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Abstract

This paper explains the historical change of Isaac Newton’s experimentum crucis, both
in its instrumental setup and in its role. The experimentum crucis, which was proposed
in Newton’s paper in 1672, has long been regarded as a comprehensive experiment capa-
ble of demonstrating not only the “different refrangibility” but also “color immutability.”
Such a conventional account of the experimentum crucis has been reconsidered by re-
cent historians, including Simon Schaffer and Alan E. Shapiro in particular. However,
they aim at analyzing the acceptance process of Newtonian optics and do not always pay
close attention to the instrumental setup and the role of the experiment. In the present
paper, the author will examine the chronological transformation of the two-prism ex-
periment from the time of Newton’s early optical study to the age of Newtonianism
after his death, and will conclude with the following argument: whereas Newton had
originally conceived the experimentum crucis as an experiment that demonstrated mul-
tiple conclusions, including “color immutability,” he carefully delimited its role only to
demonstrate “different refrangibility” when he published his results. Once he became
confident about the acceptance of his theory, however, he returned to the original concep-
tion that the experiment demonstrated both the propositions about color. Like Newton,
popular Newtonian writers in the 18th century pursued the comprehensive experiment
symbolizing Newtonian optics.

Key words: Isaac Newton, light and colors, experimentum crucis, Newtonianism, pop-
ularization of science

1. Introduction

Isaac Newton proposed his experimentum crucis in 1672 in his first article, the “New
Theory about Light and Colours.” His new optical theory denied the modification theory
of colors, which had been dominant since ancient Greek times. Newton’s so-called exper-
imentum crucis is often considered to have played a central role in the acceptance of the
new theory and has even been regarded as a victorious symbol of his new optical theory.

However, this conventional account has been reconsidered by recent historical re-
search. In his 1989 paper, Simon Schaffer demonstrated that Newton’s new optical theory
was not instantly accepted by Continental scientists, and Italian scientists in particular, and
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he related the acceptance of experimentum crucis to Newton’s power and authority.1 In
his 1996 paper, Alan E. Shapiro made the following two arguments: First, the meaning
of experimentum crucis, or, in Shapiro’s words, the referent of the term “crucial experi-
ment,” changed over history.2 Whereas in the 1670s it meant Newton’s experiment with
two prisms and two boards, it came to mean the one with the prism-lens combination in the
1710s. And second, for Newton himself, too, the role of the experimentum crucis changed
from the experiment that showed “different refrangibility” in the 1670s to the one that
showed “color immutability” in the 1720s.

Based on these studies, I would like to propose the following argument in this paper:
Newton originally conceived the experimentum crucis as an experiment that demonstrated
multiple conclusions, including “color immutability.” When he published his results, how-
ever, he carefully delimited its role to demonstrate “different refrangibility” only. But once
he became confident about the acceptance of his theory, he returned to the original under-
standing that the experiment demonstrated both of the propositions about color.

2. Conventional Account of the experimentum crucis

In conventional accounts, Newton’s experimentum crucis is explained as follows
(Fig. 1): Behind prism ABC, Newton set up a board DE with a small hole G so that by ro-
tating the prism slightly on its axis he could project different parts of the spectrum through
the hole; halfway across the room another board de with a hole g was placed to allow the
beam to pass. Since the two boards were fixed in place, they defined a constant path for
the beam and a constant angle of incidence on a second prism abc set in a fixed position
behind the second board. With this experimental setting, he made three observations and
drew three conclusions from them.

The rays refracted at a greater/smaller angle by the first prism were refracted at a
greater/smaller angle again by the second prism. This observation was considered to show
that “the light of the sun consists of rays differently refrangible.” The blue ray suffered
a greater refraction by the second refraction than the red one. This observation was used
to demonstrate that “lights which differ in color, differ also in degrees of refrangibility.”
And the second refraction never caused further dispersion, in other words, the image such
as M or N kept its color without any dilatation of the rays. This observation was used to
demonstrate that “the phenomena of colors are not caused by new modifications of light.”
These three conclusions were published later in Opticks (1704).3 In this paper, the first
two conclusions will be rephrased as “different refrangibility of color” and the third as
“color immutability” for our convenience. This single experiment has been regarded as a

1 Simon Schaffer, “Glass Works: Newton’s Prisms and the Use of Experiment,” The Use of Experiment:
Studies in the Natural Sciences, eds., David Gooding, Trevor Pinch, and Simon Schaffer (Cambridge: Cambridge
University Press, 1989), pp. 67–104.

