
3

L]

L]

n

A

B

A
B

" " n noon A "

L] li 1" " 1] B I

n 0 1] n n A "

" n n 1" ] B -
see

B
A
B
A "

(80) p 274

jobservation book:

"Always the light which is increasing with respect to the

other, with increase of velocity (of the: toothed wheel)

 appears red; and the other one blue."

"These observations clearly proved to us that the colour

which we had often observed was not always due to the adjust-

ment of the distent reflectors.

and sometimes the other was the red one.

For bere sometimes the one

At each successive

equality (e.g. the 11lth and 12th, the 12th and 13th, etc.)

the colours of A ard B are reversed.
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Since February 11th there certzinly have been many days

when the colour-differences were not perceptible, It

may perhaps have been because the stars were not steady

or were flickering or indistinct. On these occasions the
atmospheric refraction disturbs the course of the rays, so
that the teeth of the wheel being extremely minute, a ray

of light which, if there were no irregular atmospheric
refraction, would not reach the reflector, does so under
these circumstances. In such a case the stars do not alter
their intensities, with change of speed of the toothed wheel,
so regularly as they do when the atmosphere is not unequally
heated and disturbed,

The general result however was established by the observations

on February 11th, 1881, but it is not a common observation."

xplana n_of the

They considered that the different colours travelled with

different velocities, the more refrangible rays, or those

with shortest wavelength, travelling quickest.

If the red light travelled slower than the blue a smaller
velocity is required to produce an eclipse with red light
than with blue. Thus the curve representing intensity in
terms of speed of rotation for red light should have its

maxima and minima lagging more and more behind those for

blue light.

Te»  BuwC
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Since the spéeds of rotation which produced the 12th, 13th
and 14th equalities were being considered tﬁen during the
small speed variation involved the lines representing the
red and blue light can sensibly be drawn as parallel. At

X. the light of‘A is diminishing with increase of speed,
and the abscissa corresponding to blue light is greater than-
that corresponding to red light. Hence, when the intensity
is diminishing with increase of speed the star should have
a 'blue tinge. But -at ﬁ? the light of A is increasing with
increase of speéd. and the abscissa corresponding to red light
is greater than that corresponding to blue. light. Hence,
when the intensity is increasing with increase of. speed the
star should have a red tinge. Observations confirmed these
statements and could be explained on the assumption that blue
light travelled quicker than red light.
The speed of rotation necessary to give equality of lights
must be greater for blue light than for red light and further
that the difference in the speed of rotation for red and for
blue light bears the same relation to tha absolute speed of
rotation for either of fhose colours as the difference in
velocity betweén rays of red and blue light bears to the
abSolufe velocity of that c¢olour.
Young and Forbes determined the épeed which produced an
equality 1) in the ordinary way with the white light of the
electric lamp, and 2) with the eye screened by a piece of
ruby red glasss, The differences between the velocities of
red and white light were small and the speeds of rotation

finally deduced from the chronograph records were as follows:
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-

v Difference
Observation No. 13 (red) speed of rotation 456,84 v
| o 4,14
" Noe. 13 (white) " " " 460,93
n No. 14 (red) " " " 494‘%5 v
¥ 1057
" No. 14 (white) " " " ‘ 496.42

Difference of veldcity (red and white)= 0.90 per cent from No.1l3

Absolute velocity (white) 0.32 per cent from No.l4

The differences‘we:e small; but on the whoie they suggested
a greater speed for white light than fo¥ red light. However
these smallbdifferences could be due to irregqgularities in the
Qorking of the chronograph and so it was decided to choose
two colours of light of considerable difference in wavelength
whereby the chronograph could be discarded as the absolute
measurer of the speed since a greater difference in speed
should be noticed,

After a great deal of searching to obtain a blue medium

whiéﬁ would sufficiently keep out the red rays, it was found
that a ;opﬁer nitrate solution gave the least quantity of
red. |

The first differential ﬁbservations for red and blue light
were made on February llth. A thick piece of rubber tubing
was attached to tge top of the pulley which supported the
wéigh£s driﬁing'the toothed wheel, At its upper end it

was attached to a strihg ovér a fixed pulley and in turn was
held'by the Qbsérver. The system was such that as‘tﬁe weights
‘descended,‘the rubber was stretched and so diminishéed the
effective érivihg weight, This produced an extremely
gradual diminﬁfion of velocity aeuombanied by a gradual
increaée in the brightness of the two stars.’ The blue

1‘ solufioh was placed betwsen phe lamp and the diagonal

reflector. Once equality of light was obtained counting
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in seconds began and the blue solution was replaced by the

ruby élass. When equality once again was restored the
difference in the time interval was noted. It was then.
necessary to measure by means of the chfonograph the diminution
in velocity produced by the action of the rubber during ; given
number of secaonds. This time intervael was taken as 18 seconds
and the average loss of speed was 0.49 revs/secs. The average
time interval between the equality of red and blue lights was
23.5 seconds. This gave a difference of 11.5 revs per second
(23.5 x 0.49) or about 2.82% of the spsed producing equality

of white light (410 revs per second).

TABLE OF % DIFFERENCE IN THE VELOCITY OF RED AND OF BLUE LIGHT

Feb.21l|Feb.23| Feb.24} Feb.25}Feb.27| Mar. 1] Mar. 8|Apr.26| Apr.27
+ 3.36 - + 0.29] + l.2q +1.35 |+ 3.20
1.14 - 0.43} 1.22| 1.56 | 1.80
2.40| g.70f 1.71| 0.90| 1.00
2.88}+ ve | 1.55] 0.90 1.60 [+ ve + ve.
5.40] effect 3.14 2,10 |effect | effect
2.46 \ 1.10 1.20
2.40 | 1.40 1.40
2:52] | | o.68 1.30
3,20
4.60
2,00
1.90
1.80
| 1,40
+ 2.82]+ = |+ 0,47+ 1.511+1.17 [+2.03 + +
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They wére unable to account for the apparently negative
effect on the 24th February except that the observation only
lasted a very short time and that the appearénce of *he
negative effect was . extremely faint. On the other hand

the positive effect was most marked and indubitable. They
went on to affifm that the wavelengths changed frﬁm about -

= 50 tenth-metres to about )\: 60 tenth-metres then the
velocity changed about 1.8%, or in any case somewhat over

1 percent.

This difference was so great that, in the absence of other
support? the effects observed were not generally accepted

as due to a.difference in the velocities of the various rays,
but it was surmised that the colouring was rather due to some
extraneous cause not yet fully determined.

Cornu(i? drew attention to the diffraction effects arising (82)
1) from the waves of light travelling to the distant telescope
and just grazing the nearer one and 2) from the use of a

mirror with a central hole instead of a glass plate, in order

to increase the brightness of the image., From this it

followed that the telescopes received diffracted pencils

from the edge of the centra; hole and sent back waves diffracted
by the edges of their objectives. To these diffraction
effects he attributed the high value of the velocity obtained

by Youﬁg and Forbes and the difference in the observed
velocities of the blue and red rays.

Such a great difference as 1.8 per cent in the velocities

(i) Marie Alfred Cornu (1841 - 1902) Professor of Physics
at the Ecole Polytechniques ,




of the red aﬁd blue rays should have been detected in the
other>methnds of estimating the velocity of light. Thus
in Foucault's method, the image of the slit, should have
been drawn out into an elongated spectrum but ne such

colouring or elongation has been observed,

113
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CHAPTER 12

THE _EARLY EXPEﬁIMENTS OF__A.A. MICHELSON

Michelson(i) took an early interest in optics because he was
told to teach the subject at the Naval Academy. ~Whilst
demonstrating Foucault's experiment, Michelson noticed that
the return beam was displaced a mere 0.8 m.m., a distance

he considered too small to be measured accurately, During
November 1877.he devéloped a (83) modification for the
experiment and subseqdently redesigned the apparatus by
replécingvthe concave mirror with a plane mirror, altering
the lens position and increasing the light path.

Unknown tb Michelson, Simon Newcomb(ii) the director of the
Nautical Almanac Office in Washington, was also interested
in measuring the velocity of light. He had laid plans for

such experiments a long time before Michelson's attempt and

had been kept up to date on Michelson's progress.

" Department of Physics and Chemistry
U.S. Naval Academy
. March 25,1878
Prof., Newcomb. | (84)
Dear Sir,
Thiqking yuq would be interested to know how Michelson's
plan for measuring the velocity of light is coming on, I
can tell you it promises entire success. The original

plan has been considerably changed so that any distance can

( 1) Albert Abraham Michelson (1852 - 1931) Professor
at the Case Institute-

(ii)  Simon Newcomb (1835 - 1909) Superintendent of the
Nautical Almanac Office
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be used.s The arrangement admits of such precise adjustment

that I think that when we have arranged to count the revolutions

of the mirror, the results will be good. The large phote-

heliostat silvered on its front fate is used as the fixed

mirror. The roteting mirror, also silversd on one face,

ie a little more than one inch in diameter. At a preliminary

trial on Saturday with a distance of a2bout 250 ft. and about

125 revolutions we obteined a deviation of 1/25 inch, The

fixed mirror is now placed at a mile distasnce and the mirror

will be given s velocity of 200 turns.,"

ﬁichelson. on learning of Newcomb's interest, wrote to him

" Ue.5. Naval Academy
Annapolis, Md; .
April 26th, 1878,

Professor Newcomb: (85)

Dear Sir,

Having read in the "Tribune" an extract of your paper on

a method for finding the velocity of light, and hearing

through Capt. Sampson and Capt, Howell that you were

interested in my own experimenté} I trust I am not taking

too great a liberty in laying before you a brief asccount

of what [ haﬁe done. (Here Michelson describes his

experiment, adding that the distance between mirrors might

be considerasbly increased.)

Unfortunately, as i was about to imake an accurate

observation the mirror flew ocut of its bearings and broke.

It would give me great pleasurse, dear sir, if you could

honor me with a2n interview, in which you could advise me
\
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~how to arrange some of the details so as to insure good
results,

Believe me, sir,

Your obedient servant,

Albert Michelson,

Ensign U.S.N. "
Newcomb; immediately replied _ _ _ "To have obtained so
large a deviation from apparatus so extremely simple,
seems to me a triumph, upon which you ought to be most
heartily congratulated. So far as I know, it is the first
actual experiment of this kind ever made on this side of
the Atlantic," (86)
Newcomb-. hurried down to see the apparatus whereupon he
gauve some advice as to the use of a concave mirror and to
place the rotating mirror in a vacuum,
He wrote (see 86), "Still, I am'not at all sure but that
your plan is better than mine. Certainly it is simpler
and»cheaper."
Newcomb sent a letter to Rear Admiral Anman, Chief of the
Bureau of Navigation (June Sth, 1878) suggesting that the
work of Michelson be well worthy of the éncouragement of
the Department and of Congress..
However the Senate Appropriations Committee did net look
upon Michelson's work with favour and failed to earmark
any funds in the Naval Appropriation Bill for thp purpose
of measuring the velocity of light.:
Newcomb also approached the National Academy of Sciences
but did menfién the independent work of Michelson.
However, since Newcomb had submitted his own proposals

before (8F) Michelson, the Appropriations Committee decided
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that Newcomb's plan be the one to receive a grant and as
such he received § 5000 whilst Michelson had to look else=-
where for funds. He in fact received # 2000 from his grand-

father Albert Heminway.

THE EXPERIMENTS OF A.A, MICHELSON

The determination of the velocity of light was considered

to be of national importance in the U.5.A. and as such in
1879 Congress made an appropriation for the work and gave
'Néwcqmﬁ the responsibility for doing it. At this time
Michelson was preparing to make an independent determination
and it was arranged that he should assist in Newcomb's

work.

Now the main source of error in Foucault's method rested

on the small displacement of the light image. In November,
1877, a modification suggested itself which could improve
matfsrs. The first experiment tried with the revolving
mirror producéd a deflection considerably greater than that
obtained by foucault. The first crude system was set up

in May 1878 using a distance of 500 feet and a deflection (88)
was obtained of about twenty times that obtained by Foucault.
Ten results were abtained giving a mean value of 186,500

? 300 miles/sec or 300140 km/sec.

The apparatus was further ﬁodified and by the end of May
187§ everything was ready for a long series of observations.
SITE _PLAN (89)
A building was erected 45 feet by 14 feet and raised so

that the line along which the light travelled was 11 feet

above the ground, A heliostat (h) reflected the sun's rays
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through the slit (s) to the revolving mirror (R)-then
through a hole in the shutter, through the lens and to the
distaﬁt mirror.,

The revolving mirror was supported in a cast-iron frame

and could be inclined forward or backward whilst making

the observations. The mirror itself was a disc of plane
glass about 1% inch in diameter and 0.2 inch thick. It
was silvered on one side.only, the reflection taking place
from the outer or front surface. Further a type of turbine
wheel (T) was held on thé axle by friction, When all the
necessary adjusthents were made the apparatus could revolve
with a highly regular motion with great speed.

To measure the deflection, the eye~-piece of the micrometer
was moved until the cross-hair bisected the slit, and the
reading of the scale and divided head gave the position.
This measurement was not repeated unless the position or
width of the slit wés changed. Then the eye-piece was
moved until the. cross-hair bisected the deflected image

of the slifs the reading of the scale and head were taken
again and the dif ference in readings gaQe the deflection.
Measurement of the speed of Rotation

A tuning fork, bearing on oné prong a steel mirror was used
to measure the speed of rotation. This was kept in
vibiation'by electricity from five 'gravity' cells. The
fork was arrahgéd so that the light from the revolving
mirror was reflected ontc a piece of plane glass, in front
of the eye-piecé of the microméter, inclined at an éngle

of 45°, and then into the eyee When the fork and the

}evolving mirror were both at rest, an image of the revolving

\
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mirrof was SEeen. When the fﬁrk vibrated, the image was
drawn out into-a band of light.

On rotation, this band was bfﬁken up into a number of
moving images of the mirror. When the mirror made as
many turns as the fork made vibrations, the images were
reduced to one stationary image. This also happened when
the number of turns was a submultiple. When it was a
multiple or simple ratio, you observed more images.
Henﬁe‘by pulling the cord attached to the valve it was
possible to make the mirror execute a certain number of
turns by ensuring that the images of the revolving mirror
came to rest.

The electric fork made about 128 visrations per second

and at each set of observations it was compared with a
standard Utg fork, the témperature being noted at that time,
The comparison was made using beats counted over a period
of - 60 seconds. As long as the electric fork remained
untouched and at the same temperature it did not change its
rate more than one or two hundredths vibfations per
second.

The lens was B inches in diameter having a focal length

of 150 feet and.was not achromatic. Since the diameter
was so small in comparison Qith its focal length the need
for achromatism was inappreciable. For the same reason
the effect of parallax was too small to.be noticed.,

The fixed mirrdr was‘about 7 inches in diameter and was
capable of adjustment in a vertical and horizontal plane.
Being wedge-shaped it was silvered on the front suxface.

The fixed mirror was adjusted by means of a theodolite.

The mirror being moved until an observer, looking through




18

the hole in the shutter through the telescope saw the image
of the telescope reflected centrally in the mirror. This
adjustment had to be repeated before every series of
experiments,

By means of the pressure regulating apparatus (see diagram)
a pressure was built up of about half a pound per'square
inch. It was posible to keep the mirror at a constant
speed for three or four seconds at a time which was sufficient
for an observation to be taken.

It was found that the only time of day when the atmosphere
was sufficiently steady to obtain a distinct image was the
“hour after sunrise and the hour before sunset.

'The boiler was 1lit about half an hour before the observations
in order to raiseifhe 40/50 pounds of steam pressure. The
mirror was adjusted and the heliostat placed in position

and adjusted.

Next the revoiving mirror was inclined to the right or

left, so that the direct reflection of light from the slit,
which otherwise would have flashed into the eye-piece at
every revolution, feil either above or below the eye-

piece. |

The revolving mirror was then adjusted by being moved about,
and inclined forward and backward, until the light was seen
reflected back from the distant mirror.

The distance between the front face of the revolving mirror
and the cross-hair of the eye-piece was then measured by
stretching from the one to the other a steel tape. A drop
of the catenary of one inch was made so as to counterbalance
the error of the stretch of the tape with that due to the

curvature. The position of the slit was then determined
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and the electric fork started. The temperature was
.noted and the beats between it and the standard fork
counted for 60 seconds.

The eye-piece of the micrometer was then set and the
revolving mirror started, the mirror being inclined

forward or backward till the image came into sight.

Next the cord connected with the valve was pulled to the
left or right until the images of the revolving mirror,
represented by the two bright round spots to the left of
the cross-hair came to rest. Then the screw was turned
till_the cross-hair bisected the deflected image of the
slit. This was repeated until‘ten observations were taken.
Uéually five sets of such (ten) observations were taken
each morning and evening.
Determination of the constants.
( i) Comparison of the steel tape with the
standard yard |
( ii) Determination of the value of the
micrometer- see set
(iii) Measurement of the distance of results
between the mirrors
( iv) Measurement of the rate of Ut3 fork

The formulaze employed were:

(i) tan @ = %% and (ii) v =‘25920033 x D x n
@ = angle of deflection

dy = corrected displacement (linear)

b o = radius of measurement

D = twice tﬁe distance between the mirrors

n = nuhber of revolutions per second

L o= ‘inclination of plane of rotation




d = deflection as.reéd from micrometer
B = number of beats per second between electric Vt2
fork and standard Vt3

Cor = correction for temperature of standard Vt3
v = velocity of light
T = value of one turn of screw

Substituting for d, its value or d x T x sec o&(log sec o=
0.00008),
and for D its value 3972,.46, and reducing to kilometres

we have (iii) tan B = C, % 5 log €, = 0.51607

0.49670

and (iv) V=CgQ ; log C

D and r were'expressed in feet and d in meme . Vt3 made
256.070 vibrations per second at 56°F
D = 3972.46 feet

