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Kepler’s unsuccessful attempts to find
the law of refraction of light (1604)

α - β = n sec α
2 α - β = n sin α
tan α = n sin (α - β)
1 - tan α cot (α - β) = n tan α
1 - tan α cot (α - β) = n sin α
1 - β = n1 + n2 sec α
1 - tan α cot (α - β) = n1 + n2 sin α



Argumentation without the
law of refraction



Thomas Harriot (< 1610) 

Willebrord Snell (1621)

René Descartes (1637)

The correct relation sin α = n sin β found !

not 
published!

BC/BD = constans



”We suppose that a ball driven from A to B, encounters at 
the point B, not the surface of the earth, but a cloth CBE, 
which is so weak and so thin that the ball can break it and 
pass entirely through it, losing only a part of its velocity, 
for example, half of it. Now, this being supposed, in order 
to determine what path it should follow, we notice first 
that its motion differs entirely from its tendency to move in 
one direction rather than in another; from which it follows 
that the quantities of these motions should be considered 
separately.” 

Descartes, La Dioptrique



”And we notice that of the two parts of which we may 
imagine that this tendency is compounded, only that 
part which would make the ball move from above 
downward can be changed in any way by 
encountering the cloth; and that the tendency which 
made it move toward the right should always remain 
the same as it has been, because the cloth is in no 
way opposed to it in that sense.” 

Descartes, La Dioptrique



”Then having described from the centre B the circle 
AFD and drawn at right angles to CBE the three 
straight lines AC, HB, FE, in such a way that there is 
twice as much distance between FE and HB as 
between HB and AC, we see that the ball ought to 
move toward the point I. For since it loses half of its 
velocity when it passes through the cloth CDE, it 
ought to take twice as long to move downward from B 
to some point of the circumference of the circle AFD 
as it has taken above it to pass from A to B...”

Descartes, La Dioptrique



”...To conclude, inasmuch as the action of light 
follows in this respect the same laws as the motion 
of the ball, we must say that when its rays pass 
obliquely from one transparent body into another, 
which receives them more or less easily than the 
first body, they turn in such a way that they are 
always less inclined to the surface separating these 
bodies on the side where that body is which 
receives them more easily than on the side where 
the other body is, and this is just in proportion to 
that which receives them more easily than the other 
does.” 

Descartes, La Dioptrique



Descartes, La Dioptrique

”...If a ball, which is driven in air 
from A to B, encounters the surface 
of water CBE at the point B, it will be 
deflected from B toward V; and if it is 
a ray of light it will go on the contrary from B toward I. 
You will cease, however, to find this a strange effect, if 
you recall the nature that I have attributed to light, 
when I said that it is nothing other than a certain 
motion or an action conceived in a very subtle matter, 
which fills the pores of all other bodies; and when you 
consider that as a ball loses more of its motion when 
it strikes against a soft body than against a hard one, 
and that it rolls less easily on a table-cloth than on a 
bare table;” 



”so the action of this subtle matter 
may be much more constrained by 
the parts of the air which, being as 
they are soft and loosely joined 
together, do not offer much resistance to it than by the 
parts of the water, which offer more resistance, and 
still more by the parts of the water than by those of 
glass or crystal. Thus it happens that so much as the 
small parts of a transparent body are harder and 
firmer so much the more  do they allow the light to 
pass more easily; for the light should not drive any of 
them out of their places, as a ball ought to drive out 
the parts of the water to find passage among them.”

Descartes, La Dioptrique



Pierre Fermat

The law of refraction 
of light

sin α = n sin β
 is a consequence 

of the principle 
of the shortest time

n



René Descartes



”...I did not understand why the colours [of the 
rainbow] are visible only at certain angles; at last, 
I took my pen and performed exact calculation of 
trajectories of rays falling at the sphere of water, 
because I wanted to determine the angles at which 
they emerge and fall into the eye after two refractions 
and one or two reflections. Then I found that after one 
reflection and two refractions there are many more 
rays seen at angles between 41 and 42 degrees than 
at any smaller angle, and that there are no rays 
emerging at larger angles...
It shows clearly that the colours of the rainbow are 
produced by the same cause as that when we use 
a crystal...”