2 Alan E. Shapiro, “The Gradual Acceptance of Newton’s Theory of Light and Color, 1672–1727,” Perspec-
tives on Science, 4 (1996): 59–140.

3 These Newtonian theories correspond to Book I, Part I, Proposition 2, Book I, Part I, Proposition 1, and
Book I, Part II, Proposition 1 in Opticks, respectively. See Isaac Newton, Opticks: Or, a Treatise of the Reflexions,
Refractions, Inflexions and Colours of Light, 4th ed. (London, 1730), pp. 20, 26, and 113.
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Fig. 1. Newton’s Book I, Part I, Experiment 6 shown in Opticks. From Newton, Opticks, 4th ed. (1730), p. 47.

comprehensive experiment capable of demonstrating these main points of Newton’s optical
theory.4

3. Origin of the experimentum crucis

Six years before the publication of his optics paper, Newton had recorded the ini-
tial formulation of the experimentum crucis in his manuscript “Of Colours.” This 1666
manuscript is a list of 64 experiments, and the initial formulation appears as the 44th and
the 45th experiments.

44. Refracting the Rays through a Prisme into a dark rome (as in the 7th Experi-
ment) And holding another Prisme about 5 or 6 yards from the former to refract
the rays again. I found First that the blew rays did suffer a greater Refraction by
the second Prisme then the Red ones.

45. And secondly that the purely Red rays refracted by the second Prisme made
noe other colours but Red & the purely blew ones noe other colours but blew
ones.5

Newton drew more than one conclusion from this single experiment. They were the fol-
lowing three key propositions:

1. the light consists of rays differently refrangible;
2. lights which differ in color, differ also in degrees of refrangibility;
3. colors are immutable by the second refraction, that is to say, colors are not

caused by the modifications of light.
4 This type of explanation is prevalent among historians, see, for example, Richard S. Westfall, The Con-

struction of Modern Science: Mechanisms and Mechanics (Cambridge: Cambridge University Press, 1977),
p. 58.

5 The 7th Experiment in the “Of Colours” was an experiment to project an oblong spectrum, whose length
was about three and a half times longer than its breadth. MS. Add. 3975 (Cambridge University Library), ff.
1–21.
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Fig. 2. Newton’s two-prism experiment shown in Lectiones Opticae.
From Newton, The Optical Papers of Isaac Newton (1984), p. 95.

Fig. 3. Formation of a spectrum shown in Optica. From Newton, The Optical Pa-
pers of Isaac Newton (1984), pp. 454, and 457.

Fig. 4. Newton’s demonstration of color immutability shown in Optica. From
Newton, The Optical Papers of Isaac Newton (1984), p. 456.

In other words, in addition to the first primary thesis of the light as differently refrangible
rays, Newton thought he found two other propositions: the different refrangibility of colors
in the 44th experiment; and the immutability of colors in the 45th experiment. In Newton’s
manuscript, even a description of a small hole to choose a color was not provided; the two-
prism experiment was, for him, an experiment that demonstrated “color immutability” as
well.

Newton did not describe a small hole to choose a color until about 1670, when he
started to deliver optical lectures as the new Lucasian professor. In Lectiones Opticae, he
covered one plane side of the second prism by a blackened paper with a pierced small hole
G in the middle (Fig. 2). Newton stated that “you will see that every different color pro-
ceeds to a different place.”6 In Optica, the revised version of Lectiones Opticae, he stated

6 Isaac Newton, The Optical Papers of Isaac Newton, vol. 1, The Optical Lectures, 1670–1672, ed., Alan E.
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that the above-mentioned experiment could partially settle the question about “whether the
color of any kind of ray when observed separately can be changed by the refraction.”