Tan £= 0.02

The elxtric fork made $ (256,070 +B + cor) vibrations

per second,
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S LA e |8 & (a |8 -| . oz |8 2 s
' L S ) §. - . 3! 76 | 114 85 0.300 | 114.55 | .0.17 | + 1.423 | — 0.132 257. 36 | 28.672 | 0.99614 | 299850 | Electric light. .
— L ) 7 s o] 2 72 114.64 | 0.074 | 114.56 o.10 1.533 | — 0.084 | 257.52 f 28.655 { 0.99614 | 299740 | P. M. Frame indlined at various angles,
- R S A 2 72 | 114.58 | 0.074 |'114.50 0,08 | ' 1.533!-— 0.084 | 257.52 | 28.647 | ©0.99614 4299900 P. M. Frame inclined at various nnglés.
Sl e o 1 BN B '_. 2 72| 8s.91| o. 02;4 85.84 0. 12 1.533 | — 0.084 | 193.14 | 28. 64'7 0.99598 | 300070 | P. M. Frame inclined at various angles.
R R 2 s 3| 72| 85.92| o0.073| 85.89| o.07 1.533 | — 0.084 | 193.14 | 28.650 | 0.99598 | 299930 | P. M. Frame inclined at various angles.
ool e U 2l 6] o.oms 114.53 | o0.07 1.533 | — 6.084 | 257.42 | 28.650 | 0.99614 | 299850 | P. M. Frame inclined at various angles.
. N el e I 3 831 114.54 | o. 0'74 114.47 0.07  1.533 Z o.216 257.39 | 28.658 | 0.99614 | 299950 | P. M. Frame inclined at various angles.
" L o 1 9 . . 3| 83| 114.54 o074 | 114.46 | o.10 1.533 | — 0.216 | 257.39 | 28.658 | o.99614 299980 | P. M. Frame inclined at various angles.
S - S 3| 83| 11457 o.ohs! 114°47] o.08 1.533 | — 0.216 | 257.39 | 28.662 |* 0.99614 | 299980 | P. M. Frame inclined at various angles.
e 9+ i -3|. 8|rn4s7| 0.0 114.50] o0.06 1.533 | — 0.216 | 257.39 | 28.660 | 0.99614 | 299380 | P. M. Frame inclined at various angles.
_' . ST A 9 - . 2 83| 114.61 | o0.074 | 114. 531 0.13 .1.533 | — 0.216 | 257.39 | 28.678 | 0.99614 | 300000 : P. M. Frame inclined at various angles.
SRR Z Y T " 3| .90 11460 0.074 [ 114.52 | o.xr| L57|— 0.300 | 257.29 | 28.685 | o©.99614 299980 | P. M. ‘ ' :
R I 10 . . 2| 90| 11462 0.074 | 114.54 | . "0.08 1517 | — 0,300 257.29 | 28.685 | ©.99614 | 299930 | P. M.
s g - % T 3| .1 {11481 | o074 114.74| o©.09 1.450 | — 0.072 | 257.45 | 28.690 | o©.99614 | 299650 | A. M. )
ISR M ':. - xz .’ . 2 71 | 114.78 | 0.074 | 114.70 | o0.05 1.450 | — 0.072 | 257.45 | 28 6g0 | 0.99614 | 299760 | A. M.
RN : r‘ o ) 13 . I 71 1 114.76 | 0,074 | 114.68 009 |  I.450 | — 0.072 | 257.45 | 28.690 | 0.99614 | 299810 | A. M. .
TN U1 GRS B 3. .1 3| 72|1264) oo074|112.56| o0.09]. r1.500]|— 0.084 | 257.49 | 28.172 | o0.99614 | 300000 | A. M. .
L i g N 13 ’ <. 3] 72| 112.63| o074 | 112.56| o.30 1.500 | — 0.084 | 257.49 | 28.172 | 0.99614 | 300000 | A. M.
o o BRRR S 2 72 | 112.65 | 0.074 | 112.57 o.08 1.500 | — 0.084 | 257.49 | 28.172 | o©.99614 299960 | A. M.
] U 13 .. 3(. 79| 112.82 | o.260 | 112.56 0.06( ' t.517 [ — 0.168 | 257.42 | 28.178 | o0.99614 | 299960 | P. M.
B ?3 IV S 3| 79| 12.82| o260 | nz2.56| o.13 1517 | — 0.168 | 257,42 | 28.178 | o.99614 | 209960 | P. M.
- TENS _n'." L & S 3 79 | 112.83 | 0.260 | 112.57 0.07 i.517 — 0.168 257.42 28.178 | 0.99614 | 299940 | P. M.
BN 13 . . 3 79 | 112.82 | o0.260 | 112.56 0. 06 1.517 | —0.168 | 257.42 | 28. 178 | o0.99614 | 299960 | P. M.
T o g 7 I 3. . . 3 79 | 112.83 [ o0.260 | 112.57 | o.11 L.§ty | — 0.168 | 257.42 | 28.178 | 0.99614 | 299940 | P. M.
S \./ 13 . . 3.1 79 113.41| o.260 19 — 0.168 28.152 | 0.99614 P. M. Set micrometer and counted oscil-
T
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June 13 3 79 | T12. 14 . 0.260 | 111.88 6 1.517 | — o, 168 255.6§ 28,152 ! 0.99614 | 299800 | Oscillations of image of revolving mirror,
- 14 ] 64 11283 o.2607 112,57 0.12 1.500 { 4- 0.012 257 §8 | 28.152 l 0. 99614 ;| 2998350 1 A. M. :
14 X 641 112.83 1 o.260 | 112, 577 o.08 1.537 | + o.012 | 257.60 | 28. 152 : 0.99614 | 299880 FPaan
14 .t 65 | 112.81 » 0.260!; 112,55 o.11 1.5577 ® 0.000 | 257.59 | 28. 152 l 0.99614 | 299900 ' A. M.
14 X 66 | 112.83 o.z&i;oi 112,57 0.09 L.517 | — 0.012 | 257.57 | 28.152 . 0.99614 | 299840 | A. M.
) |
1 7 1 67 . 11283 . o0.260] 112.57 0.12 1.517 i — 0.024 ; 257.56 | 28. 152 0.99614 | 299830 : A. M.
4 - R 84! 112.58 ' ‘0.260 | 112,52 ' 0.06 1.517 - — 0.228 257.'36 28. 159 : 0.99614 | 299790 i P. M. Readings taken by Lieut. Nazro.
14 1 85 | 112. 76 | 0.260 | 112, 50 o.08 1.500 . — 0.240 } 257.33 | 28.159 | ©0.99614 | 299810 l P. M. Readings taken by Lieut. Nazro.
. 14 1 8411272 i 0.260 | 112,46 6.08_ 1.483 | — 0.228 | 257.32 | 28. 1359 : 0. 99614 1299880 ; P. M. Readings taken by Lieut, Nazro.
14 1| 84 g3 I 0.-260 | 112,47 ©0.09 1.483 | — 0.228 | 257.32 | 28.'159 " 0.99614 | 299880 Lp. M
14 1 84 11275 | 0.260 | 112.49 | o©.09 1.483 | — 0.228 { 257.32 | 28.159 .o 99614 | 299830 | P. M.
17 2 621 112.85 | o.260 , 112.59 | - 0.09 1.517 i + 0.036 | 257.62 | 28.1;9 | 0.99614 | 299800 | A. M.
17 2| 631128 ! o z§o 112,58 0.06 1.500 | 4 0.024 | 257.59 | 28. 149 : 0.99614 | 299790 | A. ML
17 1 ‘ 64 i 112.85! o.260 | 112, 59 0.07 1.500 | 4 o0.012 | 257.58 | 28.149 | 0.99614 | 299760 | A. M.
17 3! 77| 128 o. 260 | 112,54 0.07 1.500 | — 0.144 | 257.43 | 28. 157 ’ 0.99614 | 299800 ; P. M. Readings take.n by Mr. Clason.
17 3| 77| 1277 o.260 112,51 0.08 1.500 | ~— 0.144 ; 257.43 | 28. 157 | 0.99614 { 299880 | P. M.  Readings taken by Mr. Clason.
17’ T3 77| nua77 o0.260 ! t12,51 o.11 1.500 | — 0.144 | 257.43 [ 28.157 ¢ 0.99614 | 299880 | P. M. Readings taken by Mr, Clason.
17 . 3 77 1277 o260 ! r2.51 ! o.09 1,500 | — o0.144 | 257.43 | 28.157 { 0.99614 ' 299880 | P. M. Readings taken by Mr. Clason.
7. 3 77 112.78 ) o.260 | 112.52 0.08 1,500 : — 0.144 | 257 43 | 28.157 | 0.99614 | 299860 | P. M. Readings taken by Mr. Clason.
18 1| 58 112.90; 0.265: 112.64 0.07 1.500  + 0.084 | 257.65 | 28.150  "0.99614 299720 | A. M.
18 1] .58 L112.90: 0.265 | 112,64 0. 10 1.500 | + 0.084 | .35.65 | 28. 150 ; 0.99614 | 299720 | A. M.
18 b ¢ §9 | 112.92 : 0.265 | 112,66 0.0y 1.483 | + 0.072 | 257.62 | 28.150 . 0.99614 | 299620 | A. M.
18 2| 75| tz79! 0.265! 112,52 0,09 1.483 | — 0.120 25743 28.158 " 0.99614 | 299860 | P, M,
18 2 75 11295 ! o 265 ' 112.48 o. 10 1.433 | — o0.120 | 257.43 | 28.158 l 0.99614 | 299970 | P. M.
18 3| 75 n2.56 ' 0.265 | 112.49 o.08 1.483 | — 0,120 | 257.43 | 28.158 : 0.99614 P. M.
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63 | 133-57 | o.263 133.31 0.09 | 1.533 | 4 0.024 | 257.63 33-33? | ©0.99627 " 209810 | A. M.
L 133.57 | 0.265 { 133.30 Q.11 1.533 | + o.o12 | 257.61 33.332 | 0.99627 | 299820
65 | 133.56 | 0.265 | 133.30 0.13 1.533 0.000 | 257.60 | 33.332 | 0.99627 | 299800
133.48 | 0.265 133.21' 0.06 | * 1.533 | ~— 0.180 | 257. 42 33-330 | 0.99627 | 299770
133.46 | 0.265 | 133.19 o0.1o| ' 1.500 [ — 0.192 | 257.38 | 33.330 | 0.99627 | 299760
.133.46 | 0.265 | 133.20 0.03
133.46 ; 0.265 | 133.20 0.08
133.46 © 0.265 | 133.19 0.08
133.43 | 0.265 | 133.16 o.08
133-42 | 0.265 | 133.15 0.06
133-43 1 0.265 | 133.17 0.09
133.43 ; 0.265 | 133.16 0.07
133.42 | 0.265 | 133.16 0.07
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-500 | — 0.204 | 257.37 | 33.330 [ 9.99627 | 299740
.517 — 0.204 | 257.38 | 33.330 | ©0.99627 | 299750
-500 | — 0.192 | 257.38 | 33.330 | 0.99627 | 299760
.542 | — 0.288 ) 257.32 [ 33.345 | 0:99627 | 299910
-550 | — 0.288 | 25~ i | 33.345 | 0.99627 | 299920
550 | — ©.300 [ 257.32 | 33.345 | ©0.99627 | 299890
533 | — 0.300 | 257.30 | 33.345 | ©.99627 | 299860 '
<517 | — 0.300 | 257.29 | 33.345 | 0.99627 | 299880 ,
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‘ “j'-‘.' Junezo . . 60 | 112.94 1 0.265 | 112.67 | ©0.07 | 41.517 | 4 0.063 | 257.65 | 28.172 | . 99614‘ 299880 ' AL M.
: 20 . . ) 61 1292 . o 265 | 112.65 | - 0.09 1.§17 -|-.‘o.o48 257.63 | 28.172 | 0.99614 | 299910 | A. M.
20 . 62 | 112.94 | 0.265 ! 112.67 0.07 [ 1517 4 0.036 | 257.62 | 28.172 | 0.99614 | 299850 | A. M.
TR R 20 . . 63 | 112.93 | ~0.265 | 112.66 0.03 1.517 | 4 0.024 | 257.61 | 28.172 | 0.99614 | 299870 | A. M.
RS v . . 78 | 133.48 | o. 265 b 133.21 | 0.13 1.450 | — 0.156 | 257.36 { 33.345 | ©0.99627 | 299840 | P. M.
- 30 . 79 {13349 . ©0.265 [ 133.23 | o0.09 ' 1.500 | — 0.168 | 257.40 | 33.345 | ©0.99627 | 299840 | P. M.
S © 20 . . . 807 133-49 ;. ©.265 | 133,22 007 n 500 | — 0.180 | 257.39 | 33.345 | o. 99627 | 299850 | P. M.
R 20 . 79 | 133 5«:{' o. 263 13324 o.13 17483 —o. 168 | 257.39 | 33-345 | ©0.99627 | 29940 : P. M.
- o2 .. 79 | 133-49 ; 0.265 | 133.22 [ 0.06 1.483 | — 0.168 | 257.38 | 33.345 | ©.99627 | 299840 ;| P. M.
20 .. " 79 | 133-49 ; ©.265 133.23 0.10 | | K483 | — 0.168 | 257.38 | 33.345 | 0.99627 | 299840 ' P. M.
T B} S 6t [ 133.56  0.265 | 133.29 0.12 " 1533 | + 0.048 257. 65 | 33.332 | 0.99627 | 299890 ;A M.
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June 24 3 72 | 133.47 | 0.265 |"133.20 o.1§ 1.517 | — 0.084 | 257.50 | 33.319 | 0.99627 | 299720 | A. M.
‘24 "31 73] 133.44| 0.265 ] 133.17 0.04 I.517 | — 0.096 | 257.49 | 33.319 | 0.99627 | 299840 | A. M.
. 24 3 74 | 133.42 | 0.265 | 133.16 o.11 L.517 | — o.108 | 257.48 | 33.319 | ©.99627 | 299850 | A. M.
24 3] 95| 133.42| o.265 133. 16 0.06 L517 | — 0.120 | 257.47 | 33.319 | 0.99627 | 299850 | A. M.
- 24 3 76 | 133.44 | 0.265 | 133.18 o. 10 1.517 | — o.132 | 257.45 | 33.319 | ©0.99627 | 299780 | A. M.
36 2| 86|133.4z| 0.265 | 133.15| o.05 1.508 | — 0.252 | 257.33 | 33.339 | ©.99627 | 299890 | P. M.
26 2| 8613344/ o.265 133 17| ,0.08 1.508 | — 0.252 | 257.33 | 33.339 | ©.99627 [ 299840 | P. M.
.27 .3 73 | 133-49, o.z;65 133.22 | ‘o.Irt{’ L 483 - 0.096 | 2§7.46 | 33.328 | 0.99627 ] 299780 } A. M.
.27 3| 74| 133.47 | 0.265 | 133.20 _0.06 1.483 | — 0.108 | 257.44 | 33-328 | 0.99627 [ 299810 ; A. M.
‘37 3 75 | 133-47 | 0.265 | 133.21 | o0.09 . L483|—o.120] 257.43 | 33.328.] o0.99627 | 299760 | A. M.
.37 3 75 | 133.45 | o.263 .‘33" 19 0.09 1.467 | — o0.120 | 257.42 | 33.328 | 0.99627 | 299810 A M.
ay "3 76 | 133.47 | 0.265 | 133.20 ~ 0.08 1.483 | — 0.132 | 257.42 | 33.328 | o©.99627 | 299790 | A. M.
7 © 3 76 | 133.45 | o.265 | 133.19 o. 10 1.483 | — 0.132 | 257.42 | 33.328 | 0.99627 | 299810 | A. M. -
! 30 2 85 1 35.32 (135.00 99.68 0. 03 1.500 | — 0.240 | 193.00 | 33.274 { 0.99645 | 299820 | P. M." Miror inverted.
- 30, . 2| 8/ 3534[135.00.[ 99.67| o0.06 1.508 | ~— 0.252 | 193.00 | 33.274 | ©.09645 | 299850 | P. M. Mirror inverted.
. 30 T2 86 | 35.34 [135.00 99. 66 o.10 1.508 | — 0.252 | 193.00 | 33.274 | 0.99645 | 299870 | P. M. Mirror inverted.
- .30 2 86 | 35.34 [135.00 99. 66 0.09 | . I.517|— 0.252| 193.00 | 33.274 | 0.99645 | 299870 | P. M. Mirror inverted.
July 1 -2 83| oz2.17135.145 | 132.98 0.07 1.500 | — 0,216 | 257.35 | 33.282 | 0.99627 | 299810 | P. M. Mirror inverted.
S & 2 84 | o215 |135.145 | 133.00 0.09 1.500 | — 0.228 | 257.34 | 33.282 | 0.09627 | 299740 | P. M. Mirror inverted.
e ] 86 | o02.14 |135.145 | 133.01 0. 06 1.467 | — 0.252 | 257.28 | 33.311 | 0.99627 | 299810 | ‘P, M. Mirror inverted.
; : 3
. L2 86 | o02.14 [135.145 | 133.00 ~0.08 5.467 | — 0.252 | 257.28 | 33.311 | 0.99627 | 299940 [ P. M. Mirror inverted.
i'é" '3 86| 99.85| 0.400 | g9.45 0. 0§ I.450 | — 0.252 | 192.95 | 33.205 | ©0.99606 | 299950 | P. M. Mirror erect.
3. 3 86| 66.94 | o.400 | 66.34 0.03 1.450 | — 0.252 | 128.63 | 33.205 | 0.99586 | 299800 | P, M. Mirror erect.
‘a2 . 3| 8| 50,16 o0.400 | 47.96| o.07 1.467 | — 0.252| 96.48 | 33.205 | 0.99580 | 299810 | P. M. Mirror erect.
H 3 85] 33.57] o.400| 33.17}  o0.06 1.450 | — 0.240 | 64.32 0.99574 | 299870 | P. M, Mirror erect.
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The following table gives the results of different groupings
of sets of observations. Negessarily some of the groups

include others :

Electric light (1 set) ; 299850
'Set micrometer counting oséiilafions (2) 299840
Readings taken by Lieutenant Nazro (3) | 299830
Readingé taken by Mr.Clason (5) 299860
‘Mirror inverted (8) , 299840
Speed of rotation, 192 (7) : 299990
Speed of rotation, 128 (1) ‘ 299800
Speed of rﬁtation, 96 (1) 299810
Speed of rotation, 64 (1) 299870
Radius, 28.5 feet (54) 299870
Radius, 33.3 feet (46) ' 299830
Highest temperature, 90° Fahr. (5) 299910
Mean of lowest temperatures, 60° Fahr. (7) 1299800
Image, good (46) 299860.
Image, fair (39) | 299860
Image, poor (15) 299810
Frame. inclined (5) . 299960
Greatest value 300070
Least value - 299650
Mean value : . 299852
Average‘difference from mean 60
Value found for 7f A ’ 3.26
T s

Probdie error
ERRORS

The value of V depended on three quantities D, n and #
The distance bétween the two mirrors could be in error

either by a false determination of the length of the steel
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tape used, or by é mistake in the measurement of the
distance by the tape. The'total error due to D was
considered to be at most 0.00004.

The speed of rotation dependéa on any error in the rate

of the standard, any error in the count of the sound beats
betwsen the forks and an errori in the estimate of the
moment when the image of the revolving mirror was at rest.

The total error was thought to be less than 0.00002.
The deflection was measured by its tangent where tan @ = % .
Here the total error was considered to be 0,00015,

The final error was considered to be = 0.00017 corresponding

te an error of sy kilometres.




(73

131 7

!
:
242 SUPPLEMENTARY MEASURES OF THE VELOCITY OF LIGHT. i
The headings of the columns in the following table of results signify as follows: 1
¢t — temperature, Fahrenheit.
B — number of beats of st with ¢f per second.
¢ = correction of st for temperature.
ef = rate of “electric” fork. -
n = number of turns of revolving mirror per sccond. .
m = mierometer reading of deflected image.
z = micrometer reading of slit.
d=m—=z. .
4 = difference between greatest and least values of d.
e =— mean error of one determination of d.
T = value of one turn of micrometer screw in mm.
7 — radius.
@ = deflection in seconds.
@, — angular deflections corresponding to d = 138™".
PL=P— . '
V = velocity of light in kilometers per second, in air.
S —source.of light (s =sun, e = electric light).
no — number of observations.
v = distinctness of image (poor = 1, fair = 2, good = 3).
w = weight of the set of observations. '
I = logarithm.
Dae. | ¢ | B c ef n m z d (4] ¢c| T |o la
:
Oct. 12 | 75.0 | 1.250 {—.032 | 129.127 | 258.254 | 138. 182 | . 262 | 137.920 | .15 | . 038 | .99629| © 5144372 :
12 | 75.0 [ 1.333 |—. 032 | 129.010 | 257. 871 138.090 .258 | 137.742 - - |. . ]|.99629] o 5144372 :
12 | 75.0 | 1.333 |[—.032 | 129.010 | 258.754 } 138.500 | . 267 | 138.233 4. . |. . |.99629] o 5144372
14 | 71.0{ 1.198 | .000 | 129. 107 | 238.214 | 138.009 | .076 | 137.935 | .27 | .060 | .99629] o 5144372
o 16 | 73.2 | 1.038 |—.017 | 129.021 | 238.042 } 137.927 | .027 | 137.900 | .21 | .045 | .09629| © 5144372 :
81 61.5 | 0.954 |4.075 | 129.029 | 258.058 | 137.977 | .060 | 137.917 | .19 | .049 | . 99029 © 5144372 ‘
19 | 56.0 | 0.983 |4. 118 | 129.106 | 258. 212 | 138.100 | .063 | 138.037 | .17 | .040 | .90029| © Si34372
19 | 54.7 | 1.000 |4-. 129 | 129.129 [ 258.258 | 138. 150 | . 063 | 138.067 | .17 | .070 | .99629| © S144372 :
20 | 8.0 | 0.938 |+.103 [ 129.041 | 258.082 | 137.831 | .057 | 137.774 | .25 | .056 | .99029] © 5144372 {
21 | 64.3 | 0.983 [+.053 [ 129.036 | 258. 072 | 137.941 | .054 | 137.887 | .20 [ .033 | .99629] © S3144372
24 | 56.8 [ 0.952 |+.112 | 129.064 | 258.128 | 138.068 | .058 | 138.010 | .25 | .090 | .99629( © L5144372
25 | 59.0 | 0.952 [+.095 | 129.047 | 258.004 | 137.957 | . 060 | 157.897 | .09 | .032 [ .09629] © | .5144372 ‘ b
25| 59.0 ! 0.952 |4+.095 | 129.047 | 258.094 | 137.905 | .060 | 137.905 | .26 | .077 | .09629] © L §144372
26| 59.0 | 0.944 |+.095 | 129.039 | 258.078 | 137.931 | .058 | 137.873 | .35 | - 102 [ . 99629} © 5144372 |
31| 73.0| 0.923 |[—. 016 } 128.907 | 257.814 | 137. 819 .065 137.754 | .12} .035 | .99629] o 5144372 :
381 73.0[0.923 |—. 016 | 128.go7 | 257.814 | 137.852 | .065 | 137.787 | .22 { . 066 | .99629| o 5144372
Nov. 4| 53.0 | 0.947 {4.142 | 129.08g | 193.634 | 103.632 | .060 | 103.572 | .20 | . 085 | .99003]117.6 '.5143::5!
' 8] 56.0|0.936 |--.118 | 129.054 | 193.581 | 103.532 | .062 | 103. 470 | .12 | .036 | . 99603 | 117.6} . 5143215
8156.0|0.936 |4+.118 | 129.054 | 193.581 | 103.534 | .062 | 103.472 | .11 | .027 | .99603 | 11/.6 . 5143215
I [ 70.5 | 0.923 |4+.004 | 128.927 | 193.390 | 103.421 | . 069 | 103.352 1 .09 [ .027 | .99603] 117.6] . 5143215
11| 70.510.923 [.004 | 128. 927 | 128.927 | 68.976 | .069 | 0S.907 | .10 | .036 | .99585| 2372 . 5142354
14 ! 40.5 | 0.955 [+. 241 | 129, 196 | 120.196 | 69.115 | L0435 | 69,070 | .07 [ .024 [ .99585|23".2| . 5142354 -
14 ' 40.5 1 0.955 |-i-. 241 Lo 196 1 129.196 | 69.136 1 .045 { 69.001 en L0360 | .995851237.2] . 5142354

REF<90)
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. 1438232 | . 4707177 | 299723 || 20

VELOCTTY OF LIGHT IN AIR 243
- _ i =

bate. | ¢ In Ir d |lsing| ¢ lp v V {8 nolv| w
Ot 12 | 33.350 | . 4820370 | . 5230058 | . 1390272 | . 1309787 | 2788.7 . 4464018 | . 47069369 | 299883 |s1 40)3| 7
12 | 33.350 | . 4414025 | . 5230038 | . 1390064 | . 1304079 | 2785.4 . 44458408 | . 4768536 | 209816 {5 31 §

12} 33.350 | . 4128878 | . 5230058 | . 1400287 | . 1319532 | 2795.0 .4403818 | . 4767971 | 200778 |s] . |3] S

14 | 35-350 | -4119708 | . 5250058 [ . 1390681 | . 1310890 2789.0 | . 4454455 | . 4768231 | 299796 | ] 56|2| 3

| 16 | 33.351 | . 4116004 | . 5231080 | . 1305643 [ . 1308927 | 2788.2 | . 4453230 | . 4766583 | 209682 [¢| 3512 5
i 18] 33356 | 4037175 | 5238740 | 1300178 | . 3308811 | 2788, 4 . 4453083 | . 4766008 | 209711 || 6513] 4
i 19 | 33.354 | - 4110705 | 5231479 | . 1309956 | 1382850 ¢ 3790.7 | 4457832 | 4705552 | 299011 14| 1913 6
i 1y ] 33.356 | 4120857 [ - 5251479 [ . 1300899 { . 1315793 l 2791. 3 | 4458005 | . 4705390 | 299599 te | 1031 2
. 20{ 33355 | 4117578 | . 5251000 | . 1391421 | . 1304185 § 2785.2 .4455564 | . 4571933 | 300051 154 223} 3
20} 33355 | - 4117400 | 5251000 | L 1305234 1 - 1307998 ' 2787.6 | . 4452305 | . 4768023 | 200781 s [ 6S{2| 9

! 24 133335 1. 40183351 | 5231609 | 13090106 L 1511870 . 2790. 1 | . 4456198 | . 4705072 | 290578 |5} 201} 1
] 25 1 33330 1 4117779 : .5231740 | . 1303349 | - 1308182 l 2787.7 | - 4452400 | . 4768237 | 209796 15| 10}3| 10
25 ] 33356 | 4107770 0 5251740 | 3505800 | 1308435 | 2787.9 | 4452772 | . 4767920 | 209774 | €| 30|2] 2

26 | 33.355 | -4117510 | 5251600 | . 1394792 130755652787.3--4451837 .4768591 | 209820 | 5| 10]1
3t | 33355 § - 4113093 ; -3231609 | . 1391042 | . 1303500 ! 2;84.9 | . 4248096 | 4767588 | 299772 (s 15(3] 8
31 33353 | L4I13005 ¢ . 5231609 | . 1392073 : . 1304837 | 2:85.6 | . 4449188 | 4766796 | 299696 e} 11)2] 2
| !

Nov. 4 | 33360 | . 2809816 ; . 5232260 | .0152424 I 0093379 l 20493.0 | . 3207692 | 4765040 | 299573 {5 3013] 2
S| 33337 1 .28080z7 .5231870 | .o148144 : 003048y ! 2091, 2 | . 3205086 | .4767588 | 209748 |s| 20{3| 6
S 33 357 ; 3868625 5231870 T o1g8228 ' . 0030373 l 2091.2 | . 3203956 | . 4767558 | 299748 { ¢ 1 46 3] 10|
1] 35357 . 28340 5231870 | Lo143189 ' L 0054854 ! 2085.8 | . 3108069 | . 4768288 | 209797 {v| 20|3]| 10

! 1| 33357 | L1030 5231870 | 8382633 .82g3119 ‘ 1392.3 | . 1437338 | . 4769030 { 299851 {¢| 2013, ©
| 14 { 33 302 . YR RN . .§232521 | . 8302805 © 8302728 : 1305-4 | . 1430057 | .4768422 | 299809 | 5] 6 :l 7 {
3. : 5232521 . 8364215 © . 8305048 1 1395.8 RN

3302 7 cnnn2g

SUPPLEMENTARY MEASURES
Rer (90)
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Meagsurement of the velocity of light in_air and water.

Becausé of differences in the results obtained by Michelsan
and Newcomb for the value of the velocity of light in air it
was agrged'that Michelson should repeat his experiments. No
instructions or suggestions Qere made to‘ﬁim from the Navy
Departmént except such as related to the investigation of

possible sources of error in the application of his method.

The same micrometer was used as before but was now supported (90)
on a brick pier. . The distance from the surface of the
"mirror to the slit was obtained and the sine of the deflection
was measured instead of the tangent. The same revolving
mifror was used but was furnished with new sockets., The
fixed mirror was now made slightly conca;e and had a diameter
of 15 inches. The rate of the standard fork was again
measured by the use of beats.

The weighted mean of the observations was 299771 kilometres
per second with an error of < 12 kilometres.

The various sources of error were discussed in the previous
experiment and thus assuming that these errors affected the

result in the same manner, the total error was less than

60 kilometres.

i.e. Value from table 29977;
Reduction to vacuum + B2
Final result 299853 X 60 kilometres/sec.

Young and Forbes in their paper "Velocity of White and  (80)
Cﬁlourea Light" remarked, "In Michelson's observations the
image of the slit was described as indistinct and covering

‘a sensible space. From our results it would appear that
the width of his spectrum between mean red and blue would

be about 2 millimetres. But it would be a very impure

spectrum, and it is only by employing absorptive media, or
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part of a pure spectrum, to éive colour to the light used,

that we should expect him to detect the difference.”

In response to ‘the above, Michelson presented a drawing of
the image seen in the eye-piece drawn with a magnification

of approximately 5 times, . Tﬁe colour of the central portion
was yellowish and bofh borderé on occasion viblet. The
width of the image was 0,25 m.m. when the slit width was

0.19 Mmem,

Michelson sugéested that if there weré to be a difference

of Qelocity between the red rays and the blue rays, then

the image drawn to the same_séale would have presented a
spectrum covering about 10m.

ébrther an experiment was conducted in which one-half of
the'siit was covered with red glass. On observing the two
halves of the image, both the upper white and the ierr red,
were exactly in line., .

As a postscript to the above series of experiments, Michelson
(15.8.1883) repeated{jFD@cault's experiments to check on

the velocity of the wave theory. His _apparatus was essentially
the same‘aé fhat of Foucault with distilled water being
placed in a tube 10.03 feet long. The distance between

the mirrors was 17.63 fee% with the "radius" being 32.41 feet,

whilst the speed of rotation was 256 turns per second.

 The.results confirmed Foucault's work which showed that the
velocity of light §n water was less than in air and fﬁrthe:
Ithat the rétio between these velocities was equal to the
refractive index of the water. This for yellow light

at ordinary temperatyre was given as 1.333
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Ratio of V/Vl for 6 indepsndent experiments was

No. 1 2 3 4 s 6
1.33  1.33  1.34 1.33 1.35 1.30 Mean: 1.330

Michelson‘prpduced a second :eport on experiments coneerned (90)
with the velocity of white light in Carbon Disulphide and

of the difference of velocities of red and blue light in
Carbon Disulphide. |

The afrangement of the apparatus was essentially the same

as in the previous experiments, In this experiment in

order to produce the required "deflection" a column of

liquid ten feet long was required. It further proved
difficult to obtain a shérp image but this sharpness could

be improved by limiting the aperture of the tube by a
rectangular opening to sacrifice.light.