 René Descartes, Les meteores, Chapter VIII



First quantitative explanation 
of the rainbow (1637)

René Descartes



propagation in straight lines
reflection
refraction
rainbow/colours
geometrical optics → practical applications

mirrors
burning glasses
spectacles 
physiological optics/vision

Experimental facts concerning light (mid-XVIIth cent.)

”Newton’s rings” (Robert Hooke, 1665)
Diffraction (Francesco Maria Grimaldi, 1665)
Double refraction (Erasmus Bartholinus, 1669)
Newton’s mirror telescope (1671)
Newton’s theory of light and colours (1672)
Finite speed of light (Ole Roemer, 1676)

New results in Newton times



Speed of light



Measuring the speed of light (Galileo, Discorsi, 1638)
 

Tekst

Conclusion: light faster than about 30 km/s (in modern units)



Ole Roemer (1644-1710)

Demonstration touchant
le mouvement de la lumiere

(Journal des Sçavans, December 7, 1676)



Journal des Sçavans, 
December 7, 1676





Many authors 
of physics 

textbooks give 
a false  

account of 
Roemer’s 
discovery

and its 
significance





Robert Hooke, Lectures on Light, 1680

”But supposing this may prove it to be temporary, and not 
instantaneous, yet we find that ‘tis so exceeding swift that 
‘tis beyond Imagination; for so far he thinks indubitable, 
that it moves a Space equal to the Diameter of the Earth, 
or near 8,000 Miles, in less than one single Second of the 
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...
...It makes it much more difficult to conceive so rapid 
a temporaneous Motion, than the Instantaneousness of 
that other. For the Motion of a Cannon Bullet is as much 
slower that this of Light, as the Motion of a Snail is than 
that of a Cannon Bullet.” 



”It is true that we are here supposing a strange velocity that would 
be a hundred thousand times greater than that of Sound. For 
Sound, according to what I have observed, travels about 180 Toises 
in the time of one Second, or in about one beat of the pulse. But 
this supposition ought not to seem to be an impossibility; since it is 
not a question of the transport of a body with so great a speed, but 
of a successive movement which is passed on from some bodies to 
others. I have then made no difficulty, in meditating on these things, 
in supposing that the emanation of light is accomplished with time, 
seeing that in this way all its phenomena can be explained, and that 
in following the contrary opinion everything is incomprehensible...
But the extreme velocity of Light, and other properties which it has, 
cannot admit of such a propagation of motion [as Sound], and I am 
about to show here the way in which I conceive it must occur. For 
this, it is needful to explain the property which hard bodies must 
possess to transmit movement from one to another.” 

Christiaan Huygens, Traité de la lumière



”When one takes a number of spheres of equal size, made of some 
very hard substance, and arranges them in a straight line, so that they 
touch one another, one finds, on striking with a similar sphere against 
the first of these spheres, that the motion passes as in an instant to the 
last of them, which separates itself from the row, without one's being 
able to perceive that the others have been stirred. And even that one 
which was used to strike remains motionless with them. Whence one 
sees that the movement passes with an extreme velocity which is the 
greater, the greater the hardness of the substance of the spheres. But 
it is still certain that this progression of motion is not instantaneous, but 
successive, and therefore must take time. For if the 
movement, or the disposition to movement, if you 
will have it so, did not pass successively through 
all these spheres, they would all acquire the 
movement at the same time, and hence would all 
advance together, which does not happen. For the 
last one leaves the whole row and acquires 
the speed of the one which was pushed.” 

Christiaan Huygens, Traité de la lumière



”That is to say they yield a little in themselves at the place 
where they are struck, and immediately regain their former 
figure. For I have found that on striking with a ball of glass or 
of agate against a large and quite thick piece of the same 
substance which had a flat surface, slightly soiled with breath 
or in some other way, there remained round marks, of smaller 
or larger size according as the blow had been weak or strong. 
This makes it evident that these substances yield where they 
meet, and spring back: and for this time must be required. 
Now in applying this kind of movement to that which
produces Light there is nothing to hinder us from estimating
the particles of the ether to be of a substance as nearly
approaching to perfect hardness and possessing 
a springiness as prompt as we choose.”