Namely, when the extreme purple fell on the hole G, the ray refracted a second
time to P again exhibited purple without any yellow, red, or green generated from
there; and when the extreme red was projected to G, the same red appeared at T
without violet, blue, or green emerging.

Although Newton had the intention to demonstrate color immutability in the two-prism
experiment, he admitted that “the experiment is not yet perfect in all respects.”

For when the prism was placed not transverse but parallel to the other prism
ABC, blue was drawn out from the purple, and yellow from the red, particularly
if the extreme ends of the colors were not cast through G; whereas when green
was transmitted, the adjoining colors on each side (namely, blue and yellow)
emerged, and similarly yellow and orange caused red and green, and blue caused
green and purple.7

That is to say, if a color that was not in the extreme ends of the spectrum but in between
was chosen to pass through a small hole, the adjoining colors would be mixed in the im-
age. Supposing that oblong image PT was a sequence of circular images, he attempted to
explain away the issue that heterogeneous rays were mixed together in every part of the
spectrum (Fig. 3). To avoid such a color mixture, the width of the light beam was reduced
(Fig. 4). To minimize the width of the light beam, Newton inserted a lens LM in the beam,
narrowed down the image PT to the image πτ , and then found in the final image YZ no
mixture of different colors but instead a fine gradation of colors, such as cyan and indigo
in blue, or scarlet and vermillion in red.8

It turned out that even if the experiment was improved with a lens, gradations of
color still existed and color immutability could not be completely demonstrated. Newton
wrote that “I think that it must not be doubted that colors would certainly proved to be im-
mutable if only they could be separated into simple ones through indefinitely small holes
F and N.”9 This inferential statement reflected the fundamental difficulty of demonstrating
color immutability, because a hole and a light beam both have a finite width. From his
early manuscripts, we can read Newton’s initial intention to demonstrate color immutabil-
ity with the two-prism experiment, his encounter with its fundamental difficulty, and his
contrivance of using a lens in experimentation to avoid the difficulty.

Shapiro (Cambridge: Cambridge University Press, 1984), pp. 94–97.
7 Ibid., pp. 452–455.
8 Ibid., pp. 456–457. At this moment, Newton placed a lens behind the first prism. Around 1690, in his draft

Fundamentum Opticae, he placed a lens not behind but in front of the prism, and reached the method described
in Proposition 4 in Book I Part I of Opticks. On the experiment in Fundamentum Opticae, see J. A. Lohne,
“Experimentum Crucis,” Notes and Records of the Royal Society of London, 20 (1968): 187–188; MS. Add.
3970 (Cambridge University Library), f. 408r.

9 Newton, op. cit. (1984), pp. 458–459.
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4. “A New Theory about Light and Colours” (1672)

In February 1672, Newton published his “New Theory about Light and Colours” in
the Philosophical Transactions of the Royal Society. His contemporary scholars now came
to know his optical theory and experiments. As he told readers at its opening, he was mo-
tivated by the experiment of projecting a spectrum to devise a new theory. Surprised at
seeing the oblong image, he started to conduct various experiments to determine whether
the elongation of the length of the image five times its breadth was due to “the termination
with shadow or darkness”10 or some other reasons, and he finally reached the experimen-
tum crucis.11

The gradual removal of these suspitions, at length led me to the Experimentum
Crucis, which 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. 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 then
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.12

10 The expression “aux confins de l’ombre et de la lumière” was proper to the Cartesian modification theory of
colors, see René Descartes, Œuvres philosophiques, Tome I (1618–1637), ed., Ferdinand Alquié (Paris: Garnier,
1963), p. 754.