In the foilowing observatiﬁns:

r = "radius", or Aistance from micrometer to revolving mirror
a = length of air column between mirrors

b length of liquid column between mirrors = 3.07 metres

]

d = linear displacement of image

m = number of turns per second

n = ratio of yelﬁcity of light in liquid to that in air,
which last may be taken at V = 300,000,000 metfes.

M = 1,000,000

Z = reading of micrometer for undeflected image

D = reading of micrometer for deflected image

36 sets of observations were taken




VELOCITY OF WIHITE LIGHT IN CARBON DISULPIIIDE.

OBSERVATIONS—Continued.

No. 25. - No. 20. No. 27. No. 28. ,
Z D A D A D A D |
!
!
115.176 | 114.508 115. 170 | 114524 115.165 | 114.350 1135. 165 114. 341 !
168 516 | 164 541 368 348 .
]
172 508 | 158 510 371 360
153 508 | 170 523 3io 350
161 520 170 520 354 350
167 511 158 | 526 359 345
170 521 l 171 510 360 302
i 170 510 ! 163 i 521 360 350
158 519 | 161 | 523 | : 354 352
162 499 161 - 550, 114360 359 114. 351 351"
l 115.167 | 114.512 115.165 + §14.523 i| «= .S05{ 114.360 1 4= .8141 114.351
| 114,512 114.523 | »=339 r=339
' d o 655; = 6425 : a=73.08 ] a =368
i =320 = 320
I r=339 | r=3.39 | | 7= ’ m=3
I a=3.68 5 ‘ a =368 I ’
| m=256 4 om=1z36 | . l
| ' | :
No. 29. I No. 30 No. 31 ] No. 32
i - '
A ' D Z D Z D 7 D
3 l
' | I
115.210 | 114.378 115.190 | 114.384 115.176 | 114,515 ¢ 115,187 | 114. 356
187 | 366 386 188 514 g N 374
176 ] 367 397 204 517 . ! 360
188 372" 370 189 511 . ! 371
19:‘: 366 382 1 180 513 A 370
195 + 303 380 I 183 520 . ' 362
195 362 383 I 200 518 . 369
196 ° 363 388 i 182 SI5 1l . 358 ¢
184 370 .. 386 i 184 i‘ 516 ] 351
17§ ; ”4'3(); 114. 384 184 b 187 ASI() ! 114. 362 354
115. 19D d = .816 114, 384 !i 115. 187 i 114,516 f o -~ . 823 114. 302
114. 307 r=339 ii 114. 510 | =339 : .
- v i - — :
d= 823 @=305 o= 671 a =356 i
| . m =320 i A m = 320 :
r=339 . r=—339
=368 ' ' ‘ @356
w m =320 i | m =256 i ‘
I

MicseLson  Rer (9o)




VELOCITY OF WHITE LIGHT IN CARBON DISUILPIIDE.

The following table gives the data and calculations. The
_columns have the same signification as already assigned, P. (3):

253

headings of thd

oy ¢ | m | Md | kgMd | logm Lgr | g 8;:‘:, No |No—a| =
1| 6.336] 3.61] =236 1227 | 3 oSSS4 2.40824 { 0.80182 | 0.95566 | 9.03 542 1.77 ' i
2| 6.336 {361 256 1251 | 3. 697:6 ~2.40824 | 0. 80182 | 0.97406 | 9.20 5.69 ¢ 1.85 ;
3 6.336 { 3.69 1 =236 1256 | 3.00899 |- 2.40824 | 0.80182 | ©.96581 | 9.24 555 181 ’ .
b 4] 6.336]3.691 128 639 { 2.8122 2.10721 | 0.80182 | ©.98009 | 9.55 5.861 1ot
! s| 6.336]3.69 236 122 3.08884 | 2.40824| 0.80182 | 0.95566 { 9.03 | -5.341 1.74 |
6] 6.336[3.69 192 889 [ 2.91500 | 2.28350 | 0.80182| ©0.94066 | 8.72 1 s5.03: 1.63 !
71 6.336 1369 128 587 | 2.76863 | =2.10721 | 0.50182 | ©0.93649 | 8.64 4951 1.61
S| 6.336] 369 2356 5236 | 3.09202 | 2.408234 [ 0.80182 | 0.95884 { 9.09 5.40; 1.7
9 6. 3361 3.69 1 192 922 | 2.96473 | 2.28530 | e.So182| o. 95649 | 9. 05 5.36 1.75
10| 6.336 13691 320 1544 | 3.18865 [ 2.350515 [ o.S0182 | 0.95856 | 9.09 " 5.40 : 1.76 .
1| 6.38 {3661 256 1231 | 3.09026 | 2.40823| 0.80382| 0.95408 9.00| .5.33; 1.7%4 |
121 6.38 | 3.66, 192 923 | 2.96320| 2283301 0.80482 [ ©0.93396 ; S.99 5.33 ' .74
13| 6.38 13.66] 160 789 | 2.89708 | =2.20412 | 0.80482 | 0.96502 | g.23 5.57 E 1.82 |
14} .6.38 | 3.66 ] 128 647 | 2.81000 1 =2.10721 1 0.S0382 | 0.97575 1 9.46 5.801 1.89 ' ’
15 3.45 | 3.64 ] -320 856 | 2.92042 | 2.50315 P o 55782 | ©0.9633319.19 5.35 1.81 5
16 | 3.45 ['3.64] 320 842 | 2.92551 | 2.50515: 0.53782! ©.95922 Y'g.10 | 5.46 Pngs
171 345 | 3.64] 236 667 | 2.82413 | 2.40824 ' 06.23782 1 0.95495 | 9.02 5.38: 1.75.
18| 3.45 | 3.64| 2356 663 | 2821511 240824 0©.337821! o 95233_ 8. 96 532 1.73
191 3.45 |3.63! 236 664 | 2.82217 | 2.40824 ©0.33782 | ©.95299 | 8.97 : 5.33 1.74
20| 3.45 | 3-64 . 256 659 | 2.81889 } 2.40824 © 0.53782 | ©-94971 S.01 ; 527, 1.3
210 3.45 | 3.64 | 256 | 668 | 2.82478 | 2.40824 o 53782 0.95560{9.03 | 5.47 ' 1.73 :
22| 3.45 | 3.64 | 256 674 | 2.82866 | 2.50824, 0.53752 : 0.95945 § 9. 11 5.47 . 1.78 :
{231 3.45 | 3.631 256 676 | 2.82005 | 2.40824 i 0.53782 | 0.96077 | g.14 i 550! 1.7 ‘
241 3.45 | 3641 256 6S0 | =.83251 i 2.40823 ! 0.53782 0.96333 | 9.19 5-35 [ 1.81 :
25 ] 3.39 | 3.68 ! 256 6355 | 2.81624 | 2.40S24 | ©.53020 | 0.95468 | 9.01 | 5.33 fongg v
26 | 3-39 13.68] 256 642 | 2.80754 2. 40824 | o0.33020 | ©0.94598 | 8.83] - 3.13 x 1.68 :
271 3.39 | 3685} 320 So3 | 2.90380 | 2.503515 | ©.53020 | ©0.94753 | 8.56 5.18 ‘ 1.69 :
‘! 281 3.39 | 3.68| 320 814 ] 2:91062 | 2.350315| 0.53020 | ©0.95215} 8.96 5.28 | 1.52 : :
J208 339 |3 68| 320 8231 =2.91540 | 250515 | o.53020] o. 95693 | 9.06 5.38] 1.75
" 50 l 339 | 3.68] 320 816 | 2.91169 | =z.503515 | ©0.33020 | ©.93322| 8.8 5.30 1 1.573
P31 | 3.39 |3.36!1 256 671 | 2.82672 | =2.40824| o0.53020 [ 0.96516 [ 9.23 ] 5.67 l 1. S5
32 ‘ 339 1356 320 825 | 2.91645 | = 50515 o.53020 | ©0.95795 | 9.08-| 5.3 ; 1.50°
©351 0339 13 561 320 Sz 2.91593 ! 2.50315 | o0.53020| ©.95746 | 9.07 5511 1. 8o |
234 | 514 13.50] 192 763 | 2.8S232 | 2.28330, o0.71006 | ©.96514 | 9.23 5.67 1 1.85 !
| 35 l 5.14 {350 256 1009 | 3.00389 | 2.40824 | o0.71006:| ©.96157 | 9.15 5.59 ‘ 1.82
| 361 s.13 13561 3200 1225 | 3.08813 | =2.3503515 0 o0.71096 1 o, 9181 ! 8. 89 5:331 1.74
Mean value of 22 . o . v e e e e e e e e e e e e e e e e e e e e e e e = I.77 !
Weighted Mean . . . .« . v v v v o v o e e e e e e e e e e e = L7335 i

MicheLoon  REF
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The time t occupied by the light in traversing the distance

between the mirrors is

' , Vd a
a+bn d . _ 8 Wzxm

The weighted mean of the observations was 1.758 which

was about 7% higher than the theoretical value. Michelson

found it'difficult to account for this considerable différence

by attribUting it to errqrs of experiment for the result

was fairly iﬁdependent of the "radius" or of the speed of

revolution of the mirror. A series of checking experiments

were then performed without using the column of liquid.

.The ;esult thus obtained for the velocity of light in air

had an error of less than 2%

In a secoﬁd series of experiments the light was passed

through a direct-vision pfism before reaching the slit.

By turning the prism either the red or blue end of the

spectrum could be'observed. The selected colours were:
Nred = 0.000620 N blue = 0.000490

If dr represents the deflection for red light

If db represents the deflection for blue light

a , boz
‘ dr _ Vv v a_+ bnr
then G5 = Z + bnb a + bnhb
Vv v

' db - dr
nb - nr = 2,8 S5<F
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VELOCITIES OF RED AND BLUE LIGHTS IN CARBON DISULPHIDE. 257

The following observations give the values found for d, — d, in hundredths of a
millimeter and for d, in millimeters:
No. 1. No. 2. No. 3. 'No. 4. No. s. No. 6. No. 7.

+2.4 3.9 1.8 2.9 +1.7 + .6 +1.5 4 .4 411
1.9 0.0 3.4 1.9 2.0 .2z 3 .4 1§
.7 3-4 .7 2.0 1.6 —2. 4 .9 1.1 2.3
2.3 3.2 2.6 20 .1 .3 1.8 .2 1.9
4.1 — .2 .5 1.7 .6 .9 2.5 .5 2.7
31 —.8 2.0 .8 2.7 .2 1.5 — .2 2.%
3-5 .6 4.0 . .5 .9 1 —1.9 0.0
2.9 5.2 .3 .. L1 — .3 +1.23 1.7 — .1

— .5 4.4 40 .. 3.2 1.7 d,=1.55 .7 1.0
8.2 —.2 1.7 . 0.0 1.8 2.2 LS

|

—LI —.5 } Mcean=-2.02 + 1.45 6 -6 "2

—5-3 — -4 dy= 155 dy=1.55 + 0.41 +o.52 .o

l 1.8 —z1 d, =1.00 d,=1.2§ I3
.6 1.1 +1.30
30 41 dp=1.2§
.8 — .9
5.2 3.2
4.3 1.8

Mean=+41.89
a',: 1.5§

I
No. 8. No. g. No. 10. No. 11, No. 12. No. 13.

+ .8 0.0 +1.3 +1.4 | 410 + .6 j41.5 1.2 Lo Lo
2.1 1. 4 3.1 .4 8 —.6 0.0 1.2 .4 2.1
2.% 2.0 1.7 1.3 1.2 1.4 .5 3 1.9 —.2 !
1.7 .2 1.8 .9 1.6 7l — .4 7 4.0 1.7 '
2.2 0.0 2.1 1.3 .o — .3 .6 — .4 1.5 2.5
1.2 —l1.2 2.2 .4 7 0.0 1.8 2 1.0 8
.1 1.1 .7 .6 2 .7 1.3 0.0 1o
.6 1.2 2.4 1.8 1.0 .6 1.3 8 1.§

.3 1.9 — .6 —1.8 | — .2 .8 1.5 3 1.0
1.2 — .6 3.2 — .5 0.0 . 1.6 .5

— .8 1.4 2.2 —_.2 +0.59 — .2 .. +1.36

— -1 4 25 +o0.51 d,=0.81 4-0.83 d,=1.24
I.4 -8 7 | d,=o0.82 . d,=o0.8;3
1.2 1.2 1.7 .

—_— ]

— .3 -1o0 1. 86
-1 -9 d =1.60

—.6 —.6 |

—1.1

+ 0.51
d"=0.65

MicueLson Rer (90)




In the following table the results are collected together with the data. The
letters have the same signification as before:

. 258 SUPPLEMENTARY MEASURES OF THE VELOCITY OF LIGH'T.

- dy— d,
r m dy—d, d, L. rA 4 "y —n, l
1 6.34 320 . 6189 1.5% .0122 0.034
2 6.34 320 . 0202 1.55 .0130 0.036
3 6. 34 320 . 014§ 1.55 . 0094 0.026
4 6. 34 213 . 0041 1.00 1. 0041 0.011
5 6. 34 320 .0123 1.5% . 0079 0. 022
6 6.34 256 . 0052 1.25 . 0041 0.0I1
7 6. 34 256 .0130 1.25 .0104 0. 029
8 6. 34 128 . 0051 i 0. 65 . 0079 0.022
9 6.34 335 .0186 n 1.60 .0116 0.032
10 3.39 320 . 0051 ; o.82 . 0062 0.017
1 339 320 . 0059 o.81 . 0073 0.020
12 3.39 320 . 0083 0.83 0100 0.028
13 5. 14 320 .0136 1.24 .o110 0.031
Meanvaluesny —2, . . . . . . . . . .. ... 0. 0245
Theoretical value (VERDET) . . + . + & & v o v v v o o v o 0.025
If
n=—1.77
we have
n,
22— 1.014 Or 7= 1.014

It would appear, then, notwithstanding the rather wide divergences in the separate
observations, that we are entitled to conclude from these experiments that orange-
red light travels from one to two per cent. faster than greenish-blue light in carbon

disulphide.

Ve

M icreL30N KEF (9QL
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CHAPTER 13

METHOGD _0OF SIMON NEWCOMB

‘Simon Newcomb was- an eminent meﬁber of the National Academy
of'Sciencés, beiﬁg.President of the Aherican Assoéiation
for the Advancement of Scieﬁce' aﬁd Director of the
Nautical Almanac Office.

A distinguithed astronomer considerably older than Michelson
he nevertheless had a long association with Michelson

which was devoid of any petfy jealousies although bofh men
worked in the same field of research..

Newcomb encouraged Michelson and whenever he could he

supported him financially or helped with equipment.

Newcomb in the years 1880 - 1882 measured the velocity of
light using a revolving mirror. He decided not to measure
the linear displacemént of the image but rather its angular
deviation, Furthermore he did not place a lens between
the two mirrors (as did Foucault and Michelson) but instead

placed it betwden the slit and the revolving mirror.

The main featﬂre of the apparatus was that two telescopes (91)
were arranged with their axes at right angles. Light from

the sun reflected from a heliostat entered the slit S of

the sending telescope, where after passing along the tube F

was reflected by.a plane mirror at C through the object-glass J.
The light then fell onto the revolving mirror M and hence

along the line Z to the distant fixed mirror. The farther

end of the receiving telescope had a pair of microscopes,

P and H, for taking readings of the graduated arc. The

apparatus was adjusted so that the light reflected from the
surface of the revolving mirror was prevented from enfering

the observing telescope. wWith this arrangement almost
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all the extraneous light was shut out and a very faint
image of the slit was observed.

‘The revolving mirror was of interest. It consisted of a
Squaré steel prism, The four vertical faces being nickel
plated and each face in turn acted as a reflector so that
thé brightness of the image was quadrupled. ~ Above and
below the prism, two sets of fans were attached upon which
thé air blast acted.s Either set could be used separately,
so tﬁat the mirror could be driven in either direction, or
“the two coqld ':"_“<1C+' Sim UH‘CM’L@Q&)%?Q ' in such a

way that one counteracted and confrolled the other.,

Tﬁe»observing telescope was firstset in a fixed position

and -the speed of the rotating mirror adjusted so that the
returning image rested on the micrometer wires in the eye=

. piece. The regulation of thevspeed of rotation was achisved
by opening and closing valves (T) using an endless cord X.
The image could be kept on the cross-wires for two minutes

whilst.the chronograsph furnished the speed of rotation.

It was found that the higher the velocity of the mirror
the more steadily the image could be kept upon the wires,
and that the steadiness deterioréted very rapidly when the
velocity fell below 200 turns per second, thus most of

the determinations were made with high speeds of rotationes

" The mean result of each day's work is shown. Newcomb
combined the separate means with fhe distances travelled
and produced the following results for the velocity of

light in air expressed in kilometres per second:
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Observatory, 1880-81 Distance = 5101.90m Time = 0.0000170282sec
Vv = 299,615

Monuhent, 1881 | Distance = 7442.42m Time = 0.0000248344sec
v = 299,682

Monument 1882 | Distance = 7442.,42m Time = 0.0000248275sec
‘ Vv = 299,766

He considered that the differences of these results far
exceeded the probable errors arising from the accidental

differences between the separate daily means.

After lengthy discussion over errors and various consultations
with Michelsbn, Lord Rayleigh and Cornu, Newcomb considered
that the results should depend entirely on the measurements

taken in 1882, thus:
299,766 km/sec

Immediate result of measurement v

Correction for curvature of mirrozr + 12
Reduction to vacuo 82
Concluded velocity in vacuo "V = 299860 km/sec

The results so far are as follows:

‘Michelson, Naval Academy, 1879 299910 km/s
Michelson, Cleveland, 1882 299853 km/s
Newcomb, Washington (selected results} 1882 299860 km/s
Newcomb, Washington (all results) 1882 299810 km/s
fFoucault, Paris, 1862 298000 km/s
Cornu, Paris, 1874 298500 fm/s
Cornu, Paris, 1878 ' 300400 km/s

Young and Forbes, Scotland, 1880/81 3013682 km/s
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Newcomb made no special arrangements for detecting

dif ferances between the velocities of differently coloured
rays. However, whilst his experiments were in progress

he learnt of the work of Young and forbes who had announced
a detection of a velocity difference of 2 per cent. As

a result he made a very careful ekamination of the return
image., Had there been a difference in velocity of 1/1000,
the resulting spectrum would have been 15" in breadth, and
have‘had a well marked iridescence on its edges., No such

observations could be detected.

e caa b nan s = on adammm
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At the beginning of Michelson's first paper on aether-drift
phenomena hé stated his hypothesis as followss

“The undulatory theory of light assumes the existence of &
medium called the ether, whose vibrations produce the

phenomena of heat and light, and which is supposed to fill
' (i)

all space, According to Fresneal, the ether, which is
enclosed in optical media, paertakes of the motion of those
media, to an eitent.depending on their indices of refraction.
for air, this motion would be but a small fraction of that
of the =2ir itself end will be neglected.

Assuming then that the ether is at rest, the earth moving
through it, the time required for light to pass from one
point to another on the earth's surfece, would depend on

the direction in which it travels.," (92)

He followed this by showing the mathematical feasibility

of measuring the speed of two pencils of light trasvelling

at right angles to eech other and finally proposed that "We
could find V the velocity of the earth's motion through the
ether."  (88)

Prior to the experiments of 1881, Michelson was given leave
of absence from active duty and set of f to abtain his post-
graduate educstion in Europe.

Michelson was acquainted with the work of J.Clerk Maxwell‘ii)

on Aether and relative motion of the asether, Maxwell had

made explicit the notion that the relative sether wind might

( i) Augustin Jean Frasnel (1788 - 1827) Tutor at the
Ecole Polytechnique

(ii) Jamgs Clerk Maxwell (1631 - 1879) Professor of
Physics at Cambridge
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possibly be used tﬁ determine the absolute velocity through
space.

Maxwell assumed that light and electricity travelled with

the same speed and were both vibfant disturbances in the
aether. As Maxwell continaged to work on his electro-
magnetic equations it became apparent that the valué of (93)
the speed of light represented an important relationship
between electricity and magnefism.

In 1879 Maxwell wrote to D.P. Todd}i) the Director of the
Nautical Almanac Office, In the letter Maxwell'considered
that it would be impossible to ﬁeasure "a quantity depending
on tﬁe square of the ratio of the earth's'velocity to that
of light". (94)
He:had already obseéved that the velocity of light in aether,
accelerated by the earth's motion in orbit, would differ.-
by an ektremely small amount fraom ité speed in an aether

at rest. Looking at the order of the squ;re of this rato
i.e. one part in one hundred million, he considered it

would be too small to measure.,

However, Michelson thought otherwise. All the experiments
to detec% aether drift up to that time had attempted to
measure the rééio of the speed of the earth to that of
light. :Sincé each of these experiments had failed it was
accepted that no first.order effect cduld succeed, Michelson
by this time had an advantage over the other workers in

this fieid in that he had a refined value for the speed of
light and was able to contemplate a second-order effect :
the square of the speed of light, C2, in relation to the

| (95)

square of the earth's speed, VZ.

(i) David P.Todd (1855 - 1939) Professor of Astronomy
at Smith College.
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He began‘thinking about devising an instrument that could
count and measure light waves with an accuracy far beyond
what hadjbeen so far attained;

Michelson, having obtained leave of absence, enrolled at the
University of Berlin in 1880. Here, having obtained a
grant from the Volta Foundation he began designing his
instrument, Using optical flats from Schmidt and Haensch
he built what he called an interferential refractometer,

which by the 1890's had become known as an interferometer.

He was considering projecting a beam of light in the direction
in which the earth was travelling in its orbit, and one

at right angles to this., The first beam, he thought,

would naturally‘be retarded by the flow of aether passing

the earth. The second beam, crossing this current at right
angles, although the distance is the same, should arrive
ahead of the first by a length of time determined by the
velocity of the earth.

Michelson was familiar with an instrument designed by
Jamin(i) used to measure the refractive indices of gases (96)
by the interference of light waves. Michelson rearranged

the pieces intq.the shape of a cross and placed the 'beam
Sﬁlitter‘, a half-silvered mirror, in the centre. This
half-silvered mirror allowed some light to penetrate it,
whilst the rest was reflected to the plane mirrors, which

in turn, brought the two separate pencils of light together
again at the eyepiece.

Observations had to be made during the night as traffic

vibrations caused an immediate shift of the fringes.

(i)  Jdules télestin Jamin (1818 - 1886 Director of the
Physical Laboratory in Paris, Professor of Physics

at the Sorbonne.
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Halmholtz(i) acting on Michelson's behalf arranged with

HeC. Vogel(ii)

the director of the Astrophysikalische
Observatory at Potsdam to have all the apparatus moved
to the observatory which was a much more secluded and quiet

place for fringe observations.

@)

Michelson obtained the conditions for producing interference
of two pencils of light which had traversed paths at right
angles to each other as follows: (97)
Light from a lamp (S) was passed through the optical

flat (A), part going to the mirror (D), and part being
reflected to the mirror (C). The mirrors C and D were
plane and silvered on the front surface. From these
mirrors the light was reflected to (A), where one was
reflected and the other refracted, the two coinciding

along A0, The distance AD = AC with a glass plate (B)
being placed in the path of the ray AD to compensate for

the thickness of the glass A, which is traversed by the ray

AC, the two rays therefore travel over equal paths and thus

(1) Hermann von Helmholtz (1821 - 1894) Professor of

Physics at Heidelberg.
(ii) Hermann Carl Vogel (1841 - 1907) Director of the

Potsdam Observatory.




Michelson’s first i-rerferometer, 1880

(Above) A bird's¢-e view; (opposite) in perspective

(Adapted from M::helson,* The Relative Motion of the Earth and the
Luminiferous Etk:r,” 1881)
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are able to cause interference patterns.
The instrument is represented in plan and in perspective.

a = source of light (small lantern)

b/g.= two glass plates (cut from the same piece of glass)
d/c = silvered glass mirrors
m = micrometer screw
e = ubserving telescope with micrometer eyepiece
‘/h = counterpoise

The arms bd, bc, were covered by long paper boxes to guard
againét temperature changes. They were supported by pins
(k, 1,) and by a circular ﬁlate (o).

The appératus was adjusted by moving the mirrors C and D
as close as possible to the plate b and then using the
screw (m) and a compass the distances bc and bd were made
épproximately equal.. Next, using the lamp as a point
source of light, b was moved until the two images of the
point source céincided. With a sodium flame piaced at
(a) interference bands were observed which by moving b

could be adjusted for width and sharpness. The lamp was

-then replaced and (m) turned till the bands reappeared.

At the time of the experiment, the earth's orbit coincided
approximately in longitude with the estimated direction of
the motion of the sclar system. The direction of this
motion was at an angle of + 26° to the plane qf the equator,
and the tangent of the earth's motion in its orbit made an
angle of -~ 23'}o with the plane of the equator; thus the
resultant would lie wifhin 25° of the equator, The nearer
the two components were in magnitude to each other, the

more nearly would their resultant coincide with the plane

of the equator,
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In this case, were the apparatus to be placed so that the
arms.pointed north and east at noon, then the arm pointing
east would coincide with the resultant motion, and the other
would be at right angles. 'Therefore, on rotation through
90°, the fringe displacement should be twice 8/100 or 0.16
of the distance between fringes. If, on the other hand,
the proper motion of the sun be small compared to the earth's
motion, the displacement should be 6/10 of 0.08 or 0.048.
Taking the mean as the most probdle displacement, Michelson
looked fér a displacement of 1/10 the distance between the
fringes.