Christiaan Huygens, Traité de la lumière



Francesco Maria Grimaldi
(1618-1663)

”Light is propagated or diffused 
not only directly, by refraction, 
and by reflection, but also in 
a fourth way - by diffraction...” 



Diffraction of light illustrated 
by Grimaldi in De lumine



”...in precise experiments one always finds 
that light propagates along straight lines 
without any diffraction” 
Edme Mariotte (1681)

Huygens, Mariotte and de la Hire were sceptical 
about diffraction of light and after some 

experiments performed in Paris concluded that it 
is not a new phenomenon

but the outcome of sloppy experimentation!



In 1669 Erasmus Bartholinus published  
a description of double refraction of light 

in crystals of calcite



The origin of colours



La Chambre (1650)

Descartes (1637)

Grimaldi (1665)

Opinions about the origin of colours



Hooke’s bestseller



Robert Hooke, Royal Society meeting, February 15, 1672

”…that white is nothing but a pulse or motion, 
propagated through homogenous, uniform and 
transparent medium; and that colour is nothing 
but a disturbance of that light, by the 
communication of that pulse to other 
transparent mediums, that is, by the refraction 
thereof; that whiteness and blackness are 
nothing but a plenty or scarcity of the 
undisturbed rays of light; and that the two colours (than the 
which that are not more uncompounded in nature) are 
nothing but the effects of a compounded pulse, or disturbed 
propagation of motion caused by refraction….”







”...Experimentum crucis...was this: I took two 
boards, and placed one of them close 
behind the Prisme at the window, so that the 
light might pass through a small hole, made 
in it for the purpose, and fall on the other 
board, which I placed at about 12 feet 
distance, having first made a small hole in it 
also, for some of that Incident light to pass 
through. Then I placed another Prisme 
behind this second board, so that the light, 
trajected through both the boards, might 
pass through that also, and be again 
refracted before it arrived at the wall.”

New Theory about Light and Colors



Newton’s manuscript 
with the explanation of 
his Experimentum crucis 
concerning the nature of 
white light

New Theory about Light and Colors (1672)
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  ”This done, I took the first Prisme in my hand, 
  and turned it to and fro slowly about its Axis, so 
  much as to make the several parts of the 
  Image, cast on the second board, successively 
  pass through the hole in it, that I might observe 
  to what places on the wall the second Prisme would 
refract them. And I saw by the variation of those places, that the 
light, tending to that end of the Image, towards which the 
refraction of the first Prisme was made, did in the second Prisme 
suffer a Refraction considerably greater than the light tending to 
the other end. And so the true cause of the length of that Image 
was detected to be no other, then that Light consists of Rays 
differently refrangible, which, without any respect to a difference 
in their incidence, were, according to their degrees of 
refrangibility, transmitted towards divers parts of the wall.”

New Theory about Light and Colors



”As the rays of light differ in degrees of refrangibility so 
they also differ in their dispositions to exhibit this or that 
particular color. Colors are not qualifications of light 
derived from refractions, or reflections of natural 
bodies...
To the same degree of refrangibility ever belongs the 
same color, and to the same color ever belongs the 
same degree of refrangibility...
But the most surprising, and wonderful composition is 
that of Whiteness. There is no one sort of rays which 
alone can exhibit it. ‘Tis ever compounded, and to its 
composition, are requisite all the aforesaid primary 
colors, mixed in due proportion...
These things considered, the manner how colors are 
produced by the Prisme is evident...”

New Theory about Light and Colors



One has to remember that in 1672 Newton was a completely 
unknown person. Royal Society consisted largely of amateurs 
but included scientists of great authority and prestige, such as 
Robert Boyle, Robert Hooke, John Wallis, Christopher Wren.

Hooke underestimated Newton, as did the others (Christiaan 
Huygens, Robert Moray, Ignace Pardies, Francis Linus, John 
Gascoines, Anthony Lucas). Newton had to defend his views 
in a long and heated dispute, which however helped him to 
reformulate his theory of light.