11 The term experimentum crucis was first used by Robert Boyle, when he referred to Blaise Pascal’s exper-
iment on Puy-de-Dôme. Boyle derived the term from Francis Bacon’s instantiae crucis. Robert Hooke used the
same term in his Micrographia, when he doubted Cartesian optical theory’s “a determination of light and shadow,”
and Newton probably borrowed the concept from Hooke. See Robert Boyle, A Defence of the Doctrine touching
the Spring and Weight of the Air, Propos’d by Mr. R. Boyle in his New Physico-Mechanical Experiments; Against
the Objections of Franciscus Linus (London, 1662), p. 48; Robert Hooke, Micrographia, or, Some physiological
descriptions of minute bodies made by magnifying glasses: with observations and inquiries thereupon (London,
1667; first edition 1665), p. 54.

12 Isaac Newton, “A Letter of Mr. Isaac Newton, Professor of the Mathematicks in the University of Cam-
bridge; containing his New Theory about Light and Colours: sent by the Author to the Publisher from Cambridge,
Febr. 6. 1671/72; in order to be communicated to the R. Society,” Philosophical Transactions, 6 (1671/2): 3078–
3079; The Correspondence of Isaac Newton, eds., H. W. Trunbull, J. F. Scott, A. Rupert Hall, and Laura Tilling
(Cambridge: Cambridge University Press, 1959–77), 7 vols., vol. 1, pp. 94–95.
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This explanation of the experimentum crucis was brief, and did not even include an image
to show the experimental configuration. Experimenters who attempted to replicate the
experimentum crucis had to rely only on the above statement.

A close reading of the paper makes us realize that this experimentum crucis only
demonstrated that “light consists of rays differently refrangible” and mentioned nothing
about colors. The role of the experimentum crucis in “New Theory” is written immediately
after the above explanation.

When I understood this, I left off my aforesaid Glass works; for I saw, that the
perfection of Telescopes was hitherto limited, not so much for want of glasses
truly figured according to the prescriptions of Optick Authors, (which all men
have hitherto imagined,) as because that Light it self is a Heterogeneous mixture
of differently refrangible Rays.13

Newton, therefore, assigned the experimentum crucis the role of showing the limitations of
refracting telescopes, intending to use his argument to support the proposal of his reflecting
telescope. For that purpose, it would suffice to say that light had different refrangibility,
that is to say, that light was defective.

The discussion about colors appeared after his proposal of a reflecting telescope in the
latter half of this “New Theory.” However, it was not introduced with some experiments;
it was suddenly introduced in a form of theories.

I shall now proceed to acquaint you with another more notable difformity in its
Rays, wherein the Origin of Colours is unfolded: Concerning which I shall lay
down the Doctrine first, and then, for its examination, give you an instance or
two of the Experiments, as a specimen of the rest.14

In this rather dogmatic manner, he itemized his new theory about light and colors in 13
propositions. Here I give a short summary of the first three propositions.

1. Colors are not qualifications of light, derived from refractions or reflections,
but the original and connate properties of rays.

2. The same color always belongs to the same degree of refrangibility, and the
same degree of refrangibility always belongs to the same color.

3. Color and degree of refrangibility proper to any particular sort of rays, is not
mutable by refraction, by reflection, nor by any other cause.

This summary makes us realize that Newton discussed the different refrangibility and the

13 Newton, op. cit. (1671/2), p. 3079; Correspondence, vol. 1, p. 95.
14 Newton, op. cit. (1671/2), p. 3081; This part was rewritten from Newton’s original letter, “To continue

the historical narration of these experiments would make a discourse too tedious & confused, & therefore I shall
rather lay down the Doctrine first, and then, for its examination, give you an instance or two of the Experiments,
as a specimen of the rest,” see Correspondence, vol. 1, p. 97.
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color immutability in the same propositions simultaneously, and did not separate them
in his 1672 paper: the different refrangibility was discussed in the second and the third
propositions; and the color immutability, that is to say, the denial of modification theory
was discussed in the first and the third propositions. Besides, “an instance or two of the ex-
periments” given by Newton was an experiment to reproduce a white light by condensing
the colored spectrum using a lens, an experiment corresponding to the 7th itemized propo-
sition. In the 5th proposition, he distinguished two different kinds of color—simple and
compounded. However, he did not mention how he got the simple color. Consequently, the
experimentum crucis tended to be regarded as a comprehensive experiment that can show
Newton’s main points at the same time.