He was worried about temperature changes causing fringe
displacement (henée the boxes) but a major error was
displacement due to the bending of the arms during rotation.
This proved to be so bad that the apparatus had to be
refurned to the makers to improve the ease of rotation.

Even so a large displacement was observed in one particular
direction which was due to the support. When the table

of results was produced, the headings of the columns gave
the direction to which the telescope pointed with the
erroneous column being marked with an (X(). The numbers

in the columns being the positibns of the éentre of the

dark fringes in twelfths of the distance between the fringes.,

The result of the discussion on the results (shown) was
that there was no displacement of the interference bands.
The result of the. hypothesis of a stationary ether was
found to be incorrect and the conclusion that followed was

that the hypothesis waé erroneous.



e
N. |[N.E| E. [8E.{ 8 |SW.| W. [NW. Remarks,
1st revolution| 0-0] 0-0] 0°0/—8:0{—1-0j—1-0}—2-0{—3-0|Saries 1, foolscrew
2d “ 16:0f 16:0] 16-0] 9:0] 160 160 15°0} 130; marked B, toward
3d & 170l 170l 17-0} 10°0} 17-0} 16-0{ 1¢-0{ 170} Iast.
4th e 15-0 15-0! 15°0 80| 14'5| 145 145 140
6th o 13-5{ 13°5) i35 5°0] 12°0] 13-0; 13-0} 130
61-5) 61-5; 61°5] @« | 5S'6] 585 66:5) 614°0
£.] 585] . 665 N.E| 615} S.E.} 600
120°0 113'0 1200 1140
1180 1140
Excess, +20 +6°0 .
1st rovolution] 10:0] 11-0f 12:0} 13-0} 13:0] 0-0] 14-0{ 15-0Series 3, B toward
2d 8- 16-0] 16-0| 160} 17-0] 17°0{ 20 17-0] 17-0] South,
3d s 175} 176} 17°5] 1%-5] 176} 4°0] 18:0; 17-5
4th & 150 115 17°0) 170} 15-0] 40| 17°0f 170
5th f‘ 17-0f 17-0| 17-0{ 17:0} 16:0} 3-0} 16:0] 160
780! 79-0] 79-5( 8L-5{ 80531 = | 820y 82D
8 8051 W. 820 N.E.| 790| B.E.) 816
1585 1610 1690 1640
. 1616 164-0”
Excess, |—30 '—g0'
1st revolution] -0} 3-0f 3-0} 80} 25| 2] 25| 10-0/Series 3, B toward
2d o 18-0f 17-6| 1%-5| 18°0f 18-5] 19:0] 19-5] 26:0] West.
2d o 11-0]°11-0{ 12-0| 12-0] 13-0j 13-5{ 13-5{ 21'0
4th o 10 00} 05 05 05 00} 00f 140
5th & 40y 40] 50] 60 50} 55 55 160
87-0] 35'5] 39:0{ 38-5] 395 40'5] 110} =
S.| 3951 W.} 41°¢ N.E.| 3551 SE.| 380
%65 800 %60 195
%65 %60
Excess, +35 +35
st revolution| 14-0{ 21-0] 15-5] 17-0f 14°0] 14-5] 14-5] 16-0{Secries 4, B toward
2 “ 10-0] 20-0] 12:0] 12°0} 130} 13:0f 12-0{ 135 North.
ad “ 14:0| 25-0| 15-0] 160 16°0{ 16:0} 16:0f 17°0]
4th & 138-0f 2'7-Q{ 18-5| 18-5| 18'5{ 19-0| 20°0{ 210
Oth ¢ 16+0] 24°0{ 15'0{ 15'0; 15 0] 16-0) 16-0] 16°5
710} = | 76°0) 78-5] 763 19:5] 795] 8§40
- B %650 W 190 N.E.| 12-5] S'E. _78'5
147 1555 1520 1625
) 14%5 1520
Excoss, +80 +10'5
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TIn the first two series, when the footings of the columns N.
and S. exceed those of columns E. and W., the excess is called
positive. The excess of the footings of N.E.,, S.W., over
those of N.W., S.E, are also called positive. In the third
and fourth series this is reversed.

The numbers marked “ excess” are the sums of ten observa-
tions. Dividing therefore by 10, to obtain the mean, and also

- by i2 (since the numbers are twelfths of the distance between

the fringes), we find for

N.S. N.E, S.VV.

Serieg 1.ocooooaan +0017 +0°030

$ 2 iiea o —0020 —0-033

L SR +0'030 +0°030

4 e 40057 +0-037

470059 0137

Mcan = +0:022 +0'03¢

" The displacement is, therefore,

In favor of tha columns N.&. ... ... ... 40022
“ “ i N.E,SWao........... +0°034

- The former is too small to be considered as showing a dis- -

placement due to the simple chaiige in direction, and the latter

should have been zero. L
The numbers are simply outstanding errors of experiment.

It is, in fact, to be scen from the footings of the columns, that

the numbers increase (or decrease) with more or less regularity

- from left to right.

This gradual change, which should not in the least affect the
veriodic variation for which we are searching, would of itself
ccessitate an outstanding error, simply because the sum of the
#o columns farther to the left must be less (or greater) than

_¢he sum of those farther to the right.

This view is amply confirmed by the fact that wheve the ex-
cess is positive for the column N.S,, it is also positive for N.E.,
S.W., and where negative,” negative. If, therefore, we can
climinate this gradual change, we may expect a much smaller
error.  This is most readily accomplished as follows:

Adding together all the footings of the four series, the third

---aud fourth with negative sign; we obtain

N

.

\

N. N.E. E. SkE S 8.w. w. K.W.
K25 T & 260 245 230 20-8 180. 110
or dividing by 20x12 to obtain thc mecans in terms of the
distance beiween the fringes,
N. N.E. E. B.E. S S, W. N.Ww,
- 0131 .. 0331 0108 0102 0096 0056 0075 0046
If z is the number of the column counting from the right
and y the corresponding footing, then the method of least
squares gives as the equation of the straight line which passes
ncarest the points «, y— _ -
iy = 9252 - 645
i If, now, we constract a curve with ordinates cqual to the
diffcrence of the values of y found from the equation, and the
actnal value of 7, it will represent the displacements obscrved,
freed from the error in question.
These ordinates are:

N. N.E. E. S.E. S. 8.V, . N.W.
~002 —-011 4003  —001 —004 —-003 ~-001 4018
N. —-002 E. 003 N.L. —011 N.W. +-018
S. —004 W. —-001 S.W. —003 S.l, —:001
Mean= —-003 +001 Mean= —-007 4008

++001 . : +-003
Excess=—-004 Escess=—-015

The small displacements —0-004 and —0015 are simply errors
of experiment,

The rcsults obtained are, however, more strikingly shown
by constructing the actual curve together with the curve that
should have been found if the theory bad beea correct.  Tlis
is shown in fig. 4.

0.05 e S ——

0.001 ———— S = S ~
. ’ N

0.05 4" . “meeae” S~

The dotted curve is drawn on the supposition that the dis-
placement to be expected is one-tenth of the distance hetween
the fringes, but if this displacement were only 45, the broken
linc would still coincide more ncarly with the straight line
than with the curve.

193
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CHAPTER 15

PERROTIN'S EXPERIMENTS 1902
In a communication on the 24th November, 1902, Perrotin(i)
published a new series of measurements 6n thé speed of
light using the toothed wheel method developed by Fizeau,
The stations used for the experiments were the dome of the
Observatory at Nice and Mount Vinaigre in Estéﬁel. being
separated by a distance of 46 km.
The preliminary results measured over a distancé of 12 km (98)
4and which weré published in Comptes Rendus (15th November,
1900, Volume 131, page 731) gave some idea of the difficulties
with the instrumentation and the atmospheric conditions
and particularly with refraction effects.
Pérrotin used an objective lens of 76 cm. diameter for
the emission-telescope and a 38 cm. for the diameter of
the collimator, He was able to submit 1100 measurements

cebtained in very variable atmospheric conditions.

For the results see table.

| He dedﬁced that fhe velocity of light-in vacuo was
299,860 ¥ 80 km/sec. -

This result differed a little from that which he obtained
from 1500 observations usiné a station at Gaude, i.e.

299,900 km/sec. -

(i) Joseph Perrotin (1845 - 1903) Director of the
Bureau of Longitudes.-




XX
XX1I
XXII
XXIII
XXIV
XXV
XXVI
XXVII
XXVIII
XXIX
XXX
XXXI

XXXI1I

Speed in vacuo
km/sec.

300520
299720
299600
300310
300130
299550
299880
299580
299860
300030
299890
300240
299720
300380
300520
299730
299500

Number of

Observations

30
35
32
39
76
66
41
75
86
141
80
49
48
36
52
76
147

Weighting

288

381

392

534
1156
1109

758
1519
1900
3385
2081
1376
1452
1170
1810
2828
5834

The final value calculated from all the observations

made was 299,880 km/sec ¥ 50 km o

\
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CHAPTER _16

MICHELSON: THE EXPERIMENTS OF 1924
' (i)

Michelson was invited by Dr. G.E. Hale » then Director

of the Mount Wilson Observatory, to make a series of
investigations for a more éccurate determination of the
velocity of light.

Hale had attended Michelson's lectures in 1888 on the
application of the interferometer to astronomy. Here
his imagination had been fired by the possibilities of
such a device and he held Michelson's ability as an
experimental scientist in high esteenm.

He became a close friend of Michelson as well as a most
supportive colleague.

Hale becéme Head of the National Research Counci} and
spent several years trying to persuade Michelson to leave
Chicago University and come to live in Pasadena where the
new Observatory was beinglconstructed.

Eventually, in 1920, Michelson agreed ' and moved to
éasadena, diviaing his time between the California Institute
- of Technology and the Mount Wilseon Observatory.
Michelson considered that a new determination of the
velocity.should be made hoping tobggtain an ¢

accuracy from ten” to twenty timesAt;at obtained in his
previous worke.

This caonstant he felt was not only of theoreticsl
importance in Physics and in Astronomy, but.may have én
immediate bearingioﬁ the work of the Coast Survey in

furnishing a means of measuring distances which may

(i) George Ellery Hale (1868 - 1938) Director of the
Mount Wilson Observatory.
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furnish a valuable check on the results of trigonometric
surveys. (99)
The.summers of 1921; 1922 and 1923 were spent in trying to

obtain the best conditions for such a series of observations.

Two stations were selected ?oi distance of separation
coupled with maximum visibility of the relurn image. The
stations being Mount Wilson and Mount Ban Antonio which
was about 22 miles away. This meant that it toék the
light 0.00023 seconds to complete the return journey.
'During‘this time an octagonal revolving mirror making

530 turns per second would rotate throuéh 4 of a turn,
thus presenting the succeeding face to the réturn light at
the same angle as thouéh it were at rest.

The épeed was then obtained by stroboscopic comparison
with an electric fork making 132.25 vibrations per second,
the fork being compared with a free seconds pendulum with
the latter being cbmparad with an invarugraﬁity pendulum,
When the refiections of the revolving mirror in the mirror
attached to the fork were stationary the very small angle
ay to the zero was measured. | |

The direction of rotation could be reversed and a new'angle

measured thus eliminating the measurement of zero.

82
16 n D
It was shown that V = 1-P
41~ %
whére ﬁ = T s N = number of rotations per
second and D = length of the light path,

The final arrangement of the apparatus at the home station (100)
is shown. This arrangement allowed the final reflection
from the octagon to take place at nearly normal incidence

which eliminated direct reflections as well as diffuse light.
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TABLE.L -
Date - . B A7 . Gy ar—aifr K
August g4........ 1.00539 132.16 | 4o0.07 | +0.00020 | 132.20
August 5........ 1.00530 132.16 | —0.03 | —o0.00060 | 132.21
August 7.... 1.00622 13217 . .04 | .00034, | 132:20
August. 8:.......] 1.00628 132.16 .or .00070° | 132.24.
August: g........ 1.00833 132.16 or ©.00030- | 132:20-
August 9........ I1.00033. 132.16. | .ox .00030 | 133.22
August 10........ 1.00033 132.16 oo - .00020 | I32.19
August 10....... J  1.00633 132.16 | ~o.05 | —o0.00030 | 132.13
E ‘Meani....o il B P eeeeieeiial] 132,208,006 -
: V=64KD.
: . D=35385. 5+40:8'=33126. 3. -
Final result: N
Vi=200733 km per sec. in air
. V =299820 km per sec..in tacuo ~

*This measurcment was-carried out by-Lieutenant: Donal Pheley;.of the United. .
States Coast.and.Geodetic Survey: '
2 35385. so=distance-between C.G.S. marks
3o ft.=focal length of mirrors
12 ft. (provisional) =distance from C.G.S. marks to focus of mirrors
4X30+2X12=149il.=43 m
Correction 3.2

et
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The light source was an arc, which was focussed onfo the slit
- (S)e The light then fell antb the face (a) of the octagon
where it was réfledted to a right angled prism (b) then to -
another at (c) and hence to the concave mirror (d} which

had a 30 foot focus and 24 ihch aperture. This mirror
reflected.the light as a parallel beam to the distant mirror.
The iight then went to a small concave retflector at its
focus.  An image of the slit was formed at the face of

this small reflector, which allowed the light to return

to the concave ﬁirror at (d) where it passed over the prism
at (c) to (bl) where it was reflected onto a face of (al)

. of the octagon formiﬁg an image at (Sl) where it was
observed by a micrometer eyepiece (M).

The rate of the electric fork in terms of the free

auxiliary pendulum was measured by counting the number of
seconds reqﬁired for a complete cycle; If P, was the
period of the auxiliary pendulum and C the number of

seconds in the cycle then Michelson showed that the

number of variations of the fork per second was

1 1
N = == + =
Pl c

where N, was fhe nearest whole number (133) of vibéations
in ﬁne swing of the pendulum.

The auxiliary peﬁdulum acted as a make and break switch
in the primary circuit of an inductioen coil, which gave a

spark in the secondary, the spark being aobserved in a mirror
(i)

attached to the fork. The Sperry arc was then activated

(i) Elmer Ambrose Sperry (1860 - 1930) Chairman of the
Sperry Group of Companies.




160

and focussed nn'the slit, After adjustment the r¢urn
light could be observed in the eyepiece as a brilliant
starlike image. The air blast regulator was then opened
until at about 40cm of mercury pressure, the image re-
appeared .in the field. The speed was then requlated
until the stroboscopic images (4 images of the polished
facat) were juét stationary. At this point the cross=-
hairs of the eyepiece were adjusted to bisect the image,
The. observations were repeated 5 - 10 times, then the
direction of rotation reversed and a similar set of
observations taken, The difference>between the means of
the two sets divided by the distance r (crosshair to the
face of the mirror) would give the angle a; = 3.

The results are shown in the Table,

Michelson considered these to be provisiocnal and to be
correct to within one part in ten thousand.

The main source of error he considered to be in the
inability to maintaein a sufficiently constant speed of
the rotating mirror. He considered this due to the lack
of constant pressure of the air blast and not to any lack

of precision in the measurements of the displacement of

the image.
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CHAPTER 17

MICHELSON: THE MOUNT WILSON/MOUNT SAN ANTONIO EXPERIMENTS

The preliminary experiments of 1924 gave a corrected value

(for vacuum) of 299,802 km/sec.

A éecond series of ex;ériments using the glass octagon

was started in July 1925. The main difference being’

that the fork (N = 528) was driven by a vacuum-tube circuit,
which gave a much more constant rate than the previous.
make/break arrangement. |

The above rate was measured by compafison with a free
pendulum using an.improved stroboscopic method,

As in the 1924 experiiments, the octagonal mirror made

528 turns per second and rotated through 4+ of a turn

during the time it toock the light'to travel from the
revolving mirrbr to the distant station and return.
ThUé it presented the succeeding face of éhe mirror to -
the returning beam at (very nearly) the same angle as
at rest,

Thé speed of the‘révolving mirror was increased until
the stroboscopic image between the fork anq the mirror
wasvstationary. At this point the small angle a; was
measured; being the angle of~disp1acement by which the image
differed from 90°. The direction of rotation was now
reverded and a new angle a, was measured.,

If a = a, + as then the angle through which the mirror

rotates during the time it took the light to travel the

distance 2D will be.

. . 6 0l
T/a - a/4 with the velocity given by V = %INE Py (101)
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It was calculated that V =%‘f‘% (N +n) (1 + %)

where 1/n was the period‘of the (optical) beats between
the fork and the pendulum

where l/Q that of the coincidences between the C.G.S.

pendulum and true Seconds

where N = 528

Since &and n were small, then Michelson was able to write

16_x 35425.15 x 528

Vv = a +n)
1 - 0.00051 ~

D = 35425.1

V = 299425 (1 &« &£ + )

2o

T

See Table I for results.

Michelson considered these to be preliminary results
~along with those from the 1924 experiments. ~ The definite
results coming betweén June and September 1926.

By a slight rearrangemént_of the apparatus at the observing
station Michelson Qas able to achieve an increase in
intensity as well as greater symmetry.

Using the improved layoﬁt and the small glass octagon a
series of results was obtained, see Table II

(The numbers given.being the means of three series of
observations with each series containing six (double)
observations).

It was stated that:

a = a/mr . b = n/N and ¢ =J
i.e. V = 16DB (1 =a - b = c)
| D = 35,425 and N = 528
V = 299,270 + V(a + b + ¢)
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As a result‘of a large glass octagon bursting during high
speed rotation in 1925 a total of four mirrors were
constﬁucted. Two of these were glass but twice the

size of the small octagon. The first having twelve
.facets and = the second sixteéen facets. The two other
mirrors were constructed of nickel 'steel with eight and
twelve facets, The driving power in all measuréments
was by air blast. /
Using the glass twelve faceted mirror and the 1924 layout‘
it waé shown that V = 299,265 + 3 (a + b + ¢). .

see Table T@L.

Table IV shows the results for the glass sixteen

faceted mirror where

_32DN ’ : _
V = 1+ 23 D = 35424,5 'V = 355cm,.
w

The distance between Mount Wilson and San Antonio Peak
was measured by William Bovis who at the time was in

charge of the Gebdesy Division of the U.S5. Survey.
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TABLE I
TEN SERIES oF OBSERVATIONS -
afr n/N Va
I........ e 000077 0.0c013 299,695
I..... e e 00057 .000T§ 209,651
16§ S . 00014 . .0003%3 299,671
IVoooooo ool . .00037 ~.o0047 269,077 :
Voo, e . .coo54 .04 § 200,722 ) .
Voo, 00047 L0043 209,608 ) . . -~
VIL ..o, 00032 00008 299,725 . : .
VIIL...oooooiiiit, " .o00I17 02070 209,086 :
IXooooooioio _ .oocor8 . 00070 209,707
X, . 0.00021 0.00038 299,662 M
Mean velocity in ' "
LR T O T 269,089 .
Correction...... 1. Y P -+67
Vinwacuo. ..ol oo i e, 299,756

NOSTTHOIF!

MeSan Antonio R < _;_‘l/b Mt Wilson f

- . Fie. 1—Arrangement of apparatuos,
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T R A T T T O T B B A L M S R P i TR Py s v Bt sy e .

-




165

) TABLE II
s b ¢ 14 “t
S 0.0003
.............. 100059 | 0.00028 | 0.00072 -
Ig ........... REREETOS 00046 | .ooo0 .ooo;';; ;gg:;i.:. 3
v ................ .oooié .00033 -02073 | 299,738 3
Voo 90057 | 00235 | o007z | 299,762 5
VLo ‘o0ots | loaasy | 1000731 209,720 3.
VI .ooogx ooy 00073 ] 299,759 3
VI ... ... 0001l | ooy | 90013 | 249,702 1
XTI lovose | lovant | loers |aIH | 4
N, .ooo 7 ; 03— "0%072 299,741 4
NLo AR -0004/ 00043 .c0072 | 209,747 4
A R . 44 .00042 00072 29
XH.......... ©.00042 ; 9744 4
........:.. . -4 0.00042 0.00073 - 209,741 4
Weighted mear. ... . {.... (
Cormeetion o 209,746 |..........
........................... b —r67 b
Velocity in o
¥ acio. . f......., KR EEREETTRR PR 200,813 |..........
TABLE 1I
TweLVE-FACET Grass MIRROR
a:. b ¢ Vs 14 wt.
—0.00018 | 0.00100 | 0.00075 | 47I .'299,736 1
.00047 | .oocogo | .00073 | 480 | 299,743 3
00038 | .00020-] .00073 | 471 | 200,733 | 3
.00022 | .00001 . 0007 2 463 299,730 3
_.o00I12 .00002 00071 | 4335 | 299,700 1
— .c>007 .00088 | .00073 | 462 | 200,727 5
00020 | - .0000S |- .00073 | 433 | 209,718 3
.00003 | .00083 | .oco73 | 462 | 209,727 3
.0000g .00100 .00073 402 299,737 ¥
— .00021 .00114 .00074 sgr 299,76g 2
.00050 | .00037 | .ooco74 | 483 | 209,74 2
.o0071 ; .00009 | .00073 | 439 .| 200,724 5
.00032 .00034 .00073 477 299;743 5
.|. .ooo03. .00073 .00073 433. | 209,71 3
) ,©.00004 | ©.00071 | ©.00075 | 450 | 299,713 5
™ Weighted mean... ...l 00 209,729 e
CorreCction. . L oo e ] P F | D 67 1 ......
Veloclty drvaenos oo .o IR FUUUE SR 209,700 {.......
TABLE 1V
PR ¢ Vs v Wt
{%, ........ e - 0.02150 —o0.00089 { 0.00076 | 438 | 209,703)
leeee o anns 00113 — .00033 | .00076 1} a74 ) 2 soff" "~
Tl CXTtlo/z | 0 bl IPrealst
M. 00031 .00043 | .oco7r | 301 | 200,760 | 2
HIi.......... ... .00038 .oc032 | .oco7r | 483 | 200,748 | 2
IVeoooiil. 00000 .00073 .00071 | 430 | 200,713"
Waooool ..00079 — .00006 | .00073 | 438 | 299,703f} """
IVo oo CXIVL+HIVY)/ 3. .. ... U P % P 209,707 | 5
Vool S .020G0 — .ooooy | .coo73 | 462 | 209,727 1 3
»{QIL .............. .0OIII — .0002 .00072 | 462 | 299,727}
T .00074 00013 Leon72 | a7 | 250,742)1
VI............... (2 X VLV /5l oo e . 2;9: 737} 4
VIL-..o..o...... 00085 .ooot1 | .0co72 | 504 | 209,769 1 3
VIIL. ...l . 00097 — .00013 | .000hg | 450 | 299,724 | 2
I)E ............... 00104 .00008 | .o00070 | 498 | 200,763 | 2
}i’\I ............... ggi ~ .00002 { .00071 4?;0 209,715 | 4
S T .000¢ L0007 |- .00071 | 465 { 209,739 | 4
D .o0r12 .00027 | .00269 .;6; 239:;37 2
XAI............... .oo117 .00027 | .ooobg | 477 | 299,742 1 2
XI'V' ............... .00008 .00c09 | .oo70 | 477 § 200,742 | 3
D ©.00104 —0.00000 | 9.00050 | 403 | 209,760 | 3
Weighted mean..|..... SUUUUUTUU INUUUTUUEN JUUUERUR I 269,736 {.....
Correction......|.....cooo e e 467 ...
“Velocityineacio . ... oo 209,803 |.....
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TABLE V
a b 4 Vs 14 We.

I 0.00087 o.00029 | 0.00071 | 301 | 200,760 1

8 .00019 .000t0 | .00073 i 430 | 209,721 3

L3 L A 00020 ocobr | ..o0073 | ab2 | 299,727 5

IV 00033 00029 | .ccory ! 468 i 290,733 1

Vo .00039 000314 | .o2075 | 443 | 299,700 3

3 .00040 00029 | .00075 | 450 | 299,724 3

VII.......ooonlln . 60066 00009 | .00073 | 44 | 209,799 2

£.'7 4 ¢ .00054 .000IO0 | .00073 | 44T | 299,706 2

IXooooe 00078 .00006 { .00074 | 474 | 200,730 |._ 3

X .oo102 | — .00015 | .o00072 77 1 209,742 3

D 00033 .00025 | .00073 | 133 | 209,718 3

XMoo .0Y9359 00018 | .oo072 | 437 | 290,712 1

D, 4 1§ § SN 0.00071 0.00523 | 0.00072 | 465 | 200,763 1
Weighted mean...|.........|......ooo el 290,722 1. .
Correction.......|....... AU PR, N P P +67 [.......
Velocitysnvacuo. . |......... oo e 269,789 {.......