Hooke’s comment on the paper by Newton 
(February 15, 1671/72)

”I have perused the discourse of Mr. Newton about colours and 
refractions and I was not a little pleased with the niceness and 
curiosity of his observations. But, tho’ I wholly agree with him as to 
the truth of those he has alledged, as having, by many hundreds of 
trials, found them so; yet as to his hypothesis of solving the 
phenomena of colours thereby, I confess, I cannot see yet any 
undeniable arguments to convince me of the certainty thereof.
For all the experiments and observations I have hitherto made, nay, 
and even those very experiments, which he alledgeth do seem to 
me to prove that white is nothing but a pulse or motion, propagated 
through an homogeneous, uniform, and transparent medium; and 
that colour is nothing but a disturbance of that light, by the 
communication of that pulse to other transparent mediums, that is, 
by the refraction thereof; that whiteness and blackness are nothing 
but the plenty or scarcity of the undisturbed rays of light...”



”...But why there is a necessity, that all those motions, or whatever 
else it be that makes colours, should be originally in the simple rays 
of light, I do not yet understand the necessity of; no more than that 
all those sounds must be in the air of the bellows, which are 
afterwards heard to issue from the organ-pipes, or in the string 
which are afterwards, by differing stoppings and strikings produced: 
which string (by the way) is a pretty representation of the shape of 
a refracted ray to the eye; and the manner of it may be somewhat 
imagined by the similitude there; for the ray is like the string, 
strained between the luminous object and the eye, and the stop or 
fingers is like the refracting surface, on the one side of which the 
string hath no motion, on the other 
a vibrating one. Now we may say indeed and imagine that the rest 
or streightness of the string is caused by the cessation of motions or 
coalition of all vibrations, and that all the vibrations are dormant in it; 
but yet it seems more natural to me, to imagine it the other way...” 

Hooke, February 15, 1671/72



”I received yours February 17, and, having 
considered Mr Hooke’s observations on my 
discourse, am glad, that so acute an objector 
hath nothing that can enervate any part of it: 
for I am still of the same judgement, and doubt 
not, but that upon severer examinations, it will 
be found as certain a truth as I have asserted 
it. You shall very suddenly have an answer...”

Newton to Oldenburg, 20 February 1672



”...But when Mr Hook would insinuate 
a difficulty in these things by alluding to 
sounds in the string of a musical Instrument 
before percussion, or in the Air of an Organ 
Bellowes before its arrival at the Pipes, I must 
confess I understand it as little as if one had 
spoken of Light in a piece of Wood before it be 
set on fire, or in the oyl of a Lamp before it 
ascend up the Match to feed the flame.”

Newton to Oldenburg, 11 June 1672; 
(published Phil. Trans., Nov. 18)



Fragments of Newton’s answer (Phil. Trans., Nov. 18, 1672)

”But supposing I had propounded that Hypothesis, 
I understand not, why the Objector should so much 
endeavour to oppose it. For certainly it has a much 
greater affinity with his own Hypothesis, than he seems 
to be aware of; the Vibrations of the Aether being as 
useful and necessary in this, as in his. For, assuming 
the Rays of Light to be small bodies, emitted every way 
from Shining substances, those, when they impinge on 
any Refracting or Reflecting superficies, must as 
necessarily excite Vibrations in the aether, as Stones 
do in water when thrown into it...”



Fragments of Newton’s answer (Phil. Trans., Nov. 18, 1672)

”...The agitated parts of bodies, according to their several sizes, 
figures, and motions, do excite Vibrations in the aether of various 
depths or bignesses, which being promiscuously propagated through 
that Medium to our Eyes, effect in us a Sensation of Light of a White 
color; but if by any means those of unequal bignesses be separated 
from one another, the largest beget a Sensation of a red colour, the 
least or shortest, of a deep Violet, and the intermediat ones, of 
intermediat colors; much after the manner that bodies, according to 
their several sizes, shapes, and motions, excite vibrations in the Air of 
various bignesses, which according to those bignesses, make several 
Tones in Sound. That the largest Vibrations are best able to overcome 
the resistance of a Refracting superficies, and so break through it with 
least Refraction; whence the Vibrations of several bignesses, that is, 
the Rays of several Colors, which are blended together in Light, must 
be parted from one another by Refraction, and so cause the 
Phenomena of Prismes and other refracting substances.”