5. Controversy before Opticks, 1672–1704

Soon after its publication, Newton’s 1672 paper, “New Theory,” received numerous
responses both in terms of the optical theory and the reflecting telescope. The thirty-year
period from the publication of this paper to that of Opticks in 1704 can be divided into two
phases: the first several years in which Newton and his opponents had lively exchanges
of correspondence; and the remaining long years in which Newton withdrew from the
scientific community and kept silent, especially on optics. By seeing his opponents’ claims
at the time, we can understand the problem that seemed to be in the “New Theory” and what
was required to solve it. The chief examples that I present in this section are the objections
of Anthony Lucas and Edme Mariotte.

Most of the correspondence between Newton and his opponents during the early phase
was released in the Philosophical Transactions. Its editor, Henry Oldenburg (1618?–1677),
passed letters from various countries to Newton, and Newton gave replies through Olden-
burg. As far as we can see in the articles in the Philosophical Transactions, Robert Hooke
(1635–1703) and Christiaan Huygens (1629–1695)—two leading experts in the field of
optics at the time—did not have a strong presence on this topic.15 Newton seems to have
been reluctant to write back to Hooke, who insisted that “the same phenomenon will be
solved by my hypothesis, as well as his,”16 and also to Huygens, who claimed that “there
would remain the great difficulty of explaining by the mechanical philosophy in what this
diversity of colors consists.”17 Even though Hooke and Huygens accepted his experimental
results, Newton was unwilling to deal with “matters of philosophy”18—the question about
what hypothesis was appropriate to explain the experimental facts—and terminated his
correspondence with them.19 As a result of this, the journal subsequently carried simpler

15 On criticisms from Hooke and Huygens, see, for example, A. I. Sabra, Theories of Light from Descartes
to Newton (Cambridge: Cambridge University Press, 1981), pp. 251–272.

16 Thomas Birch, The History of the Royal Society of London (London, 1757), vol. 3, pp. 10–15. Hooke’s
critique “Considerations upon Mr. Newton’s discourse on light and colours,” which was originally read at the
meeting on February 8, 1762, was so severe that the Royal Society refrained from publishing it.

17 Correspondence, vol. 1, p. 236; full text of the letter, see The Correspondence of Henry Oldenburg, eds.,
A. Rupert Hall & M. Boas Hall (Madison: University of Wisconsin Press; London and Philadelphia: Taylor and
Francis, 1965–1986), 13 vols., vol. 9, pp. 247–248.

18 Correspondence, vol. 1, p. 294.
19 Correspondence, vol. 1, pp. 290–295. Having written the letter to Oldenburg in June, 1673, Newton
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Fig. 5. Newton’s experimentum crucis shown in the Philosophical Transactions.
From Newton, “Mr. Newton Answer to the foregoing Letter,” Philosophical
Transactions, 7 (1672), p. 5016.

responses than those asking about the possibility of other theoretical explanations; these
simpler responses first doubted his experimental results and then denied the new theory.
During his answers to the criticisms and proposals relating to his experiments, Newton
gradually revealed the information that was necessary to repeat his experiments. In a reply
to Ignace-Gaston Pardies (1636–1673) in June 1672, Newton provided an experimental
configuration of the experimentum crucis (Fig. 5).20 This was the first published figure
of the experimentum crucis, and it became the clue to repeating the experiment until the
appearance of Opticks.

It was during the dispute with Anthony Lucas that Newton wrote about what he really
intended by the experimentum crucis. Newton exchanged many letters over a long period
with a group of English Jesuits at the English college in Liège: Francis Linus (1595–1675),
John Gascoines (the years of birth and death unknown), and Anthony Lucas (1633–1693).
Linus, who had begun the controversy in 1675, just misunderstood the description of the
projected spectrum,21 whereas Lucas deliberately proposed 9 experiments of his own to
test Newton’s theory, and their outcomes seemed to negate it.22 In opposition to these
experiments, Newton mentioned the name of the experimentum crucis, and replied that
“For it is not number of experiments, but weight to be regarded; & where one will do,
what need of many?”23 Complying with Newton’s instruction, Lucas reproduced the ex-
perimentum crucis. His experimental result was that “the opposite colours in the spectrum

discontinued correspondence with him for one and a half years.
20 Isaac Newton, “Mr. Newton Answer to the foregoing Letter,” Philosophical Transactions, 7 (1672): 5014–