A series of measurements with the steel twelve-facet mirror eave

the results shown in Table VI. T -
TABLE VI
a b [ Vs vV wt.
) {I;.’ .............. 0.00063 0.00016 0.00072 | 453 | 299,718}
L T Y .00030 00046 .00072 | 444 299,70’9f """
) S CXTu+I)/3 oo foiieie ] 299,712 | 2
) 3 . 00040 .00C43 .ooo72 | 465 | 299,730 | 4
nI.........oi.. 00051 00032 | .ooo72 | 463 | 299,730 | 4
Ve ;00052 .. | .02030 | .00072 | 462 { 209,727 5
Yo - . .00032 .00031 .00072 | 465 | 269,730 { 3
P N 000335 00031 -00072 | 474 1 299,739 { 5
00001 .00078 | .o00072°| 433 | 299.7:18 | 2
Il .00034 .co027 | .o00073 | 462 | 299,727 | 2
X 000356 .coo315 .000736! 483 | 290,748 1 3
N * .00032 .0co27 | .00074 | 459 | 290,724 | 3
XLl '0.00034 0.00023 | 0.00074 | 453 | 299,718 | 3
Weightedmean.. . |....ooovievinloenaan et 299,729 {.....
Correction.......|...ooooiii oo e el 67 1... ..
Velocity in z-ézc;r;b‘. B T e N P e 299,796 .1.....

Table VII gi{rgs the results obtained with the steel octagon.

TABLE VII -

a b ¢ 1) . ¥ Wt

0.00027 0.00037 | 0.00071 | 465 | 209,730 | 3

© ,00032 00049 0cO71 | 439 | 299,721 | 3

.00039 .00028 ocoobg | 468 | 299,753 | 3

-00957 00023 | .00009 | 453 | 299,718 { 3

_.coo08 .00072 ooojz-! 436 | 209,712
.00034 .00230 cooj2 | 468 | 299,733 ...
.000;6 .00003 coo72 | 439 | 299,724

Mean of 3 S Y P 299,723.1 3

.00063 oooz7 [ .00072 { 492 | 209,757\ 3
00081 00003 00072 | 474 | 209,739f}..-..
(eXVIn+VID /3l oo ool 269,744 | 3
00035 .00049 |. .00072 | 468 1°209,733 | 3 -

.C0039 - .0002 .o0072 | 465 | 299,730 | 3

.00035 00226 .00072 | 450 | 299,724 } 3

.00030 .00025 | .00072 | 450 | 299,724 | 5

©0.00938 0.000235 | ©0.00072 | 465 | 296,750 3
O N R 299,728 |.....
....... R PRI PPN P, +67 }..-..
Nelwdty in vaene. . S T P 260,795 1 ...




These results are collected in Table VIII.

TABLE VIII

Mirror Year N - n - F We
Glass 8............... 1923 528 1350 299,802 1
Glass 8............... 1923 528 200 | 299,736 1
Glass 8............... 1926 528 - 216 299,813 3
Steel 8............... 1926 528 195 | 299,793 3
Glass12.............. 1926 . 332 270 299,796 3.
Steel 12............... 1926 "352. 218 209,796 3
Glass16............... 1926 204 270 299,303 3
Glass16............... 1926 264 234 269,789 35

Weighted mean.....{..........{.. AU A . 209,706 4. ... .. e

- When grouped in series of observations with the five mirrors
striking agreement, as follows: - -

the results show a much more

Glass 8...........

"Steel 8...........
Glass12..........

. Steelz2..........
T . ‘Glass 16........ .-

....... ERRTE 299,797
.............. 209,795 .
e e 299,796
...... reneee 209,796
i e s. 200,766
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ART. XXL—"The velutive motion of the Earth and ihe Luminif-
erous ether ; by ALBERT A. MICHELSON, Master, U. S. Navy.

Tae undulatory theory of light assames theexistence of a
medium called the ether, whose vibrations produce the phe-
nomena of heat and light, and which is sup})osed to- fill all
space. According to Fresnel, the ether, which is enclosed in
optical media, partakes of the motion of these media, to an ex-
tent depending on ‘their indices of rcfraction. For air, this
motion would be but a small fraction of that of the air itself
and will be neglected. ;

Assuming then that the ether is at rest, the earth moving
through-is, the time required for light to pass from one !l)oint
to another on the earth’s surface, would depend on the direc-
tion in which it travels. :

Let V' be the velocity of light. '

v = the speed of the earth with respect to the ether.
D = the distunce between the two points. :
d = the distance through which the earth moves, while
light travels from one point to the other.
d, = the distance earth moves, while light passes in the
. opposite direction. '

Suppose the direction of the line joining the two points to
coincide with the direction of earth’s motion, and let T' = time
required for light to pass from the one point to the other, and
T, = time, required for it to é)ass in the -opposite direction.
Further, let T, = time required to perform the journey if the
carth were at rest. .

"m_ D+d_ad D—-d d
Then T.-:.-—{l;f— =3 and T‘=——‘—,— = -v—'

v ; ind d=D<" 2
From theseDrelatlons we find d=DgH— s
: =D .qp_p_op? :
whenee T—v—:"- and T“VW' T-—l‘,—-2'1‘o—\.—, nearly, and
1‘=VT———2-T'I;". ‘

If now it were possible to measure T—T, since V and T, arc
Znown, we could find v the velocity of the earth’s motion
turough the ether.

“111 a letter, published in *Naiure” shortly after his death,
Cleric Maxwell pointed out that T—T, could be caleulated by
Heasuring the velocity of light by means of the eclipses of
<upiter’s satellites at periods whein that planet lay in different
wirections from earth; but that dor this purpose the observa-
woms ol these eclipses must greatly excced in acenracy those

and d,=D

" then in terms of the same unit, 2D%

which have thus far been obtained. In the same letter it was

also stated that the reason why such measurements could not .’

be made at the earth's surface was that we have thus far.no
method for measuring the velocity of light which does not
involve the necessity of returning the light over its path,
whereby it would lose nearly as much as was gained in going.
The difference depending on_the square of the ratio of the
two velocities, according to Maxwell, is far too small to
measure. - ' ,
The following is intended to show that, with o wave-length

of yellow light as a standard, the quantity—if it exists—is ..

ensily measurable.
. . D
Using the same notation as before we have T=w—

V= and

T‘iff;—})—-{)’ The whole time occupied therefore in going and
returning T+T,='2DVT%. If, however, the light had trav -

cled in o direction at right angles to the earth’s motion it
would be entirely unaffected and the time of going and return-

. D .
ing would be, therefore, 2V=2T"‘ The difference bctwelen the

" times T+T, and 2T, is

v'l

1 )
3 V“(—V’-v")

. 1\ o
2DV(V-_?-—-V—,)_1,1_2D\

v?

or neatly 2T°V"" In the time 7 the light would travel a dist- |

. 2* »?
ance Vr—2VT°V; —2DV‘-"

That is, the actual distance the light travels in the first case
2
is greater than in the second, by the ¢uantity 2D%.
Considering only the velocity of the earth in its orbit, the
. v ) CH 1 - ‘
b0 == — e |
rao Y 10000 V* 100 000 000
1200 millimeters, or in wave-lengths of yellow light, 2 000'000,
2
4
=2 I
100 B
If, therefore, an apparatus is so constructed as to permit two
pencils of light, which have traveled over paths at right angles
to each other, to interfere, the pencil which has traveled in the
. . R . 4.
direction of the eurth’s motion, will in reality travel 156, of a
wave-length farther than it would have done, were the e:‘si'th:at
rest. The other sencil being at right. angles to the motion

approximately, and

, . ‘ wanll nat Yin oo ol

D=

391



169
 CHAPTER 18

THE _WORK OF de BRAY

Mﬂé.J; Gheury de Bray(i) puﬁlishad a complete Table of
all the determinations of the velocity of light ingluding
a short discussion on each determination. De Bray, in a
second publication said, (102)
"Reference to the original publications showed that several
of the observers themselves had misquoted their own results,
date, length of base, or even actual velocity, owing either
to stating them from memory or te overlooked printer's
slips. Successive writers of text books and compilers
of Tables had copied these errors over and over again, -
Spurious determinations had arisen either from the
rediscussion of the determination of some observer by
armchair critics or by the averaging (after arbitrary
weighting) of several determinations obtained by different
observers, and these spurious values have been sometimes
inserted in Tables, without discrimination or explanation,
thereby adding to the confusion." (103)
The Table in question was updated in 1936 and contains
all the values which seemed to the physicists themselves to
be worthy of mentian. He found that it was frequently
~ impossible to ascertain exactly the date of a series of
observations and in such cases after carefully examining
the original publication, he adopted a date, which appeared
to represent the most likely position of the resulting
value ﬁn the chronological scale.

v

De Bray considered that except,the determinations of Fizeau

and Foucault, which he felt justified in considering as

(i) Maurice Edmund Joseph Gheury de Bray (1877 - )
‘ Lecturer at Woolwich Polytethnic, Director of the
Patent Office.
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o

being mere pioneer experiments for ascertaining the
feasibility of.the measurement of the velocity of light,

- all the values obtéined up to the end of the 19th Century
by Cornu, Michelson and Newcomb showed that the velocity

of light was decreasing. ' : :

i.e. DATE (DECIMAL) © VALUE
>1874.8 - CORNU (Helmert 299,990 km/sec
Treatment)*
1879.5 " MICHELSON 299,910 km/sec
1882.7 | NEWCOMB 299,860 km/sec
1882.8 MICHELSDN 299,853 km/sec

Th;se results when plotted were found to be an a straight
line, indicating that the decrease followed a lineér law
of variation, the equation of which was

L V = 331291.65 -~ 16.6964 T
where V is the velocity in km/sec and T is the time in

(1) (104

years. (The equation was obtained by Cauchey's'™ 'method.)
'He poi&ted out that the probable errors of observation were
greater than the amplitude of the variation.

The publication of Perrotin'é results of 1900 and 1902
raised doubts on the above conclusion, However, invest-

igation showed that on looking at the final discussion

given in the Annales de 1'0Observatoire de Nice (1908)

Perrotin's, torrect value should be taken as 299,901 km/sec.
No further discussion took place on this decrease until
~the publication of Michelson's results of 1925 i.e,

299,802 km/sec. Thus the velocity had resumed its decrease:

* See: Rapports prégentés au Congfés Internationsl de
Physique de 1900 (volume 2) page 225,

(di) Augustin Louis Cauchey (1789 =~ 1857) Professor of
Mathematics at the Ecole Polytechnique,
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DATE VELOCITY

1902.4 PERROTIN 299,901 % 84
1924.6 MICHELSON 299,802 X 30
1926.0 . MICHELSON 299,796 + 4

Now, taking the observations over the longer bases for
accuracy he concluded that V = 307,480.98 - 3.99T
andltaking observations made in the 20th Century only

| V = 308,376.22 = 4.455 T

De Bray concluded that the velocity of light was not a
constant and suggested two alternative possibilities:

a continuous decrease or a periodic variation. (105)
Secondary considerations also supported his views:

a) Two pairs of observations were made at times very
close ‘to each other: (12) - (13) and (19) - (20) giving
almost identical results; nevertheless, in each pair

the earlier observation gave a higher velocity.

b) Perrotin made two determinations (14) and (17).

Having given the same weight to the two observations the
later velocity was the smaller. \

c) Observations (3), (8) and (10) were rejected by their
‘authors due to their being affected by important systematic
errors. In all cases the results were smaller than

those obtained later on so that "the only determinations (102)
~ which were against a decrease of velocity were precisely
those which their authors declared to be doubtful owing
to systematic errors.”
Should one agree with a decrease, then Perrotin's results
pose a problem of alternatives: either his value of

299,901 in 1902.4 was essentially correct and as such the

velocity of light had increased during a part of or the
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whole of 1883"- 1902, or it is not accurate- (it had a

rather large probable error).

Je, Bray considered that a simple solution was the most

probable whether of the periodié or of the _continuous type

and as such welcomed a suggestion from F.K. Edmundson (1934)

that a simple sine curve represented the observations very

wells

V = 299,885 + 115 sin 3% (T - 1901)

This equation gave excellent agreement with the actual

observations having a period of 40 years. The deviations
were all under 10 km/sec except Michelson's of 1924.6
Looking at subsequent optical determinations very briefly

the fdllowing results were obtained.

a)

b)

c)

d)

From about 1940, methods other than optical tended to be

135 observations 299,768 ¥ km/sec . (108)

Karalus'and Mittelstaedt (1928) using a Kerr cell

obtained a mean value of.299.784 ¥ 20 km/sec (106)
Michelson (deceased), Pease and Pearson at Mount San
An&onio using a long tube recorded.a mean value of

233 observations giving in (1935) 299,774 ¥ 11 km/sec (107)

Huttel in 1940 using a photocell gave a mean of

Anderson in 1941 using a photocell gave a mean of

3000 observations 299,776 %4 km/sec ) (109)

used to determine the velocity of light.- Thus it proves

difficult to continue the wave pattern suggested by de Bray.

Modern determinations using Kerr Cells or Cavity Resonators

have shown the velocity to be a constant and therefore

de Bray's theories cannot be accepted as being valid.
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1891
1895
1897
1899

1947
1950
1950

Ratio of e.m.u./e.Seu.

Weber and Kohlrausch
Maxwell

Thomson and King‘
McKichan

Ayrton and Perry
Shida

Jo.J. Thomson
Klemenic

Himstedt

W.Thomson

Rosa

J.J. Thomson and Searle

Pellat
Abraham

Hurmuzescu

-Perot and Fabry

Lodge and Glazebrook
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Velocity km/sec_in vacuo

310,800
284,300
280,900
289,700
- 296,100
295,600
296,400
302,000
301,000
300,500
300,090
299,690 -
301,010
299,200
300,190
299,870
301,000

Velocity of electromagnetic radiation in vacuo

Blondlot

Trowbridge and Duane

-Saudners

MacLean

297,600
300, 300
299,700
299,100

CAVITY _RESONATORS

Essen and Gordon-Smith
Essen

Hansen and Bol

299,792
299,792
299,789
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Chapter 19
CONCLUSION

The Greeks displayed creative genius in their studies of
logic, metaphysics and mathematics; in certain areas

such as astronomy they were able to exhibit observational
powers and to indulge in speculation, but in the physical
aciences they achieved comparatively little success.

They found it difficult to progreés from mere observation
to include the art of experimentation. Most of the

early Greeks attempted little or no experimental work in
order to verify their speculations, although they had
proved themselves outstanding men in evberything thak turned
on wit and abstract meditation. According to some writers
the glorious period of Greek intellectual endeavour came

to an end round about the time of Aristotle's death in

322 B.C. However Archimedes, Euclid etc., all flourished
after this date and certainly were using experimental
methods. Archimedes used the experimental method in
solving the ‘problem of the crown' and Euclid used concave
mirrors turned towards the sun in order-to ca&se ignitibnsllo)
Whilst the Greeks achieved more in physical research than

the other nations of antiquity, nevertheless they accomp-
lished less in this field than in other directions.

Francis Bacon said(lll)e

"The proceeding has been to fly at once from the sense
and particulars up to the most generai prdpositions as
certain fixed poles for the argument to turn upon, and
from these to derive the rest by middle terms:a short way,
no doubt, but precipitates and one which will never lead
to nature, though it offers an eaéy and ready way to

~

disputation."
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~After the death of Aristotle, empirical and experimental.
methods acquired a modest foothold but they never developed
mainly due to massive external forces such as the struggle
of Christianity with the ancient religions.

Aa‘has been said previously, the idea that light was made
of particles projected into the eye could be traced back

to the Pythagoreans, whilst Empedocles and Plato considered
.that something was emitted from the eye as well, Aristotlev
on the other hand thought that light was an action in a
medium. All these were mere guesses and as such equally
worthless, whether right or wrong.

Although it was important to determine whether light had

an infinite or finite velocity; no experimental methods
were attempted and indeed taking into consideration the
extremely high value for the velocity it was obvigcusly
quite beyond their experimental capabilities to measure

its value whether or not they believed it to have a finite
or infinife velocity.

| During the middle ages and throughout the Renaissance

there was much work done on the rediscovered Greek texts
especially with the writings of Aristotle. Aristotle

had been interested in the observatioﬁ of nature, thoﬁgh
his greatest strength lay in metéphysics and logic rather

. than in science. His works can be considered an encyclo-
paedia of the learning of the ancient world, and, save in
physics and astronomy, he probably made a real improvement
in all the subjects he touched with perhaps the greatest

of Aristotle's advances in exact knowledge being those he
madé in biology. His physics were not objective like

those of Democritus. To Aristotlé, the concepts by
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which nature must be interpreted were substance, essence,
matter, form, quantity, quality - categories developed

in an attempt to express man's direct sense = perception
of the world in terms of ideas natural to his mind.
‘Throughout the Renaissance there developed a long
tradition of intellecuial work of commentating on these
texts which began with the Greek commentators and extended
by the Islamic philosophers. In 1450 man attempted no
more than the comprehension of what the ancients had
discovered, certain that this was the most that could be
known . Whereas by 1630 the works of the ancients were
available in various vernacular translations with the
authority of the Greek and Roman past being under attack.
The attack was so widespread that one could publicly
defend the thesis that everything Aristotle had taught

was false.

The most essential new element to be adopted by Natural
Philosophers was to use practical experiment in their
scholastic experimentatidn. Roger Bacon appealed for
the development of experimentsl science and emphasised

the importance of the/écientié experimentali;(llz). The
use ﬁbf&he experimental method gave the imPortant
advantage of permitting co-operative endeavour and
allowing various kinds of minds to contribute equally

to the progress of science. Francis Bacon considered
fhat only science could provide the key to the truth and
oniy empiricism'could proVide the key to science.

"The sciences.stand where they did and remain almost in
theAsame conditioﬁ. receiving no noticeable increase,

but on the contrary, thriving most under their first
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founder, and then declining. Whereas in the mechanical
arts, which are founded an nature}and the light of
experience, we see the contrary happens, for these are
continually thriving and growing, as having in them a
breath of life; at first rude then convenient, afterwards
adorned, and at all times advancing."(lla) |
Turning specifically to the investigations with the

velocity of light. Galileo made a significant contribution
in his Digcouraes on two New Sciences for he did not merely
present experimental data but also showed a great deal of
deductive resasoning. His experiments concerned with the
uncovering of a lantern Qould never have given any results

s we now know due to the high velocity of light and small
time interveasls involved. Like the Greeks, the scientific
~te¢hnalegy available at that time simply could not cope

with an experiment of this nature. He was not able to

settle the quegtion of the velocity of light from his
experiments but he did make a suggestion on a totally
different problem which ledAother scientists to success.
Whilst at Padua; holding the Chair of Mathemastics, he

heard rumours coming from Holland and Belgium concerning
experiments on the construction of a telescope. He at

once set to and manufactured his own telescope. Eventually

he was able to construct an instrument which magnified

- an object nearly 1000 times and brought it 30 times nearerslla)
On January Tth, 1610 he turned his telescope towards
Jupiter and observed the satellites and their rotation.

He remarked that the frequent disappearance of Jupiter's
satellites bshind the planet might be made to serve in
longitudinal determinstions. This led Roemer to start

the crucial experiments on the observed irrsgularities on
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the periodicity of the satellites of Jupiter which he

felt must be explained on the supposition that the velocity
of light was finite., He said that it required light 22
minutes to cross the earth's orbit, Thus for the first
time we have experimental evidence, not only that the
velocity of light ie finite_bht that a reasonably accurate
value could be given to it, (The more correct value is
now taken to be 16m 36 sec.) Rgemar based his calculations
on the first satellite only and stated that similar
calculations from observations on the three other satellites

[ -
would not have led to success. This meant that the Accdenue

‘Sﬁjiﬁ@x;did not at once accept his theory.

L - Romer's N
".: determination of the - . ;..
" .velocity of light. ’

‘. When the earth
" inoves from E, to E,-
the : eclipses. of the™ °
. first’ satellite of Ju-'
‘piter’ occurred sev- .

- éral .minutes’ later - -
“than. the time: com-
. puted from its aver-

. age: penod ‘of revolu-
- " tiom. - Rbmer. inter-
- . .preted this differenco -

HRE to be due to the time

“it takes light to -
.- travel - the  distanee
" OE,. When the earth

pagsed.from E, to E,

" the eclipses occurred .

earlier than 'pre-.
dicted. Lo

© SEPTEMBER -

i..to December, and

[

in the same place!

- . Bradley’s'

atfempt ito measure the
" parallax of -y .draconis.
-He expected the star to
" .show apparent’ motion

- from-§' to §” from June‘ -

. .Mareh and September to“:'

occupy - an-‘intermediate -

position on ‘the celestial "~
sphere.. . In - fact, " the~: "
positions were - the, saine - -
for June and December.-
. ‘He f_ound no effect .of
parallax “But strangely, .

in March and'September
the star did not appear
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fn England Edmond Halley supported the theory.of Raemer

and James Bradley was able to verify it by the 'aberratibn
of light'. He considered that the progressive transmission
of light, combined with the advance of the earth in its
orbit, must cause an annual shifting of the direction in
which heavenly bodies were ssen by an amount depending

upon the ratio of the velocities.

We have already looked at the rivalryibetween the wave
theory and the corpuscular theory in Chapter five, but
perhaps further mention of Newton's influence might be
appropriate., Newton cited the finite nature of the
velocity of light, without making any really firm statee
ments as to its nature(lls)' (116).

Caentor in Optics after Newton states that
(i)

"whewell considered that Newton's influence in the
eighteenth century accounted for the dominance of the
corpuscular theury"(ll7). For during the 16708 Newton
was not averse to the wave theory but by 1706, when the
first Latin edition of the Opticks was published, he was
"strongly disinclined to believe light to consist in
undulations merely"(lla). Hewever Cantor considers the
positioniof Newton to be morelambiguous in that "there
is @ lack of evidence to show that his authority caused

his views to be popular"(llg)

Although the experimental work connected with the
explanation of interference, diffraction and polarization
was of the greatest importance in deciding in favour of

the wave theory of light. Nevertheless, since the two

(i) William Whewell (1794 - 1866) Master of Trinity

College, Cambridge.
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rival tHeories gave different values for the velocity

in a densef medium following refraction thsre was
obviously keen interest in any experiments on the velocity
of light which could lend support to the various proponents
of fhe two theories.

Both Wheatstone and Arago made important suggestions as

to using rotating mirrors to ascertain the velocdity of
light and to find out whether the speed was greater in

the more refracting medium, Although the idea was
subsequently used with great success, the mechanical
difficulties at the time (1830's) mainly concerned with
stability and constancy of high speed rotation were too
great for experimental success. It was not found possible
to rotate a mirror at a constant speed of over one thousand
revolutions per minute. Some scientists also considered
that it was impossible for the eye to pick up the
instantaneous image of the flash reflected from the mirror
rotating at such a high speed and as such the whole

(i)

project was considered unworkable. Bertrand remarked

that "an attentive and assiduous observer may according

(i1)

to computations of M.Babinet hope to catch the ray

once in threewyears".(lzu)
The finite value for the velocity came to be accepted
as an established fact by the early part of the nineteenth

century. However the scientific world had to wait until

( 1) Joseph Louis FranEois\Bawrand (1822 - 1900)
Brofessor at the Lollege de France and the
Ecole Polytechnique.

(ii) Jacques Babinet (1794 - 1872) Librarian at the
Bureau of Longitudes.
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the middle of the nineteenth century for the first
terrestrial experiments on the velocity of light,
Foucault in 1850 found that the velocity of light in
water to.Be less than in air. This experiment on the
relative velocity of light in air and water was yet
anothér decisive experiment in upholding the wave theory
of light.

The experiments of Fizeau were important in that he made
the earliest determination of the absolute velocity of
light which was not based on aatronomical-observafions.
Although not particularly accurate, his method wasadapted
and refinediby Cornu and by Young and Forbes, By now
the velocity of light was assuming greater importance

as électrnmagnetic theory was béing developed by Helmholtz,
Maxwell and others, in which the velocity of light
(electromagnetic waves) figured promin;;tly.

Young and Fnrbes, considering the probleﬁs of producing
constant speed rotations‘and difficulties with timing
mechanisms produced creditable results with the most
interesting result being that they seemed to show that
the blue rays travelled aboutll.B percent faster than the
red. This result has always besen challenged, for if
true, stars should appear coloured just before and after
an eclipse. Further Michelson (using Foucault's method)
‘should have observed a spectral drawing out of the image
of the slit, giving rise to a coloured image ten millimetres
in width, However, try as he might he could never
observe such a coloured image. Young and Forbes
experiments also suffered from the base being insecure

due to earth movement,




183

The most accurate determinations prior to electrical
methods have been those of Newcomb and Michelson. In
particular Michelson improved the arrangement as used by
Foucault and was able to displace the rsturn image through
138 mm or nearly 200 times that obtained by Foucault,

The velocity of light engrossed the attention of Michelson
throughout his scientific career. Funds being made
available by government circles as it was felt that not
only was it a scientific (constant) worthy of an accurate
determination but also that the experiments were bringing
prestige to American scientific circles.