Fragments of Newton’s answer (Phil. Trans., Nov. 18, 1672)

”And it depends on the Plate or Buble, whether a Vibration shall 
be reflected at its further superficies, or transmitted, so that, 
according to the number of vibrations, interceding the two 
superficies, they may be reflected or transmitted for many 
successive thicknesses. And since the Vibrations which make 
Blew and Violet, are supposed shorter than those which make 
Red and Yellow, they must be reflected at a less thickness of the 
Plate: Which is sufficient to explicate all the ordinary 
phaenomena of those Plates or Bubles, and also of all natural 
bodies whose parts are like so many fragments of such Plates... 
For, to me, the Fundamental Supposition [of Hooke’s hypothesis] 
it self seems impossible, namely that the Waves or Vibrations of 
any Fluid, can, like the Rays of Light, be propagated in Streight 
lines, without a continual and very extravagant spreading and 
bending every way into the quiescent Medium, where they are 
terminated by it...”



”First, it is to be supposed therein, that there is an aethereal 
Medium much of the same constitution with air, but far rarer, 
subtler and more strongly Elastic. Of the existence of this 
medium, the motion of a pendulum in a glass exhausted of air 
almost as quickly as in the open air, is no inconsiderable 
argument... 
In the second place, it is to be supposed, that the Aether is 
a vibrating Medium like Air; only the vibrations far more swift and 
Minute; those of Air, made by a man’s ordinary voice succeeding 
one another at more than half a foot or a foot distance, but those 
of aether at a less distance than the hundred thousandth part of 
an inch. And, as in Air the Vibrations are some larger than others, 
but yet all equally Swift (for in a ring of Bells the Sound of every 
tone is heard at two or three miles distance, in the Same Order 
that the bells are Stroke); So I suppose the aethereal Vibrations 
differ in bigness but not in Swiftness...”

Newton’s text read in the Royal Society in December 1675 (unpublished)



”I suppose light is neither aether, nor its vibrating 
motion, but something of a different kind propagated 
from lucid bodies. 
Whatever light be, I suppose, it consists of rays differing 
from one another in contingent circumstances, as bigness, 
form, or vigour; like as the sands on the shore, the waves 
of the sea, the faces of men, and all other natural things of 
the same kind differ... it is to be supposed, that light and 
aether mutually act upon one another, aether in refracting 
light, and light in warming aether; and that the densest 
aether acts most strongly... 

Newton’s text read in the Royal Society in December 1675 (unpublished)



”But it remains further to be explained, how rays alike 
incident on the same superficies (suppose of crystal, glass 
or water) may be at the same time some refracted, others 
reflected. And for explaining this, I suppose, that the rays, 
when they impinge on the rigid resisting aethereal 
superficies, as they are acted upon by it, so they react 
upon it and cause vibrations in it, as stones thrown into 
water do in its surface; and that these vibrations are 
propagated every way into both the rarer and denser 
mediums... and alternately contract and dilate aether in 
that physical superficies...”

Newton’s text read in the Royal Society in December 1675 (unpublished)



”If a ray of light impinge upon it [aether] while it is much 
compressed, I suppose it is then too dense and stiff to let 
the ray pass through and so reflects it; but the rays, that 
impinge on it at other times, when it is either expanded by 
the interval of two vibrations, or not too much compressed 
and condensed, go through and are refracted... 
I must further suppose, that, though light be unimaginably 
swift, yet the aethereal vibrations, excited by a ray, move 
faster than the ray itself, and so overtake and outrun it one 
after the other... It is possible light itself may not be so 
swift, as some are apt to think; for, notwithstanding any 
argument, that I know yet to the contrary, it may be an hour 
or two, if not more, for moving from the sun to us...” 
Newton’s text read in the Royal Society in December 1675 (unpublished) 



Treatise on Light by Christiaan Huygens 



”As happens in all the sciences in which Geometry 
is applied to matter, the demonstrations concerning 
Optics are founded on truths drawn from experience. 
Such are that the rays of light are propagated in 
straight lines; that the angles of reflexion and of 
incidence are equal; and that in refraction the ray 
is bent according to the law of sines, now so well 
known, and which is no less certain than the 
preceding laws. The majority of those who have 
written touching the various parts of Optics have 
contented themselves with presuming these truths...”

Christiaan Huygens, Traité de la lumière, Chapter I



”I am astonished also that even here these have often 
been willing to offer, as assured and demonstrative, 
reasonings which were far from conclusive. For I do 
not find that any one has yet given a probable 
explanation of the first and most notable phenomena 
of light, namely why it is not propagated except in 
straight lines, and how visible rays, coming from an 
infinitude of diverse places, cross one another without 
hindering one another in any way.”

Christiaan Huygens, Traité de la lumière, Chapter I



”I hope also that there will be some who by following these 
beginnings will penetrate much further into this question 
than I have been able to do, since the subject must be far 
from being exhausted. This appears from the passages 
which I have indicated where I leave certain difficulties 
without having resolved them, and still more from matters 
which I have not touched at all, such as Luminous Bodies 
of several sorts, and all that concerns Colours; in which no 
one until now can boast of having succeeded. Finally, 
there remains much more to be investigated touching the 
nature of Light which I do not pretend to have disclosed, 
and I shall owe much in return to him who shall be able to 
supplement that which is here lacking to me in 
knowledge.” 

Christiaan Huygens, Traité de la lumière, Preface



”...each little region of a luminous body, such as the Sun, a candle, 
or a burning coal, generates its own waves of which that region is 
the centre. Thus in the flame of a candle, having distinguished the 
points A, B,C, concentric circles described about each of these 
points represent the waves which come from them. And one must 
imagine the same about every point of the surface and of the part 
within the flame.
But as the percussions at the centres of these 
waves possess no regular succession, it must 
not be supposed that the waves themselves 
follow one another at equal distances: and if 
the distances marked in the figure appear to 
be such, it is rather to mark the progression 
of one and the same wave at equal intervals 
of time than to represent several of them 
issuing from one and the same centre.”

Christiaan Huygens, Traité de la lumière



Huygens’ principle ”Spheroidal” wave-fronts in
a double-refracting crystal

Strictly speaking, Huygens’ theory of light 
was ”pulse theory”, not ”wave theory”



”There is the further consideration in the emanation of
these waves, that each particle of matter in which a wave
spreads, ought not to communicate its motion only to the
next particle which is in the straight line drawn from the
luminous point, but that it also imparts some of it
necessarily to all the others which touch it and which
oppose themselves to its movement. So it arises that around
each particle there is made a wave of which that particle is the centre.
Thus if DCF is a wave emanating from the luminous point A, which
is its centre, the particle B, one of those comprised within the sphere DCF,
will have made its particular or partial wave KCL, which will touch
the wave DCF at C at the same moment that the principal wave emanating 
from the point A has arrived at DCF; and it is clear that it will be only the region 
C of the wave KCL which will touch the wave DCF, to wit, that which is in the 
straight line drawn through AB. Similarly the other particles of the sphere DCF, 
such as bb, dd etc., will each make its own wave. But each of these waves 
can be infinitely feeble only as compared with the wave DCF, to the 
composition of which all the others contribute by the part of their surface which 
is most distant from the centre A.”



Chapter V. On the Strange Refraction of Iceland Crystal

”There is brought from Iceland, which is 
an Island in the North Sea, in the 
latitude of 66 degrees, a kind of Crystal 
or transparent stone, very remarkable 
for its figure and other qualities, but 
above all for its strange refractions. The 
causes of this have seemed to me to be 
worthy of being carefully investigated, 
the more so because amongst 
transparent bodies this one alone does 
not follow the ordinary rules with 
respect to rays of light...The first 
knowledge which the public has had 
about it is due to Erasmus Bartholinus, 
who has given a description of Iceland 
Crystal and of its chief phenomena...”



”As there were two different 
refractions, I conceived that there 
were also two different emanations 
of waves of light, and that one could 
occur in the ethereal matter extending 
through the body of the Crystal. I attributed to this 
emanation of waves the regular refraction which is 
observed in this stone, by supposing these waves to be 
ordinarily of spherical form, and having a slower 
progression within the Crystal than they have outside it; 
whence proceeds refraction as I have demonstrated.”