One must consider the methads of Fizeau and Foucault as
pioneer experiments upon which.mnst of the subssequent
experimentalists based their researches. The results
'obtained between 1872 and 1888 by various scientists, |
although a great improvement on the two pioneer experiments,
nevertheless contained many faults. In the main they
suffered from the light travelling over a short base line,
rotational problems, timing errors, and the frailty of the
human eye as an image detector. There could also have
been more mathematical wigour with the treatment of the
results and the built in errors.

Michelson in his‘Mount Wilson experiments was able to use
an extended base line of 22 miles which was a great
improvement on previous experiments. The base line was
accurately measured using a team of Army engineers from
the land survey department. This being a good example

of a large team effort which became an increasing feature
of experimental science as one progresses.through the

twentieth century. Furthermore by using an octagonal
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revolving mirror which offered the possibility of
receiving the ;éturn light on a eﬁcceeding face he was
able to eliminate the measurement of the angular deflection
of the returned beam, Michelson was working at the limits
of technology and took the greatest possible care with

the reduction of errors. As a result his results compare
favourably with the later highly accurate electrical
methods,

Quite aﬁart from the modern definition of the velocity

of light in terms of atomic oscillations, the various
electrical methods which started to be used by various
workera.in the 1930's, 1940's and 19508's showed remarkable
consistency in the value for the velacit& of light (see
graph). Taking the last results by Michelson which were
obtained by opticel methods and the electrical results

of all researches in 1930's/1940's you can see that a
constant value for the velocity of light was obtained.
Thus the speculations of deBray are undoubtedly false.
Although he carefully checked the results for errors,
nevertheless the basic methodology used for measuring

the various parts of thé experiments were not accurate;
certainly when compared to the instrumentation available
by 1940. As a result, he was not looking at a sinusoidal
variation of the velocity but a distribution of inaccurate
values.

The.velocity of light has always been considered an
important physical constant but it gained increasing
importance towards the end of the nineteenth centure in

clearing up various theoretical questions.
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| The development of the electromagnetic wave theory by
Clerk Maxwell and others showed that light was a form of
electromagneti; radiation and that the velocity of other
electromagnetic radiation and that of light travelling

in vacuo were identical.

This meant that sophisticated electrical methods could be
used.ta confirm the velocity of electromagnetic radiation
and compare the values obtained with the optical methods.
With the publicétian of 'the theory of relativity, the
velocity of light became even more important as it made

its value in a vacuum, the highest speed possible in nature.

Finélly, Einstein was able to show the now famous mass/ensrgy
relationship

(EK = Anc?)
‘which showed a direct relationship between the kinetic
energy of a substance and its change in mass, governed by

the square of the velocity of light.
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A Deminjledtion cincerning the Mation of Libht, lcimpinicaréd
robi Paris, in the Jouirnal dés Scavans, dnd beve made Englifp,
S TR et B e bio ety POFTY S AR .‘{ IS e '

~yHilofophers have been labouring for iany. years to decide’”
-by fome Experience, whether the a&ionof Light be con- -
eyed inan inftance to diftant places , or whether it réquireth
ime, - M. Romer of .the R. Academy of ‘the Sci€nces hath devi- -
ed a way, taken from the Obfervations of. the firft Satellit of
gpiter, by which he demonftrates , that forthe diftanceof a-- . .
?bqt_l‘"t__;opg.:lqa'gufég, fuch as is very neat the bignefs of- the Dra- = 1
¢ter of the Earth, Light needs not oneé fecond of time, - SR B
.Let (in'Fig.11,) A be the Sun; B Fupiter, C the ficflt S:tellic . o
of Jupiter, which enters into .the fhadow of Fupiter, td come
~‘out of itat D; and let EFGHKL be the Earth placed at divers -
diftances from Fupiter. R '
[ .Now,_ fuppofe the Earth, being in L towards the fecond
I Quadrature of - Jupiter, hath feen the firft Satellic at the time
* of its emerfion or ifluing out of the fhadow in D; and that’
about 427, hoursafter, (vid. afcerone révolutionof this Sazel-
lie,) the Earth beingin K, do fee it returned in D ;- it is iiani-
feft, thatif the Light require time to traverfe the interval LK,
the Satellic willbe feen returned later in Dy than it would have
been if the Earch had remained in L, fo thatthe revoution of
this Satellit beingthus obferved by the Emerfions, will be re-'
tarded by fo much time, as the Light fhall have takeén in paffing
from L.to K, and that, on the contrary,in thé othér Quadrature
FG,where the Earth by approaching goes to meet the Light,the
revolutions of the Immerfions will appear to be fhortned by
fo much, as thofeof the Emerfions had appeared 16 be fength-
ned, And becaufein g2} hours, which this Satelliz very near
takes ro makeone revolution, thediftance between the Earts
and Fupiter in both the Quadratures varies at leaft 2 10 Diame-
ters of . the Earth, it follows, thatif for the accountof every
‘Diameter of the Earth there were required a fecond of time,
'+ the Light would take 3+ minutes for eachof the intervals GF,
i~ KL ; which would caufe near half a quarter of an hour be-
| tween two revolutions of the firft Satellic, one obferved in
| " FG, and the other in KL, whereas there is not obferved any

i
|
| fenfible difference, S
e , o e Yes
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.Yet doth u no: foilow hence,,- that L:ght demands.no tlmc.

- For, after, M. Rmer ‘had cxmm‘d the thing more nearly,” he' -
: fo ; that what'was ‘ot fenfible \in’ two revolutions, ‘Became-
~vefy. conﬁdcrable in'many.being faken together, and that, for = °;

examp[c forty revolunons obferw:d on-the fide F, mlght be

B fenfibly. fhorter, than forty others obferved.in any placc of the .
.. Zodiack where jﬂpmr maybe met ‘with’; and that in propor.;“
" tion of. twenty two for the’ whole mtcrva!of HE; ‘which is thcﬁ'. ‘

.double of the intervalthatis fronihence to the Sun.

- The neccmty of this néw. Equation of the retardiment of .|

. Light) is eftablifhed byall the obfervations that have been made

.in che R, Audm], and in the Obfervatory, for the fpace of eighe <
.- years, and it hath beeiy larely confirmed by the Emerfion of the . .
- firlt Satellit” obferved at "Paris thegtty of Nevember-latt at”

)

5a Clock, 35", 45 'at Night, 1o minutes later than it was tobe

_ cxpe&cd by deducmg it from thofe that had been obferved in
. the Monthof “Augsf?, when the Esrth was much nearer ¢o }yp;.

“ter + Which M. Komser had predn&ed tothe faid Acadcmy from "

-~ the bcgmmng of September..

But to remove all doubt, that this mequ;ahty is cauféd by -

- the retardment of the nght he demonftrates , that it cannot
come from any excentricity, or any other caufe of thofe thar are
commonly alledged to explicate the irregularities of the Myon

-and the other Planets ; though he be well aware, that the firft
Sarellit of Jupizer: was excenmck and that, bef' des, his revo-

Jutions were advanced or refarded accordxng as 7apmr did

approach to or recede from the Sun, as alfo thae the revoluti-
ons of the pnmam mobile were unequal “yet faith he,thefe three
laft caufes of mcquahty do not: hmdcr [he ﬁrﬂ: from bemg mani-

3 feﬂ
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| IV A Letter from tb; Qeverend Mr. ]amcs Brad- B
ey Savilian Profeffor of Aftronomy at Oxfotd,
and F.R.S. to Dr.Edmond Halley. Aﬁronom.’

- Reg. &c. giving an Account of a new dif-
covered. Mot:on ofg the Fix d Stars. S

: .S’ IR, S L

YOU having been pleaﬁd to exprcf's your Satxs- _

faltion with what I had an Opportunity fome-
time ago, of telling you in- Converfation, concerning -
fome Obfervations, that were makmg by our late wor-
thy and ingenious Friend, the honourable Samuel
Molynenx blqmre, and which have fiacc been conti-
nued and repeated by my felf, in order to deterinine )
. the Parallax of the fixt Stars 3 1hall now beg leave

‘to lay before you a more pamcular Account of thean,

- Before I proceed to give you the Hiftory of the Ob-
{ervations themfelves, it may be proper to let you know,
that they werce at firft begun in hopes of verifying and
confirming thofe, that Dr. Hook foxmcrlv communicat-
ed to the publick, which feemed to be attended with
Circumitances that promifed greater Exactne(s in them,
than could be expeded in any other, that had been-
made and publithed onthe fame Account.” And as his:
- Artempt was what principally give Rife to this, fo his-
Method in making the Oblervations was fc;mf-

Mea-

X
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Meafure that which Mr. Molyseus: followed :© For
he made Choice of the {ame Star, and his Inftrument
was conftruced upon almoft the fame Principles. © Bue
if it had not greatly exceeded the Dottor’s in Ex-
a&nefls, we might yet have remained in great Unce'r-_.
tdinty as to the Parallax of the fixt Stars; as you will

- perceive upon the Comparifon of the two Experiments,

- This indeed was chiefly owing to our curious Mem-

- ber, Mr. George Grabam, to whom the Lovers™ of

Aftronomy are alfo-not a little indebted for feveral o-
ther exa& and well-contrived .Inftruments. - The Ne-
ceflity of fuch will {carce be difputed by thofe. that
have had any Experience in making Aftronomical Ob-
fervations; and the Inconfiftency, which is to be met
with among different Authors in their Attempts to de-

termine fmall Angles, particularly the annual Paral. |

lax of the fixt Stars, may be a fufficient Proof of it
to others.  Their Difagreement indeced in this Article;
is not now fo muchto be wondered art, fince I doubt
not, but it will appear very probable, that the In.
ftruments commonly made ufe of by them, were
liable to greater Errors than many times that Pa-

- .rallax will amount to. . :

The Succefs then of this Experiment evidently
depending very much on the Accuratenefs of the In-
Mtrument that was principally to be taken. Care of :
In what Manner this was done, is not my prefent

Purpofc to gpll you ; bur if from the Refulc of the:
:Obfervations which I now fend you, it fhall be
judged neceffary to communicate to the Curious the

‘Manner of making them, I may hereafter perhaps

give them a particular Defcription, not only of

Mr. Molyneux’s Inftrument, but alfo of my own,
. o which
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.. which; hath fince ‘been ere@ed: for the fame Purpofe
and upon the like Principles,. though it is fomewhat
different in. its. Conftru@ion, for 'a Reafon you will
meet with yrefcntly.' Dl -

_ Mr.. Molyneux’s Apparatus was compleated -and
ficted for obferving about the End of November 1725,
and on the third Day of December. following, the -
bright Star. in-the Head: of Draco (marked 5 by
Ba_y_ez;g ‘was_ for the firft Time'obferved; as it paffed .
near. the Zenith, -and its- Situation . carefully - taken
with the Inftrument. .- The like Obfervations were
made on the sth, xith, and rath Days of the fame.

Month, and there appearing no material Difference - - |
in the Place of the Star, afarther Repetition of them

at this Seafon fecmed needlefs, it being a Part of the
Year, wherein no fenfible Alteration of Parallax in-
this Star could foon be expedted. It was chiefly .
therefore Curiofity that tempted me (being then at’

&Kew, where the Inftrument was fixed) to prepare

for obferving the Star on December x7th, when
having adjufted the Inftrument as ufual, I perceived
that it paffed a lictle more Southerly this Day than. -
when it was obferved before.  Not fufpeting any.
other Caufe of this Appearance, we firft concluded,

~that it was owing to the Uncertainty 'of the Obfer--

vations, .and that either this or: the foregoing were - -
not fo exact as we had before fuppofed ; for which:
Reafon we purpofed to repeat the Obfervation again, .
in order to determine from whence this Difference
procceded ;. and upon doing it on December 2oth,,
I found that the Star paffed ftill more Southerly than.
in the former Obfervations. This fenfible Alceration
the. more furprized us, in that it was the contrary-
way.



192

(640 )

‘way: from-avhat. it Would:have ‘been, had'it pro-
" ceeded -from :an -annual ‘Parallasx of thie Star : But
being:; now, pretty well fatisfied, that it could not be

cntirely owing to ‘the want of Exa&nefs in' the Ob<

fervations §-and: having no-Notion of “any ‘thing/elfe, -
_that could: caufe fuch an dpparent Motion "as’ this'ia
the Star;..we began to think that fome Change in
* the Matcrials, . &¢.of the Inftrument:itfelf, might

have occafioned it: .. Under thefe Apprehenfions we

remained | fome. time;: but' being -at’ length fully’ cod~
vinced,- by feveral Trials;of the.grear Exa&ucfs of -

the Inftrument;; and finding by the gradual : Increafe

of the.Stars Diftance from the Pole, that there muft
be. fome, regular Caufe :that produced it ; we’téok
carc_to.examine nicely; at the Time ‘cf cach Obfer-

vation, how much it was: and-about the Beginning |

of March 1726, the Star was found to be 207 'mote
Southerly than at the Time of the firft Obfervation.

* It -now. indeed .fcemed to have arrived at ‘its utmoft

Limit Southward, becanfe in feveral Trials made a-
bout.-this Time, no fenfible Difference was obferved

" in its Situation. By the Middle of A4pril it appear- -

ed to be returning back again towards the North ; and

~ - about the Beginning of Fuwe, it pafled at the fame
_Diftance from the Zenith as it had done in Decem-
“ber, when it was firft obferved.

From the quick Alteration of this Star’s Declina-

- nation about this Time (it increafing a Sccond in
“three Days ) it was concluded, that it would now

proceced Northward, asit before had gone Southward
of its prefent Situation ; and it happened as was con-
je@ured: for the Star continued to move Northward
till September following, when it again became fta-

tionary, .

. Axis. was one, of t

(643 )

‘ ‘!iox_\a‘ry,;bcing‘thcn ncar 20" more-Nortlierly than in

urie, and 1o lefs than 39" more Northerly than it
was§ in March., From September the Star retumed
towards the' South, till it.arrived in December to
the ‘fame’ Sicuation it. was in at that_ time twelve
Months, . allowing-for the Difference of Declination.
on account-of the Preceflion of the Equinox.

This-was a fufficient Proof, that the laftrument
had not Been the Caufe of this appatent Motion of

~ the:Star, and to find onc adequate to fuch an Effect

feemed, a ‘Difficulty.... A Nutation of .che . Earth’s
yas, ’{xc,{ﬁrﬁ"ﬂ;ings; that offered icfelf
upon ‘this Occafion, but it was foon found to be
infufficient ; for.thougli it might have accounted for
the change of Declination in 3 Draconis yet it would
not at the fame. time agree with the, Phznomena in
otherStars ; particularly ina.finall onc almoft oppofite
in right Afcenfion to y ‘Draconis, at about the fame

Diftance from. the North Pole of the Equator: For,
1 though this Star fecmed to move the fame way, as a
‘Nutation of the Earth’s Axis would have madc .ir,
‘yet it changing its Declination but.-about half-as
much as y Draconss in the fame time (as appearced

upon comparing the Obfervatious of both made upon

‘the fame Days, at different Seafons of the Year) this

plainly proved, that'the apparent Motion of the
Stars was not occafioned by a real Nuration, fince if

~ that had been the Caufe, the Alreration in borh Sears

would have been near equal. ‘

The great Regularity of the Obfervations Icft no
room to doubt, but that there was tome regular
Caufc that produced this uncxpected Motion, which
did not depend on the Uncertainty or Varicty of the
' . Qqqq. -~ Scafons
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'Seafons ‘of ‘thé” Yéir.' Upoi“comparing the Obfer.’

vations with each other, it was difcovered, that'in
both' ‘the - fore-mentioned . Stars, the apparent’ Dif-

I S R TR T 3 - e R o .
ference ~of ‘Declination from the Afaximae, was al:

‘'way$ nearly proportional‘to the verfed"Sine of the
- Sun’s"Diftance from'-the' Equinoctial ‘Points.”***This
. 'was an Iniducement to' think, that the Caufe; ‘what!

ever it was; Had fomc:Relation to the Sun’s’ Situa;
tion' ‘Wwith: refpe’ .to-‘thofé Points.. But not 'bcig:lg’
able -to'frante Gny Hypothehis at: that Time, fuffi-

«cient to folve ‘all ‘the Phaxnomena, "and being very

defirous ‘to fearch alittle farther into cthis Matter s
1 began to think of crecting: an Inftrument for my
felf at /7anfled, that having it always at Hand, I
might with. the more Eale and Certainty, enquire
into- the Laws* of this new Motion.  The Confidc-
ration’ likewife of “being able by another Inftrument,
to confirm the Truth of the Obfervations hitherto
made - with Mr. Molyneux’s, was no fmall Induce-

. ment to me; buc the Chief of all was, the Oppor-

tupity I fhould “thereby -have of trying, in what

* Manner other Stars werce affeed by the fame Caufc,

‘whatever it was. For Mr. Molyneux’s Inftrument
being originally defigned for obferving y Draconis (in
order, as I faid before, to try whether it had any
fenfible Parallax ) was fo contrived, as to be capable
-of but little Alteration in its Dire&ion, not above
feven or eight Minutes of a Degree : and there being’
few Stars within half that Diftance from the Zenith

of Kew, bright enough to be well obferved, he

could nor, with his Inftrument, throughly examine
‘how this Cayfe affected Stars differently fituated wich

- refpect

i

i SRS i S S 5
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refpedt to-the equinoctial and folftitial ‘Points of the.,
Bcliptick. . v i e
. "Thefe Confidcrations determined me ;* and by the.,
Contrivance and- Dire@ion, of.the fame jjingenious.

_ Perfon, Mr. Graham, my loftrument was . fixed- up-:

Auguff 19, 1727, ‘As I had o convenient. Plice.,
where I could make .ufe. of fo-long a' Telefcope as-

- Mr.. Molyneux's, .1-contented my felf - with . one of.

but litcle more than half the Length of his (viz. of.
abour x2%. Feer,. his being, 244) judging, from.  the
Experience which. I had already had, . thac this Ra.-
dius-would be long enough to adjuft the Inftrument -
to a fufficient Degree of: Exa&nefs,. and 1. have had -
no Reafon fince to change my Opinion: for from all.
the Trials I have yet made, I'am ;vcry-iv.vqll fatisfied, .
that when it is carefully. reified, its Situation may.
be fecurely depended upon to half a Second. : As the
Place where my Inftrument was to.be hung, in fome.
Meafure determined its Radius, fo did. it alfo the.
Length of the Arch,. or Limb, onwhich the Divifions
were made to adjuft it: For-the. Arch could not con--
veaiehdy be extended farther, than to reach to about.
63° on cach Side my Zcnith. This indecd was fuffi-
cient, fince it gave me an Qpportusity of making,
Choice of feveral Stars;. very different both in Mag:
nitude and Situation; there being more than two.
Lundred inferted inthe Bririfb Catalogue,that may be
obferved with it. I nceded not to.have.extended. the. -
Limb fo far, but that I was willing to take.in Capella, .
the only Star of the firfft Maggitude that comes fo-
near my Zenith.. |
‘My Inftrument being fixed, 1. inimediatcly began:

"t obferve fuch Stars as I judged moft proper.to:

Qqqq = o gve
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give mictlight -itto the! Canle of ‘the Motion: alfeady:
mentioned.  Therec was Variety enough of: fmall .
ones ;. and not’léfs than: twelve, that Fcould obferve
through' all thé: Scafond of the'-Yeari; they:being’
bright-€nough’ to ‘be ‘feen in"the: Day-time, when’
neatelt the Sun: 1 had not been'long abfesving; be--
fore I perceived; that the Notion ' we -had beforeien.
terrained ‘of the Stars being farthe(t North and-South,
when-the’ Sun “was  about the' Equinoxes, -was only -
trtie’ of thofd that-were ‘ear the folftitial Colurez And-

after- 1 'Hdd continucd my Obfervations'a few Months,T -

I difcovered, “what I then apprehended to be a'gene-"
ral Law, obferved by all the‘Stars, vis. That cach
of them’became ftationary, or was: fartheft North or:
South, when" they- paffed -over: my. Zenith at fix of:
the Clock,"either inthe Morning or Evening, ~'T per--
ceived' likewife, -that whatever -Situation the Stars’
were in with réfpeét to the cardinal Points of the -

- Ecliptick, the apparent Motion of every onc tend- -

ed the fame Way, when they paffed- my Inftrument
abour the'fame Hour of the Day or Night ; for the
all moved ‘Southward, while they paffed in the Day,
and Northward in the Night ; {o that cach was far-
theft North;, when it camc about Six of the Clock in
the Evening, and fartheft South, when it came a-

. bout Six in the Morning.

“Though T have fince difcovered, that the Afaxima -
in moft of thefe Stars do not happen exactly ‘when
they-come to my Inftrament at thole Hours, yct not
being able at that time ro prove the contrary, and .
fuppofing that they d]id,; I endeavoured to find out -
what “Proportion the greareft 'Alrcrations - of Decli--

. P . 7 B . R
nation in different Stars borc to cach other; it being

very

ne

very -evidet;. that-the

e%;dtd qot-alf changé: their De-,
clination “equally. :; I have before taken notice, that -
it "appearcd * from>Mr. ‘Molyneanx’s . Obfervations,
that. 4 Draconis altered: its:Declination ‘about "twice
as:much- as:the forc-mentioned fmall Star;almoft op-:
pofite:to it3 but examining:the matter more. particu-

larly, I found that the greateft Alteration of Declina~

tion in thefe Stars, was as the Sine-of the Latitude
of. .each- réfpéQively. - This:imadc me. fufped that
there ‘might: be: the:like* Proportion - betweea . the
Meaxima: of. other Stars. 3¢ but finding, that the Ob-.

. fervations of fome of them would not perfe@ly ‘cor-.

refpond with fuch an Hypothefis, and not knowing,
whether the fmall Difference Y met with, might not

“ he owing to: the Uncertainty @nd Errorof the Ob-

fervations,: I deferred: the farther Examination . into:
the Truth of this Hypothefis, till I fhould be fur-
nified with a Series of ‘Obfervations ' madc in all
Parts of the. Year; which might *enable me,
not . only “to. determine’ what Errors the Obferva-
tions. ‘are liable to, or how ‘far -they may fafely be
depended upon ; but alfo to judge, whether there had .
been any fenfible Change in the Parts of the Inftru-
ment itfelf. o B - .

. Upon thefe Confiderartions, 1 laid afide all Thoughts
at that Time about the Caufe of the fore-mentioned

~ Phaxnomcena, hoping that.I fhould the eafier difcover

it; when I was better provided with proper Means to

~ determine more precifely what they were,

- When the Year "was compleated, I began to exa-
mine and compare my Obfervations, and having pret-
ty well fatisficd my {clf as to theigeneral Laws of the.

" Pheromena, 1 then cndeavoured to find out the

, Caufe
l.
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Caife; of. them. : ' was already: .convinced, that ‘the
apparcat Motion of .the'Stars:: was. pot “owing to- a

" Nutation ‘of the Earth’s. Axis. -+’Thenext Thing that
- offered itfelf, was an Alteration. in:: the:DireQion .of

the Plumb-line, with. which the Inftrumesnt was con-
flantly redified ; but this upon Trial proved infuffi-
cient. . Then I confidered what Refraction might do,

" but here alfo nothing fatisfattory occurred. At laft-
_F conje@ured, that all the Phenomena hitherto men-:
tioned, - proceeded from the progreflive Motion of.

Light .and the.Earth’s -annual Motion in: its - Orbir.