”As to the other emanation which should 
produce the irregular refraction, I wished 
to try what Elliptical waves, or rather 
spheroidal waves, would do; and these 
I supposed would spread indifferently 
both in the ethereal matter diffused 
throughout the crystal and in the particles of which it is 
composed, according to the last mode in which I have explained 
transparency. It seemed to me that the disposition or regular 
arrangement of these particles could contribute to form 
spheroidal waves (nothing more being required for this than that 
the successive movement of light should spread a little more 
quickly in one direction than in the other) and I scarcely doubted 
that there were in this crystal such an arrangement of equal and 
similar particles...” 



    ”...Before finishing the treatise on this Crystal, 
    I will add one more marvellous phenomenon 
    which I discovered after having written all the 
    foregoing. For though I have not been able till 
    now to find its cause, I do not for that reason
    wish to desist from describing it, in order to 
    give opportunity to others to investigate it...
     The phenomenon is, that by taking two pieces 
    of this crystal and applying them one over the 
    other, or rather holding them with a space 
between the two, if all the sides of one are parallel to those of the other, then 
a ray of light, such as AB, is divided into two in the first piece, namely into BD 
and BC, following the two refractions, regular and irregular. On penetrating 
thence into the other piece each ray will pass there without further dividing itself 
in two; but that one which underwent the regular refraction, as here DG, will 
undergo again only a regular refraction at GH; and the other, CE, an irregular 
refraction at EF. And the same thing occurs not only in this disposition, but also 
in all those cases in which the principal section of each of the pieces is situated 
in one and the same plane, without it being needful for the two neighbouring
surfaces to be parallel. Now it is marvellous why the rays CE and DG, incident 
from the air on the lower crystal, do not divide themselves the same as the first 
ray AB.”



    ”One would say that it must be that the ray 
    DG in passing through the upper piece has 
    lost something which is necessary to move 
    the matter which serves for the irregular
    refraction; and that likewise CE has lost that 
    which was necessary to move the matter 
    whicn serves for regular refraction: but there is 
    yet another thing which upsets this reasoning. 
    It is that when one disposes the two crystals
in such a way that the planes which constitute the principal sections intersect 
one another at right angles, whether the neighbouring surfaces are parallel or 
not, then the ray which has come by the regular refraction, as DG, undergoes
only an irregular refraction in the lower piece; and on the contrary the ray 
which has come by the irregular refraction, as CE, undergoes only a regular 
refraction. 
But in all the infinite other positions, besides those which I have just stated, the 
rays DG, CE, divide themselves anew each one into two, by refraction in the 
lower crystal, so that from the single ray AB there are four, sometimes of equal 
brightness, sometimes some much less bright than others, according to the 
varying agreement in the positions of the crystals: but they do not appear to 
have all together more light than the single ray AB... 
But to tell how this occurs, I have hitherto found nothing which satisfies me..”





Optics or a Treatise of the Reflections, Refractions, 
Inflections & Colours of Light 

Three books without separate titles. 
Book 1 (in two parts): principles of geometrical optics, 
 description of the phenomena of reflection, 
 refraction, and dispersion of light, the properties 
 of white light, the explanation of the rainbow, 
 and construction of telescopes. 
Book 2 (in four parts): interference of light in thin 
 layers.
Book 3 (has only Part 1!): diffraction and double 
 refraction of light.





”When I made the foregoing Observations, I designed to 
repeat most of them with more care and exactness, and to 
make some new ones for determining the manner how the 
Rays of Light are bent in their passage by Bodies for 
making the Fringes of Colours with the dark lines between
them. But I was then interrupted, and cannot now think of 
taking these things into farther consideration. And since 
I have not finished this part of my Design, I shall conclude, 
with proposing only some Queries in order to a farther 
search to be made by others.”

Newton – Opticks (end of Book 3)



”Do not the Rays of Light in falling upon the bottom of the Eye 
excite Vibrations in the Tunica Retina? Which Vibrations, being
propagated along the solid Fibres of the optick Nerves into the 
Brain, cause the Sense of seeing...”