 For I perceived, that, if Light was propagated in:
~Time, the apparent Place of a fixt Obje& would not:

be .the fame when the Eye is at Reft, as when it is'
moving in any other Diretion, than that of the Line
paffing through the Eye.and Object ;" and that, when

the Eye is moving in diffcrent Direions; the appa- |
‘rent Place of the Object would be different:

"6 . Tconfidered this Matter in the fol

be a Ray of Lighr;. falling perpendi-
_cularly upon the Line BD ; then if
the Eye is at reft at A, the Object
nmuft appear in the Dire@ion A C,
shether Light be propagated it Time
or in an Inftant. But if the Eye is
moviong from B towards A, and Light
. is propagared in Time, with a Velo--
" city that is to the Veclocity -of the

Eye, as CA to BA; then Light mov-
ing from-C to A, whillt the Eye:
‘moves from B to A, that Particle of"
: it

lowing. Manner. : Iimagined C Atto-

- (..647.):

ity by:which the Obje&: willbe difeérned; when the

Eye -in : its- Motion .comes "to A, is’ at C when  the

"Eyeis-at B.". Joining the Points B,C, I'fuppofed ‘the

Line CB; to:be a:Tube:(inclined to thé:Line:B D in
theAngle. D'B.C ). of: fuch 2" Diametcr,ias..to admit
of - but one ‘Particle:of Light ;:.then : it was. cafy
to conceive, that the ‘Particle of -Light. at’ C* (by

which: the Objé& mult be- feen when the ‘Eye, as it -

moves “dlong,: arrives.at A)-would pafs through. the
Tube-B C, "if it is inclined to'B D in the ' Angle DB C;
and accompanies -the Eye in its Motion from B to A5
and that it-could not come to the Eye, placed behind
fuch a Tube, if it'had any other Inclination to.the
Line BD. If inftead of fuppofing CB fo fmall a
Tube, we imaginc it to be the Axis of a larger; then

* for the fame’ Reafon, the Particle of Light at C,could

not pafsthrough that Axis, unlefs it isinclined toBD,
in the ‘Angle CBD. In like manner, if the Eye
moved. the contrary way, from D towards A, with
the fame Velocity ; then the Tube muft be .inclined
in the'Angle BDC. Although therefore the: truc or

real ‘Place of "an Object is perpendicular-to the Line
in which the Eyc is moving, yet the vifible Place.
will not be fo, fince that, no doubt, mult be in the
Dire&ion  of the Tube ; but the Difference between
the tiue and-apparent Place will be (ceteris paribus)
greater or lefs, according to the different Proportion

‘between ‘the Veélocity of Light and that of the Eye:

So that if we could fuppofc that Light was propagat-
ed in an Inftant, then there would be no Difference be-
tween the real and vifible Place of an Objed, altho’
the Eve were' in Motion, for in that cale, AC be-
ing infinite with Refpect to AB, the Angle ACB (Dth?
2 - 1k« -




196

( 648 )

" ference between the trae and vifible Place)  vanifhes:

But if Light be propagated-in Time (which I prefume
will readily be allowed by moft of the Philofophers
of this_ Age) then it is evident from the foregoing
Cosifiderations, that there will be always a Difference
between. the real and vifible Place of an Obje&, un-
lefs the Eye.is moving cither directly towards or from
the Objed. ~ And in all Cafes, the Sine of the Dit-
ference berween the real and vifible Placc of . the Ob-

jedt, will be to: the Sine. of the vifible Inclination of -

the Qbjc& to the Line in which the Eye is moving,
as the Velocity of the Eye to the Velocity of

 Lighe.:

. If Light moved but 1000 times fafter than the Eyc,
and ap Object (fuppofed to be atan infinite Diftance)
was- really placed perpendicularly over the Plain in
which the Eye is moving, it follows from what hatli’
been already faid, that the apparent Place of fuch an
Obje& will be always inclined to that Plain, in an
Angle of 89° 56't; fo that it will conftantly appcar

- 34 from its true Place, and feem fo much lefs inclin-

ed to the Plain, that way towards which the Eyctends.
That is, if A C is to AD(or AD) as 1000 to one,

* the Angle AB Cwill be 89° 56' ¥,and ACB=3'% and
. BCD =2ACB=7'. So thataccording to this Sup-

pofition, the vifible or apparent Place of the Object
will be altered 7/, if the Diretion of the Eye’s Mo-
tion is at onc time contrary to what it is at ano.

- ther. =

" If the Earth revolve round the Sun annually, and
the Velocity of Light were to the Velocity of the

“Earth’s Motion in its Orbit (which T will at prefent

fuppofe to be a Circle) as 1000 toonc; then tis caly

o .

10 "concei\}'e', that a Star really placed inthe very:Pole

- ¢d from what hath been already faid, that a Star which

t

(-32;9) . L

of the Ecliptick, would, toan Eye carried along with

the Earth, feem to change its Place continually, and -

(neglecting the.finall Difference on ;the Account. of

the Earth's ‘diurnal Revolution on its - Axis)’ would- j
feem to defcribe a Circle round that Pole, cveryWay

diftant_ therefrom 3'z.  So that its Longitude would

be varicd thiroughall the Points of the Ecliptick every - -
Year; but its Latitude would always remain thefame. .-

Its right Afcenfion would alfo change, and its Decli-

natién, according to the . different Situation .of the ' -
Sun' in refpect to the equinoial Points ; and-itsiap-

parent Diftance from the North Pole of the' Equator

would bé 7' lef§ at the Autumnal, than at'the.vernal

Equinox.. .. LT e Wi,
~ The greateft Alceration of the Place;of a.Star in
the Pole of the Ecliptick (or which in Effe& amounts

to the fame, the Proportion between the Velocity of
Light and the Earth’s Motion in itsOrbit) being known ;

it will not be difficult to find what would be the Dif-
ference upon this Account, between the true and ap-

parent Place of any other Star at any time ; and on

the contrary, the Difference between the true and appa-
rent-Place being given ; the Proportion between the

~ Velocity of ‘Light and the Earth’s Motion in its' Or-

bit may be found. :

AsT only obferved the apFarcxit Difference of De-

clination of the Stars, I fhall not -now take any far-
ther- Notice in what manner fuch a Caufe as I have

here fuppofed would occafion an Alteration in their

apparent Places in other Refpeéts ; but, fuppofing the
Earth to move equally in a Circle, it may bc gather-

Rrrr is
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{cemto deferibe about jrs true Place a Figure, infenfi.

- bly diffefent from an Ellipfe, whofe Tranfverfe Axi¢
is at' Right-angle to the Circle of Longitade paffing. -

. through the Stars true Place, and. cqiial to- the Piame:.
ter of the little Circle defcribed by a Sear (43 Wwas- -
before fuppofed) .in the Pole of the Ecliptick ; ‘and-
whofe Conjugare Axis is to its Tranfverfe Axis, as the-

Sine of the Stars Latitude to the Radius. And al.
lowing that a Star by its apparent Motion does éx-
actly defcribe fuch an Ellipfe, it will be found; that
if A be the Angle of Pofition (or the Angle at. the

Srar made “by two great Circles drawn from it, thro™
the Poles of the Ecliptick and Equator) and' B be

another Angle, whofe Tangent is to the Tangent of

" ds Radius to the Sine of the Latitude of the Star ;. -
then B will be equal to the Difference of Longitude:

between the Sun and the Star, when the true and ap-.
parent Declination of the Star arc the fame, And if
the Sun’s Longitude in the Ecliptick be reckoned
from that Poirit, wherein it is when this happens;.
then the Difference between the true and apparent

Declination of the Star (on Account of the Caufe I' - .
am now confidering) will be always, as the Sine of

“the Sun’s Longitude from thence. Tt will likewife be
tfound, that the greateft. Difference of Declination

- that can be berwween the.true and apparent Place of
- the Star, will be to the Scmi-Tranfverfe Axis of the:

Ellipfe (or to'the Semi-diameter of the little Circle de-
feribed by a Star in the Pole of the Ecliptick) as the-
Sine“of A to the Sine of B.

. If the Srar hath North Latitude, . the Time, wherr
1ts true annd apparent Declination are the fame,, is be-

fore

s néithe‘% in the Pole nor Phin of the Ecliptick, Wi

e R

a0y tare, oF with‘any farthier Explication‘of thefe. It
-1hay: be tiine enough to enlarge ‘mord upon’ this Head,

{651

~ fote the Suni comes in Conjun@ion ‘with or Oppofition
- to it, if its Longitude. be*in‘the firft ér laft Quadrant -

(viz. in the afcending Semi-circle) of the Ecliptick 5 and

~ after then, if in the defcending Serii-circle’y and it will

appear’ neareft to thé North' Pole of the Equator, 'at the
Time of that Maximum (or when the' greateft Differ-
ence between: the true and apparent Declimationhappens)
which precedes:  the - Sun’s” Conjuin&ion with = the
Star, © . e b f s e e T
~Thiefe "Particulirs- being *(uficiént” ¢y prefent
Purpofe,‘ T:fhall “not *détam"gu,j with 'thé,f?KgCita‘l of
Pud et ok FEE ey : P B L Pae @d Priftyi g 4§
Explication’of thefe. " It

LR E

when I give a Defcription of ‘the “Inftruinents €c. if
that-be  judged - receffary to"be dones-and wlen I'(hall
find, what I now advance, ‘to be “allowed of (asI'flat-
ter my ‘felf it will)asfomething more than a bare Hy. -
pothefis. . I'have purpofely omitted' fome matters of no
great Moment, and confidered the Earth as moving ina
Circle, and not-an Ellipfe; to avoid too perplexed a
Calenlus, which after all the Trouble of it would not
fenfibly differ from. that which I make ufe of, efpécial-
ly in thofe Confequences which'l fhall*at prefent draw
gom ‘the foregoing Hypothefis. .~ .~ ="
-‘Fhis being premifed,. T fhall now proceed to deter- -
miné from the' Obfervations, what the'réal Proportion is -
between the Velocity of Light and the Velocity of the
Earth’ annual Motion in its Orbit ; upon Suppofiticn -

that the Phenomena before mentioned .do depend upon =

the Caufes I have here afligned. But I muft firft let
you know, that in all the Obfervations hereafter men-
tioned, T have made an Allowance for the Change of
the Star’s Declination on Account of the Preceflion of |
"  Rrrra - ~ the
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the Equinox, upon Suppoﬁtlon that . the . Alteration
from this.Caufe is -proportional to the- Time, andr regu-.
lar through all the Parts of the Year.. 1 have dediced:
the real annual Alteration of Declination of each Star’
from the’ Obfervauons themfelves ; and I the rather

‘choofe to depend upon them in. this Article, becaufe all:

which 1 have yet made, concur to prove, that the Stars.

near the Equino&ial Colure, change their Declination at -
- this time 1" } or 2¢ in a Year more than they would do-

if the Preceflion was only 50/ as is.now: gcnerally {up-
pofed I have likewife met with . {ome {mall Varieties:
in the Declination. of other Stars in. different Years,

‘which do nat feem to proceed from the fame Caule; par-

txculanly in-.thofe. that are near tlic folftitial Colure,

. whicli ‘on- the contrary have altered their Declination.

lefs than. they ‘ought, if the Preceffion: wis 5o’ . But.
whether thefe finall Alterations proceed from a regular

i Caufe, or are occafioned by any Change in the Mate.. -

rials &¢. of my Inftrumenr, 1 am not yet able fully

to determine. owever, [ thought it might not be 3.

nifs. juft to mention: to you how [ have endeavaured to.

allow for them, though the Refult would have been .
nearly the fame, if I had not confidered them at all.-.

What that is, 1 will fhew, firft from the Obfervations
of 5, ﬂracom.v which was found tobe 39" more South.

.erly in the Begmnmg of March,. than.in September.,

From. what hath been premifed, it will appear that
the greatet’ Alteration of the apparent Declination .of

'y Draconis, on Account of the {ucceflive Propagation.

of Light, would be to the Diamecter of the little Circle.
‘which a Star (as was before remarked) .would feem to.
defcribe” about the Pole of the Ecliptick, as 39" to

49", 4. The half of thxs s the Angle A CB(as repre-~.
fented .

¢ 653.)

. fented 0 the Fzg )Thls therefore bemg 20,2, A C wilk

be to AB, that is, ;the Velocxty of Light to the Velo:--

. city of the Eye’ (whlch in this-Cafe may be fuppofed:

the fame as the Velocity of the Eatth’s annual Motion
n_is Orblt) 75-10210 to. Onc, from whence it would.
follow, . that Light ;moves,- or is propagated: ; as. far.as’
fromn the Sun to the Barth in & 12", .. :
Itis w ellknown,th'lt Mr, Romer, who ﬁrﬂ attempted-
to account for an apparent Inequality in the Times of the.
Eclipfes. of . Fupiter’s Satellites, by .the- Hypothefis of.

| ~ the, progreflive, Motion of Light, {uppofed that it fpent.

about 117, Minutes of * Time in its Paflage from:the. Sum. -

_to us :. but it hath-fince been concluded by others from

the like Echp{'es, that it is propagated as far in-about.
7 Minutes..: The.-Velocity of Light therefore. deduced -
from the foregomg Hypothefis, 15 as it were a Mean:
betwixt what.had ar different times been determined
from the. bchpfcs of Fupiter’s Satellites, .

Thefe different Methods of finding the Velocity of .
Light thus agreeing in the Refulr, we may reafonably-
conclude, not only that thele Phenomena are owing,
to--the Caufes to whlch they have been. afcribed 5 bur
alfo, that Light is propagatcd (in the fame, ‘Mcdmm),'.‘
wuh the famc Velocity after 1t hath been refle@ted as
before : forthis- will be. the Confequence, if we allow .
that the Lightof the Sunis propagated with the fame,.
Velocu), hefore it is refle@ed, -asthe Light of the fxz;
Stars.. And 1'imagine this will fearcé. be queftioned, .
if it can be made : appear that the Velocity of the Light *
of all the fix# Stars is equal, and that their Lightmoves -
or is,propagated through equal Spaces -in equal Times, ,
atall Diltances from them: "both which. points (4s T ap-- -

‘ prchend) are fufhcxently proved fromthc apparent Alte. -

rauon i
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ration of tl‘i'e"'Déclidag:oniéf?-Stérs of: different Lultre ;
for that is not fenfibly. different in fuch Stars as feem

near together, though they appear -of very diftferent
. .Magnitudes”" And’ whatever their Situations are (if1

proceed dcéording to the forégoing Hypothefis) I find

‘the fame- Vielocity of Light from'my Obfervations of
~ fmall Stars of the fifeli or fixthi, as” from thofé -of the -
feconid and third Magnirude, which in all Probability
~ aré’placed’at very different Diftances from us; The

inall"Star;fot Exainple,-before fpokén of;- that is alinoft’

. oppofite to' 4 Draconis (being the 35th Camelopard.

Hewelii in-Mvr. Flamfleed’s Catalogue) was: 19" more

Northerly about the Beginning of March than in’ Sep-

tember. Whence I conclude, according to my Hypo-
thefis, ‘that the Diameter of the little Circle defcribed
sya'Star in the Pole of thé Ecliptick would be 407, 2.

“The: laft Star of the great Bear’s-tail of the 2d
Magnitude (marked » by Bayer) was 36" more South.-
erly about the Middle of Fanuary than in Fuly.
Hence the Maximums, or greateft Alteration of Decli-

~ riation of a Star-in the Pole of the Ecliptick would be

40", 4, exally the fame as was before found from the
Qbfervations of 3 Draconis. o

“TheStar of the sth magnitude in the Head of Perfeus

. marked » by Bayer, was 25" more Northerly about
the End of December than on the 29th of Fuly fol-

l1owing. Hence the Maximum would be 417 - This
Star is not bright enough to be feen as it paffes over my

- Zenith about the End of Fane, when it fhould be ac-

cording to the Hypothe(is fartheft South. But becaule

" 1 can more certainly depend upon the greateft Alterati-

on.of: Declination:of thofe Stats, which I have frequent-

ly{’éﬁfet%d about the “Timmes when they bécome {tatio-

2 , nary,

T ]
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mary, with refpect to the Motion T am:now-confider-

ingy I xyill.(et'dqu%m -a few more Inftances of. fuch;
from which you may.be 3bleito. judge howe near. it ma

- be poflible from thefe Obfervations; to - determine with

what Velocity. Lighe is:propagaved.:i. i s noiiwis
« Perfei Bayero was 23" more Northerly at. the
beginning of Fannary than in Fuly. Hence the Maxi:

mum would be 40", 2. .« Caffiopes. was 34" wmore.
. Northerly about the End of December thaniin Fune.

Hence the Maximum would be 401, 8.. - 8 Draconis
was 39” more Nortlierly in the beginning of Sepzem-

ber than in March; hence the Maximum would be- |
40", 2. Capella. -was about 16" more, Southerly
in Auguft than in Lebruary; hence the Maxinsum

would be about 40", But this Star being farther from
my Zenith than thofel have before made ufe of, I can--

not fo well depend upon my Obfervations of it, as ‘of:
the others; becaufe I meet with fome fmall Alterations .

of its Declination that do not {feem to proceed froni the
Caufe I am now confidering. '
I have compared the Obflervations of. feveral other

Stars, and they all confpir< to prove that the Maximume .
~is about 40" or 41#. I will therefore fuppofe that it

is 40"£ or {which amounts to the fane) that Light

moves, or is propagated as far as from the Sun to us in-

o

6' 13", The near Agrecment which Imet with .among

my Obfervations induces me to think, that ‘the Maxs-

s (as 1 have here fixed it). cannot differ fo much as -

a Second from the Truth,. and therefore it is-probable
that the Time which ‘Light {pends in pafhng-from the -
Sun to us, may be determined by thefe Obfervations -

within 5" or 10" which isifuch a degree of exadtnefs as

~ we can never hope to attain from the Eclipfes of Fu=

piter’s Satellites..

|
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Having thus found the Maximuni, or what the great-

- eft Alteration of - Declination. would be in :a" Star pla-

ced in the.Pole of the::Ecliptick, Iwill- now deduce

- from _it (according to _the. foregoing Hypothefis)- the
_ Alteration of Declination in one or two Stars, at-{uch

tiines .as'théy wére atually obferved; in order to fee
how the Hypothefis will:correfpond .with the Pheno-
smena through' all the Parts of the Year. - :

-1twould be too tedious to fet down the: whole Se-
rics-of .iny Obfervations ; I will thereforé:inake Choice

| ~only:of. fuch as are moft proper for my prefent Pur.
" pole, .and will begin with thole of 3 Draconis. L
- This Star appeared fartheft North dbour September

7th, 1727, as -itought to;havf:‘:donc{ according to my
Hypothefis. - The following Table -thews how much
more Southerly the Star was found to be by Obfervati-.
on in feveral Parts of the Year, and likewife how much
more Southerly. it ought to be according to the Hy-

- pothefis.

5o ey E—
oue?:—:?-f oY |zui
giagtay Saglliv
e I
3 E’: '—'}":é g g S 8 oils o &
=.2°812.8°5 523|858
5231273 R N

| TgeRge go|nge
1727. D.\" " 1728. DY "
Oftober 20th —| 4= L ;\'Im'.clj - 24137 ;3{
November - 17112 Vw2 dpril - - 6136 136 3
December - 6{173 [183 |May - - 6]28% [207
- - =282 26 |[June -~ - 181 |20
1728 R LA N v
Fanuary - 24034 |34 [T - - 3J113 it}
- \February - 10|38 |37 |duguff - 2 4 | 4

March = - 7139 139 'September - 6| o o

g

(657

Hence it appears;. that-the Hypothefis correfponds
with the Obfervations of this Star through all Parts of
the Year; for the {mall Differences between them feem
to. arife . from_the Uncertainty . of the Obfervations,
which is occafioned (as .1 imagine) chieflysby the tre-
-mulous or undulating Motion™ of the Air, and of the
Vapours in ity which caufles 4he Stars ' fometimes to
dance to and fro, fo much :that it .is difficult to judge
when they are exadtly on the-Middle of, the Wire. that
is fixed in the common Focus of the Glaffes of. the
Telefcope. | B

I muft confefs to you, that the 'Agreeméht of‘.'ihe -

Obfervations with each other, as well as with the-Hy-
pothefis, is- much greater than I expe@ed to find, be-
fore I had compared them’; and it may poflibly be

- thought to be too great, by thofe who have been ufed to

Aftronomical Obfervations, and know how difficult it
is to make fuch as are in all refpe@s exa&t. But if it
would be any Satisfation to fuch Perfons (till I have
an Opportunity: of defcribing’ my ‘Inftruimeént and the
manner of ufing it) I couldaffure thein, that in above
70 Obfervations which I made of this Star in a Year,
there is but one (and that is noted as very dubious on
account of Clouds) which differs from the foregoing
Hypothefis more than 2%, and this does not differ 3%,
This therefore being the Fa&, 1 cannot but think it -
very probable, that the Phenomena proceed from the
Caufe 1 have affigned, fince the foregoing Obfervations
make it fufficiently evident, that the Effe& of the real

~ Caufe, whatever 1t is, varies in this Star, in the fame

Proportion that it ought according to the Hypothefs. -
. But leaft o Draconis may be thought not fo proper
to fhew the Proportion, i% which the apparent Altera-’

' ' tion
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tion ; of® Detlination’-is *increafed~ or’-din 1plﬂ1'e5,". as
thofe Stars® which:, lie® figar -the: h.qqlnqétxa_l:‘ Colure:
willl give: you alfothe Campdrilon:berwéen-ithesHypo:

thiefis'and “thie  Obfervitions: of s “Urfie Mayersdiszhae

which' waBirthé(t Southabbut the T 7th:Daysof Fanee
ary 1728, agreeable to the Hypothefis.:. Tlie following

Table fhews how much more :Northerly ‘it ‘was. found
by, Obfervation in- feveral - Parts'of . the: Year, and-allo "
what'thé Differénce fhould have 'be‘én'R’cCi_ﬁ)rd,mgitﬁf-thﬂé :
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| 1 ﬁnd'ﬁpox{Examination, that the -_Hypdtl{cﬁs.'a-

grees altogether as exadtly with the Qbibryqtigns;of
this. Star,-as the former; for in about' 5p; that were
madc of: it in- a Year, :I.do not meet.with :a. Dif-
ference of fo much as: 2/, except in ofie, whiclr is

o A ‘ mark’d

-
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mark’d as~doubtful . on: Account of the Undulation -
of the" Air,"&¢. .And ;this-does not differ 3/ from.
the Hypothefis.. = . . .- ..0 70
- The-Agreement. between - the Hypothefis. and the
Obferyations of this,Star, is .the more  to-be reguard-.
ed, fince it proves that the Alteration of Declination, .
on account ‘of the Proceffion of'the_E_quino_x, is (as ..
I,before fuppofed) regular thro’ all Parts of the Year.
fo far at leaft; as not to occafign’a Difitrence great,
cnough to:be difcoveredwith this Inftrument, . It like-:
wife .proves the other part of my former Suppofition,
Uiz, that the .annual Alteration of Declination gn -
Stars near the Equinoctial Colure, is at this Time
greater-than a‘Preceflion of 50" would occafion : for
this Star - was, 20" :more Southerly:in Seprember 1728,
than-in-September 1727, that.is,- about 2" more than -

‘it would. have beern, if-the Preceflion - was butr 5o,

Bur I may hereafter, perhaps, be better able to derer-.
mine - this Point; from my Obfervations of thofe
Stars thart lic ncar the Equino&ial Colure, at about
the fame Diftance from the North Pole of the E.
quator, and.nearly oppofite in richt Afcenfion.

I think it needlefs to give you the Comparifon
between the Hypothefis and the Obfervations of any
morc Stars; fince the Agreement in the foregoing is a
kind of Demonftration (whether it be allowed that,
1 have, difcovered the real Caufe of the Phenomena
or not; ) that the Hypothefis gives ar ‘leaft the true
Law of the Variation of Declination in different Stars,
with Refpect to their different Situations and Af:
pects with the Sun.  And if this is the Cafe, it muft
be granted,: thar the Parallax of the fixe Stars is much
fmaller, " than hath been  hitherto fuppofed by thofe,

S SIff2 - o who
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- who have preterided to deduce it from their Obfervati-
" obs.-- I believey that I ‘may venture to fay, that'in

cither of the two Stars laft mentioned, ir does not
amount to:2". - -Tam of Opinion, that if it were 1", I
fhoald have:petceived ity in the great number of Ob--
fervations that I made efpecially of 4 Draconis; which-
agreeing with the Hypothefis (without allowing any
thing for Parallax) nearly as well when the Sun
was in Conjun@ion with, as in Oppofition to, this
Star, it feems very probable that the Parallax of it

is not fo great as one fingle Second ; and confequent-
- 1y that it-is above 400000 times farther from us than

the San.’

There ap earing; therefore after all, no fenfible
Parallax in tEe fixc Stars, the Auti-Copernicans have

-ftill room on that Account, to objet againft the Mo--

tion of the Earth; and they may have (if they pleafe)
a much greater ObjeCtion againft the Hypothefis,
by which I have endeavoured to folve the fore-men-
tioned Phenomena ; by denying the progrefiive Mo-
tion of Light, as well as that of the Earth.

But as I do not apprehend, that cither of thefe Po.
ftulates will be denied me by the Generality of the
Aftronomers and Philofophers of the prefent Age;
fo I fhall not doubr of obraining their Affent to the

. Confequences, which I have deduced from them j if

they are fuch as have the Approbation of fo great
a Judge of them as yourfelf. T am,

Siry, Zour moft Obedient
Humble Servant

J.BrRaDLEY.

P A

(661 Yy
POSTSCRIPT.
" A Sto the Obfervations of Dr. Hook, Imuft ownto
, you, that before Mr. Molynesx’s Inftrument was
ereted, 1 had no {inall Opinion of their Corretnefs ;
the Length of his Telefcope and the Care he pretends
to have taken in making them exa&, having been {trong
Induceinents with me to think them fo, And fince I
have been convinced both from Mr. Molyneux's Obfer-
vations and my own, that the- Do&or’s are really very
far from being either exac or agreeable to the Ph.eno-
mena 3 I am greatly at a Lofs howto: accoiint -for-it:
I cannot well conceive that an Inftrument of . the Length,
of 36 Feet, conftru&ed in the Manner he defcribes his,
could have been liable ‘to an Error of near 30 (whicl
was doubtlefs the Cafe) if rectified with fo much Care
as he reprefents. ' : -
The Obfervations of Mr. Flamfleed of the differ-
ent Diftances of the Pole Star from the Pole at differ-
ent Times of the Year, which were through Miftake
looked upon by fome as a Proof of the annual Paral-
Jax of ir, feem to have been made with much greater
Care than thofe of Dr, Hook. For though they do not
all exa&tly correfpond with each other, yet from the
whole Mr. Flamfleed concluded that the Star was 35"
4. or 45" nearer the Pole in December than in May
or July: and according to my Hypothefis it ought to
appear 40" nearer in December than in Fune, . The
Axrcement therefore of the Obfervations with the Hy.
vothelis is greater than could reafonably be expedted,.

confidering the Radius of the Inftrument, and the Man-

ner in which it was conftructed..
. _ o

I
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| Satellite of j’upzter, whxch thcy find almoﬁ: mﬁantancous and
with good Telefcopes difternable almoft to the.very Oppof ition
of . Fupiter to the Sun : And it may be faid, that this Accouat: of
i'the Longitudes. obferved, - has: put it paft. doubt that this.is the- i
i very bett way, could, portabic “Telefcopes fuffice’ for, tha. Wqﬂr : ;
-I.And could thefe Sqtellzte: be.obferved at Sea,a szp “tS(’qm'\Ug”]f
be enabled.to. f find the Meridian: the was.in; by-help, of’, the; Ta-
* bles Monfieur C,aj/Ym has .giveir us.in. this Yolume,. th[cqu, 0g
! wuh very great exalnefs the faid Eclipfes, . beyand what-we.can'
yet hope to do.by: theMpan, ‘tho’.dhe feem toafford: us theonly
‘means Pra&lcablc for.the Seaman.” {—Iow»vcr before Saylorsi.can
| make ule of the. Art,of -finding :the: Langitude, -it. will:-basrequi-
fire that, the Coaf't of -the whole Ocean be firtk,laid dowyn: trujy,
.for whzrb, wcrk L'I_us\Memod by the Satcl/ztc’s is-makaepehng:
And it may be lioped that either the true Geometrick Thgory

of the Mson may be difcovered, by the time the Charts are
Oo . com-
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. the Sarellites at-Sca, at leaft thofe of ‘the Thir

fall at a good diftance from the Body of Fupiter, being 'near

- is here ftiled Num, 1

manageable on Ship-board, ;may ‘fuffice 1o 1k

. compleated ;. or clfe. that fome Invention of. thorter Telefcopes

ew ‘the Eclipfes of
d Satellite; which

thrce times as far from him as the firft, o _
‘The laft but moft confiderable Treatife of this Colle@iog gives

. the aforefaid Tables for computing the Motions of FJupiter's Sa-

vellites, but more cfpecially thofe, tor fjeedy finding the.Eclipfcs

of the firlt or innermoft. Wherein Monficur Cafini-has em.

ployed his Skill to make cafie and obvious to all Capacities the
Calculation of them, which is otherwife operof¢ to the Skilful,

and not to be undertaken'by the lefs knowing,  who "yet per-

~haps would be willing to’ find the Longitude of the Places they
Slivein, T AR SRR SRR

 Thefé Tables have for Principles, That the innermoft Satedire
revolves to the Sun in 1418 28, 36". fo precifely, that in 100
Years: the difference is not fenfible; That in the time of the

Revolution of Fupiter to his Aphelion, which he fuppofes in

4332% 14™ 53", 48", this Satelite makes exactly 2448 Months
or, Révolutions to the Sun: and dividing the Orbite of Fupiter

into 2448 parts, ‘he has in a large Table of Aquacion thewn . 3

what is the incquality of the Motion of Fupiter in each Revo-
lution reduced ro Time, alluming Thirdly,she greateft Equation
of Fupiter 5> 30", whence the hourly Motio /

Fupiter being 826" 3, it, follows, that the greateft inequality
( Fupiter pafling- the Signs of Cancer and C;_zpn’cdrn, )’ amounts
to 39'. 8" of ume, 16 be added in Cancer, ubftrafled in capri-

corn. Laftly, As to the Epocba or beginning of this Series of Re- ' §
volutions, e has determined the Aphelion of Fapiter about 1 § De-

gree forwarder than - 4ffronomia Carolina, and ‘above 2 Degrees
more than the Rudolphine Tables, viz. precifely in 9% of - Likra,

‘i, the -beginning of - this Céntury, which? perbaps he finds the
- proper Motion of  Fupitér about the

Sun ar this ume-to require;
and the number of Revoltions fince Fupiter was laft in Peri/::{;v,

A

8" A fecond inequ#lftyr' is that which depends on the diftance of ‘the

n ot the Saselite from &

4 upiter, which he.{ays Monfieur Romer did moft {rragcmouﬂy_{ .

i E:nda%‘rgxzhéHimtwﬁ@f}h&%ﬁnnbf isxgbtgto‘w!‘ﬂd;;yeﬁégﬁn‘z.:.
by his manner“of Galeulns feems not <o affentyy A_FRQQg.h;_!)t ¢ hard ¢

§ imagine how the' Earth’s"Pofitioh” T4 refped ot Fupirer fhould any

W y affe& the Motion of the Satelites. This 1nequa{hty he makes to

| zmount to two-Degrees-in the Satelites Motion; or-14'- 1o/ -of~Time;:

| wherein he fuppoles the Eclipfes: to” happen fo much .fogper'yr_hgnhj'u- -

d piter Oppofes the Sun, thin | when he is_ in __'Cqm'qmﬁ_t_'n‘onmmghad‘m?.'.

§ ‘The diftribution of -this-Inequality’ he makes wholly :to depend on

] the Angle:at the Sum between: the Earth apd; Fapiter, wnh'onts any

regard to the Excentricity of: Fupiter; -( whokis : foredimes § a. e(l:n-

§ diameter of the Earth’s Orb: farther from :thes Sun than at. oth ,}::r ‘

§ 1imes ) which would occafion.a much: greater- difference than che

® Inequality of Fupirer .and the Earth's Motion, - both of . which" la)re: ;

8- accounted for in théfe Tables with great Skill and!Addrefs. B]tstw at

§ is moft ftrange, -he afficms thac-the. fame, Inequality. of two Degrees |

% in the Motion, "is likewife found . in the othér Sﬁtpllgtu,;‘reqmlr_m‘g. ,

8 a much greater- time, as.above twaHours in she fourth Sarellire :

¥ which if it appeared by‘Obl'ér\iation,--wqu!d'qvcsrtbrqw: ‘Mg.nﬁcprl Ro-

5 mer's Hypothefis entirely. "Yet I doubt not herein to make it df.n;on} .

] ftracively plain, that the Hypothefis of th{e.:prqgreﬂ;ve N{ouo_n od

L Light is found in all the otbcr,SateQi:e; of; upiter. to,l:gc n;cg(' ag', an 3

| that ic is che fame in allj there being ,r_u.)gl,} n d_r_;ea:‘. ‘:O;gl:p;t.;al:! npbuia.‘

1 Inequality as Monfieur Caffini fuppofzs m.thcquuohs? by l(\lls Table,

8 pag.9. and’ his Praecepra Caleuli. The Method however u(és tocom-

: ;’;lﬁc this is very Curious ; for having: found that whilft- the Sun re-

' iter, there pafs 3984 210 13, wherein: are made 225 §
':'rloel:f)iu:?oz: Pof the Satelll:;re tg':fupirer," the Number of I;‘levg'un.olr}s_ ',
8 fince Fupiter was laft in Oppofition to the §_§11_1,15_.wha{t he ca fs_ I ::m'ih: :
8 ‘in which-che In¢quality of ¢he Earch’s Mution. is al.gxﬁe;l for in. he -

§ Months, and - chat of Fupser’s Orb by a Table of eljﬂqug_nont of

"Num. II. amounting in all to 3% Revolutions of Fhe Satel ite (t?‘ ja;‘.g.‘. .

4 This in the Tables following 1 have thought fit:to _!c_:ayg: ‘ou.t,- rfgsflx_rrxii.
2 how to find it by help of the former:Equation of: Num: s The

3 Numbersare in effe@ the fame with Monfiegs Caffni’s, only reduced

; o of;. them abridged; andcsis |
g Stile and Meridiap, and the form of; them abridged; andis |
| ‘;3);:5 artxxle'nded. .o See Philof. Tranfad, N°.136., . ¢
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b.fl(ir_q'e”i D e f\.tso J .
His'“1aft “Table of * th

g
3/ LY
2. .
>

other places, but i Was thoughit proper t6 have ail the
Elements of”this Caléulus together, that there might be
no’ geeafion of anyother Book to perform ir,, -

: v - U ok LAl ol
b ey 0 P S, Tioote L o
i PPN L (g,f.f{; i Tbe ‘U_fe ﬂf fl?e T‘:b[e{, " -l .
Voo : - - N . N .

SRS I BT I LTy : g5
»To.any.given Tear, Moith, and Day, to. ﬁndr?tbé next
: ’:'j}:'.;_"-LE}c?ip]cf of the firf? Satellite of - Jupiter. P

1% the Table of Epocke ( pag.240.) find the ¥

:of our Lotd, ‘and fer' down tgg %)ayfi H)ours,' : Minutecasr
ladd "Seconds, with the Num. L. and Num, II. thereto
‘Monih, and- day - ot "the Month, . with,. the Hours and
Minusgs, and Num. I..and, 11 affixt, and add them to-
gether:: and ‘the refpe&ive Sums: fhall fhew the mean
time of (the middle of the Eclipfe fought, with Num. .
‘and Nom. I1. required. Baot it muft be obferved, that in
Fanuary' and February in the Leap-Year one Day is to be

“added to the Day thus found. ~

. 1L If Nuni. L be found lefs than 1224 with Num.I;
or if greatér than2.448,Subftrating 2448 therefrom,Witl;
gtlw:eﬁ_dpe,: enter. the Table, pag. 245.and you will haye
the firft. Aquation to be added to the mean Time before

. found; ;But if Nom.I. be’ lefs than 2448, but greater |

‘than razy4; Subftra& it from 3448, and entring the

- ‘fame'Table with the remainder,” you fhall have the firft

Aquation to be fubfiratied from-the mean Time, Then

Divide the Minutes of the’ (aid firft Aquation, by 11,

lor: rither 23, 7and the Quote fhall be. the Aquation of

'Num, I (anfwerihg to the Eccentrick Motion of Fupi-
 izer) to be added thereto' when the firft Aquation Sup-
| ﬂra&;,and é contra juéjlra&eql when thet adds. -

TR N

his_-1ag 5f  the Aiquation of Natural Days
<pight BV bt 3t 45 g, publite i fevenal

annext 3 and (in pag.'241 and the following) feck the

nLIE

R NG ST e ST O R R

‘J. .
£
i

[I1. If Num. 1L, thussequated cxeeed 225 54, Subfira-

"a2g,q4 therefrom; and if the remainder or Num. 11 be
lefs'than 1r3,with the (3id remainder, or Namber ;. or.if

greater than 113, with the complementt| creof £0225,4-

i

‘feek;iniTab.lgz-‘pqg.‘z;}& the fecond ﬁiquétibn,‘ _which be- .-

i Appar ¥ 17 8
L Qbferd 8

o quat 2y HR e

ing added to the Time before found, gives the true Time
of the middle of the Eclipfe. (.. i 0 oo
IV. With Num: 1.’ in'74b. pag. 237, feek ' the half
Continuance of the Total Edipfe; which is to be added
for the Emerfion when the ®quated Num. I1. ;is1efs than
113, or if more than 225,3; it be lefs than 338. But
if it excced rx3 or 338, then is the Semimora to ke
fubftra&ted for the Immerfron. ' " T

"'V Tafily; with the Sufvs true Placé take ‘out the
Aquation of Natural Days' (in Zab. pag. 248.) which
added or fubftrafted according ro the Title, gives the

_time of - the Jmmerfion or Emerfion fought.

. Now how few Figures ferve for this. Computation, -
will beft appear by an Example orewo, [ w0 ST
Anno 1677. September 17 89, 40", at Grezawich, |

Mr. Flamfleed obferved the firft Satelite to begin to
Emerge ; that is 8% o', 20", at London,

! L “ L
L oo o @Nuim B NemUIL
1677, o3 14! 367 it z028:mTedygts o

..Se;_::. - 17 ‘4. 4 .12 r__!.&z:_{ifgﬂi""‘ a

Sepr. -x7 -7 18 48 ;- 2175 7 248,000
Aquat.'y. — = 26 1L 2448 ¢ ciz3egmii
T Ay 652 37 2730 2598 aa
. 2, e onn X 39 0 o SAIL.LL Y7 AP
S Semtimiora TV 70 v T 39
Eqoal Time 17 871 .16 11)26;2(2,3-~
S Equation < 9" 25 @in & g00
RO gV

91200
e} ad ) »
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. TiRgain; Awic Y883 ‘November jobi 1gb a8, L]
* under_the Meridian'of Londow;’ the Immerfion of - this

- Tempaquat, 147107 43 g4 =
.0 /AQuat, —-- 13 15 @ inizr §e, 40,

. Obfer. . _x0” 30 4

MTE RSN
Jitenfy

Tl

Satellite was obferved by-E. Falley.” '
L T R : qy s
L 26830 0% ghlan! 2y Nug:slN:?;? -
Mvemb._gc_n;_x_z__jﬁ__z_q.;._; ... 189" " '188:2. T
Fi Novemb.. “30 17 267 1487 Yooy . & gor,8
¢ fEquat. 1., RS S - I,,8—--
CJEquatz. L 0 6 0 1p)20(1,8— Tooo
| Rowmb. 3o 7 s e e
: Semimora _— 3636 . . 94,6
Temp.xquat. 30 1646 4 . = .. 50)8
ovemnb. 10 16 2 9 Temp. appar. = -
. ;.‘z Obfer. - 3-'“"‘16. 458‘: 4Zd(£‘empappar' )
- U Erer e 3. a7 o

.. A'Third Example  fhall be theEmerﬁan obfcr.v'éd. :;t

Paris by Monfieur Cafini Anno 1693. Famuary. 14t goh
40" 28", that is, at London at 10 3301.,48,,.)' 47 10

NumI ‘N 1

1693. o g™ 11’ 48" . 434 2??9 L

E.ii}’x?_"ﬁi :}f;:;:f"}g 48 8 8,2
quat. 1. = - 36 .8 ' 442 321
Eguata A2 oxg oo T 0l
Semimora_ - T .4 §7 11)36,(3,2= 28,5

L3

,\ A?ﬂitarii .14 1o 30 39 Tfmp.app’.t P
48 v 3z o :

T
R R

. UEor A e 9t L ot b
After‘thxs manner I have compared thefe Tables with
many good and certain Obférvations’, .and fearce ever

which proccfds, as may well be conje@ured, from fome
. - : {mall

*

_vered, and argue the Skill and Diligence
? vedly Famous Author of thefe Zables. . . ..

'.' cqualities’ "are' er \'gsv Hi L orhealdTeaNt i . =

1" the affiftaiice of ‘thie Tables 'of :‘fypzier-s‘}‘?m?ﬁy motion.; -

" find th 1 The Periodsiof;theie Reyolutions.to Fupirersfhade.are -
find them .err above three or four Miniites- of Times ' i

( 253-)

8 frnall Eccentricity-dn-is:Motion, :and from*therQgal Fir

boo

] wre of Fupiter’s Body. WhOquUle dxumnl Rotatian has
%y its;‘;:})cg,,t_r_gfgga;ﬁilétéd;.his’ Equino&isliand imade

his Meridians much Ediptical; o as to be difcernable by

the Telefcope. ~ M#: Newson has ‘thewn .that his Polar

" 'Diameter is to that of his Equinocial as 40 to 4t nearly.

But we msy hops future Obfte atiops,may fhew liow to
divide thofe compounded “eaules of. Error, and- corrett
them; which Errors arc exceeding, (mall.in. comparifon

" of the thort time’ that"the. Sat.kﬂ}'téjk"._;lni’\"«é ‘been difco-,

ence of - hie defr-,

{ had almoft forgot the Conftru&ion pflhe;T;ble, '
pag.247. fhiewing the half continuance of ‘thefe Eclipfes:. .

‘In this the Semidiameter” of the fhadow of , Fupiter is

made by Caffini juft 1o Degrées, and that of the Satel-
lite 30'};" an{'thej_ Sézieﬂi;é;r,Afc‘c'ndiq "Nbdci.benpg (up-
pofed in’ 15 of Aquarius, at the.en ‘__of_ thxs.QS:ptu;)f,
(that is, §5%2¢. before. the Peribelion of Fupiter) it
will thence follow, that Num. L’ being 816 or 2102,
Fupirer pafles the Nodes of the Satellites Orb, and con-.
fequently thefe Eclipfés are Central, and of the greateft

" Duration. But Num. I.. béing 215 or-1481, the Sa-

tellite paffes the fhadow with the greateft Obliquiry ,,

wiz. 2°.¢5' from the Center, whence the Semimora_be-,

comes of all the fhorteft.’ - This Table is not however,
fo nicely ‘computed;: but that ‘it inay, admit of Corre-,

-

1 &ion in the Seconds, 'if 2 fmall part of a Minute were,
.confiderablé in this affair. " . '

" The Tables of the other, threc Sellires not.beiog fo,
» xatk,as thofe of :the firfl,. Havigg greater in-,
o in’shothér. forin, requiring,

P
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in the Firft to be 28'.'2 7".in the Second,

* whereas if this fe

Aucceflive propagation of. Light, this 4q
 be'the fame in alf of  thei, wliich Mon

- ed, Bur there is good caufs

ved the Emerfion of  the Third Satellite from Fupiter's

e Casg )
Pébind . Secandii " 'ja. fotn
Peridd; Teress, - 3759 '39 22 fueg i Rew.privs;,
Beriod. Quarts 1165382 51 6"50... froe's. 7% Ruy it
“Wheiice the Fable of the “firft g
Satellite, prg. 245, or Monfieur Cafini’s ‘larger Table,
may by ‘an eafie Reduion’ ferve the ‘other three ; the
fEquation of the Sécond Eeing 2.3,
with half"fo mapy Jcconds as there are Minutes in the
Aquation of the Firff;and the greateft £quation there-
of 1%18" 367, The Aquation of the 7bird is 4 53 times
greater thati” chat of the Firp, and’ when greateft .
-mounteth ta 2™ 38% 39", And the ZEquation of the
Fourths being, o v} times'that of the Firf}, is had by Sub-
ftratting +'and ¥ from fes times the Aquation of the
Firpt, whence the greateft becomes b 10.28". So
that Nuin.I. ‘and Num. I as here colleGed’ for the Firfz,
may indifferently ferve all the reft. .
- As to the Second Aquation of "¢he “other Satellites,
Monfieur €affini lras; by his Precepta Caleli (as is be-
fore mentioned ) fuppofed the Minutes thereof to be
ificreafed in the fame proportion; as inftéad of 14'. 1o,

57'. 22" in
in the Foureh ;
cond Inequality did proceed from the
uation oughtto -
in all of chis Monficitr Caffn; fays
was wanting to'be ‘fhewn, to ‘petfed Monfieur Romer’s
Demonftration; wherefore hie has reje@ed it 4s1ill found-"

the 7hird, and no lefs than LS PUP LA

_ o caufe to believe'that. his motive
thereto, “is what ‘he has thotight not' pros er 10 difcover.
And the following Obiervations dd Suffciently fapbly”
the Defedt ‘complained” of 2

Hypothefie, ' ©

35" app but
559" 37" @q. time, Monfieur Caffini at Paris obfers

fhadow.’

,(41)3}‘,‘ ‘Iyi. j’ 4n< 3'"ﬁflci, {-;Rl'v P” m R
7-. v
ation of the Firft

or twice the Minutes _

0, the making out of thac] |
o X678 Ok y SHT N by

(255 )

¥ “hadow. And again, Npvemb, 14 following, 642", 55

app- Time, bur 6" 5'. 55" "2q.7.. he, oblerved the like

. Emerﬁomof the fame Sdlﬁl&tf.:fhe Qb\(QrVCd .I'r,ltcr(&'al ‘

of Time between: thele. Emerfions, was, 43% ot 6, 187,

“which is.8'. 227, more than 6 mean Revolutions of .this
Satellite, of which 4’..27", arifes from the difference of

r ati conti f the

firft Aquations and the greater continuance of th
;zllltetcrrEclipC(lé ;. fo that the other 4 Minutes  is all th_at is
left to anfwer for the difference of the feccond Zquations;

and Num. IL in that timg increafing from 48 0 72,gjves

4. 36" for the difference of the fecond AEquations ot the
%fr}lé&‘atftzlliie. ‘So that here the iécond‘fﬁgu;}ngn of the -
Third is found rather lefs than that of the Firff, butthe
difference is fo {mall;that it may rather be atfributed to
the uncertainty of Obfervation, |, ;W}}eregsiaccord_mg to
Monfieur Caffin’s Method of Calculating, inftead of fou{r
Minutes it ought tobe 18'. 38”.and the Interval of thele
two Emerfions 43*0™21". exceeding the Time obferved
by a whole guarter of an hour; which. tbat Curious
Obferver could got be.deceived in. TP

‘ like appears yet morc_“gvi,d\cmly-iq‘thc.,-_Foxr(k
_Sa;f}ie. By thq-obfgrvatiqq of. Mr. Flamfleed at Green:_-
wich, Anno 1682, Sept. 24" 1'7"'45_’.; T. app.; but 17*

32'3 T.2q.. the Fourth Satellite was feen.'new,ly -con;)z
out of the fhadow, fo that about x 7% 3_0,.,;1‘;._;;341, %t :
firft beginning of Emerfion was con;cft_ure'd_‘; and: a g'r
five Revolutions, piz. Decemb. 37%.1 ™16’ or 1ah-.18/
T. 2q. he again obferved the fieft appearance of the Sa-

' ‘zellite beginning to. Emerge, that is, after ;ap Interval of

Fa8ts “thig, Jite makes five mean

83t 17M48'; whereas thxs’,‘Sq,t_e/, /ite ¢ e

volutions ia 83 181254 Here.we have 37!5 to be

‘Eciountcdlifor' by, the feveral fncqualitics. (Of -shgis .?sggs -
‘due to the £rft. ZFquations, which is reduced £0'19" by

- "the greater continuance of the latter Eclipfe, Fupiter.then

approaching to his defccnding Node :, So, that there re-

. 2PP! '8'% for the diflerence of the Second Lqua-
mains only x5 for the dHlergiel e decond Sk
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. .txons.whd& the Earth approached 7npxter by more tban
the Radius of its own:Or i and the difference of the (e-

¢ond-Equations of the Firf# Satellite being according 1o
Caffini 8'.:30", the faid differénce in the Fourth ought to
be 120’ Finftead of 18 £; whence the Interval of the®e
two Emer/fons would be accorde to his Precepts, but
834 16™46%" inftead “of 83417

which Monfieur Caffini: has diminifhed to 14'.10” ;{0 that
inftead of 8'%;-Monfiear Romer allows abover3’; ; and fce

condly,that'ia the firlt of thefe Obfervations, b'mg about

half an hour before Sun-tife,the brightnef of the Moraing

“might well hinder the {cemg of this fimalleft and floweit

Satedite, till: fuch'time as a good pm thereof- was e-
merged. -

But f have cxceeded thc Bounds of my intended Dif:
courfe, and fhall only Advertife, That chefe Tables are

~ not Priated with the ufual Care of the Imprzmerze Royale

4 Parss, That the Tabula: Revolutionum primi Satellitis

FJovis in Annis 100,pag.13 & feq. is fapley in thefe Years,
16; 39, 55, 98 &-99; as is alfo the Epocha for the Year

1700, pag. 99. where pro Num. 1. 1853 Jege 1873, and.

pro Num.11.1004, lege 110;4 + And that the Number of
Revolutions of the Second Satellitein 100 Years, pag.6o,

Neglig#hce of thofc employed by him. " The Reader

hereof' is defired toamend thefé following Erm!a, which
:WCre difeovered whid it was too fate. -

ERRATA Pag 238. lin. 24." pro 5 30", Ieg5 '
‘ '31 40” 1:».25 pro 8°'2.6“ leg Bo28'%.

i

48'. obferved. . And .
“whereas 187:may -feet teo great a difference ; it muft
be noted, firft, that Monﬁeur Romer had {tated the whole

" fecond: ./Equauon 42.0¢", (vide Phil. Tranf Num.136.)

e 4 '

2R

.6x “of tthhxrd,pag 76,77 ; and of the Fourth 73590,
-91, are by a grofs miftake of . the Calculator, all falfe
and " erroneous, -and - mu& be amended by w hofoever
. would of¢ them. Which' yet ought not in the leaft to
be attributed to the Excellent Author, but rather to the
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