Newton - Opticks (Query 13)
”Do not several sorts of Rays make Vibrations of several 
bignesses, which according to their bignesses excite Sensations 
of several Colours much after the manner that the Vibrations of 
the Air, according to their several bignesses excite Sensations of 
several sounds? And particularly do not the most refrangible 
Rays excite the shortest Vibrations for making a Sensation of 
deep violet, the least refrangible the largest for making 
a Sensation of deep red, and the several intermediate sorts of 
Rays, Vibrations of several intermediate bignesses to make 
Sensations of the several intermediate Colours?...”

Newton - Opticks (Query 12)



”Are not all Hypotheses erroneous, in which Light is supposed 
to consist in Pression or Motion, propagated through a fluid 
Medium? For in all these Hypotheses, the Phaenomena of Light 
have been hitherto explain'd by supposing that they arise from 
new Modifications of the Rays; which is an erroneous 
Supposition.
If Light consisted only in Pression propagated without actual 
Motion, it would not be able to agitate and heat the Bodies 
which refract and reflect it. If it consisted in Motion propagated 
to all distances in an instant, it would require an infinite force 
every moment, in every shining Particle, to generate that 
Motion. And if it consisted in Pression or Motion, propagated 
either in an instant or in time, it would bend into the Shadow. For 
Pression or Motion cannot be propagated in a Fluid in right 
Lines beyond an Obstacle which stops part of the Motion, but 
will bend and spread every way into the quiescent Medium 
which lies beyond the Obstacle...” 

Newton - Opticks (Query 28)



Newton - Opticks (Query 31)

”Have not the small Particles of Bodies certain Powers, Virtues 
or Forces, by which they act at a distance, not only upon the 
Rays of Light for reflecting, refracting and inflecting them, but 
also upon one another for producing a great part of the 
Phaenomena of Nature? For it's well known that Bodies act one 
upon another by the Attractions of Gravity, Magnetism and 
Electricity; and these Instances shew the Tenor and Course of 
Nature, and make it not improbable but that there may be more 
attractive Powers than these...
The Attractions of Gravity, Magnetism and Electricity, reach to 
very sensible distances, and so have been observed by vulgar 
Eyes, and there may be others which reach to so small 
distances as hitherto escape Observation; and perhaps 
electrical Attraction may reach to such small distances, even 
without being excited by Friction...”



Newton - Opticks (Query 31) cont.

”...There are therefore Agents in Nature able to make 
the Particles of Bodies stick together by very strong 
Attractions. And it is the Business of experimental 
Philosophy to find them out. 
Now the smallest Particles of Matter may cohere by 
the strongest Attractions, and compose bigger 
Particles of weaker Virtue; and many of these may 
cohere and compose bigger Particles whose Virtue is 
still weaker, and so on for divers Successions, until 
the Progression end in the biggest Particles on which 
the Operations in Chymistry, and the Colours of 
natural Bodies depend, and which by cohering 
compose Bodies of a sensible Magnitude.”



”All these things being consider'd, it seems probable to me, that 
God in the Beginning form'd Matter in solid, massy, hard, 
impenetrable, moveable Particles, of such Sizes and figures, 
and with such other Properties, and in such Proportion to Space, 
as most conduced to the End for which he form'd them; and that 
these primitive Particles being Solids, are incomparably harder 
than any porous Bodies compounded of them; even so very 
hard, as never to wear or break in pieces: No ordinary Power 
being able to divide what God himself made one in the first 
Creation. While the Particles continue entire, they may compose 
Bodies of one and the same Nature and Texture in all Ages: But 
should they wear away, or break in pieces, the Nature of Things 
depending on them, would be changed.
Water and Earth composed of old worn Particles and Fragments 
of Particles, would not be of the same Nature and Texture now, 
with Water and Earth composed of entire Particles, in the 
Beginning...”

Newton - Opticks (Query 31) cont.



Hyugens assumed that the pulse of light moves with 
smaller speed in denser medium. Then from 
well-known construction of wave fronts at the boundary 
of two media of different density he obtained the law of 
refraction

Refraction of light in Huygens’ theory

medium of 
greater 
density



Refraction of light in Newton’s theory

”…velocity of the body before its incidence is to its 
velocity after emergence as the sine of emergence 
is to the sine of incidence.” 
(Principia, Book I, Chapter XIV)
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