5018; Correspondence, vol. 1, pp. 163–168.
21 Francis Linus, “A Letter of the Learn’d Franc. Linus, to a Friend of his in London, animadverting upon

Mr. Isaac Newton’s Theory of Light and Colours,” Philosophical Transactions, 9 (1674/5): 217–219; Correspon-
dence, vol. 1, pp. 317–319.

22 Anthony Lucas, “A Letter from Liege concerning Mr. Newton’s Experiment of the colour’d Spectrum;
together with some Exceptions against his Theory of Light and Colours,” Philosophical Transactions, 11 (1676):
692–698; Correspondence, vol. 2, pp. 8–12.

23 Isaac Newton, “Mr. Newton’s Answer to the precedent Letter, sent to the Publisher,” Philosophical Trans-
actions, 11 (1676): 698–705; Correspondence, vol. 2, pp. 76–81.
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imply not any intrinsecall refrangibility proper to their respective rays.” And especially, in
terms of its colors, he observed that the violet rays were “accompanied by a considerable
quantity of red ones, upon the paper behind the second prism.”24 Newton countered that
the length of Lucas’s spectrum was not five times its breadth, but only three or three and
a half times, however, once the opponent had begun to pay attention to the colors, it was
hard to calm down the controversy.25 In March 1678, Newton sent his last letter directly to
Lucas, saying that “But I forbear to explain these things further for I do not think this a fit
subject to dispute about.”26 He never replied to any letters from Lucas after that. Newton
became silent in the absence of the mediator, Oldenburg, who had already passed away in
the previous year. This put an end to the controversy.

In Newton’s last letter to Lucas in March 1678, there was an interesting description
of the experimentum crucis.

[The question of different refrangibility which I bring] the experimentum crucis
to decide, is not, as I said whither rays differently coloured are differently re-
frangible, but only whether some rays be more refrangible than others. What the
colours of the rays differently refrangible are, or whither they have any appropri-
ate ones belongs to an after enquiry. You may see in my first letter about light
(Phil. Transact. Num. 80) I make no mention of colours while I am prouving
different refrangibility by the experimentum crucis, but after that begin to tell
you the rays which differ in refrangibility differ also in colour, reserving this to
be proved by other experiments.27

At this stage of the controversy, Newton restricted the role of the experimentum crucis,
saying that it was nothing more than a demonstration of “different refrangibility.” In a
close reading of the 1672 paper, one may think that there is a discrepancy between the
emphasis on the weight of the experimentum crucis and the restriction on the role of the
experimentum crucis. Because of Newton’s emphasis on the weight of the experimentum
crucis, the experiment became vulnerable in the hands of his opponents, like Lucas. He
tried to deny most of Newton’s new theory, “for I pretended to make out from this very
experiment the quite contrary.”28

This kind of objection using the two-prism experiment as a weapon, also existed in the
period during which Newton kept silent. Edme Mariotte (1620?–1684), then considered
the French leading experimental scientist, published De la nature des couleurs (1681). In
his book, Mariotte granted that many experiments agreed with Newton’s theory, but he
did not do the following two-prism experiment with success: He passed sunlight through
the first prism and then through a board with a small hole 25–30 feet away. When a ray
exhibiting violet was transmitted and refracted by the second prism, he found that red and

24 Correspondence, vol. 2, pp. 104–108.
25 Correspondence, vol. 2, pp. 183–185.
26 Correspondence, vol. 2, pp. 262–263.
27 Correspondence, vol. 2, pp. 254–260.
28 Correspondence, vol. 2, p. 105.
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yellow also appeared in the image, and with the red ray he found blue and violet. Mariotte,
who regarded the experiment as representative of Newton’s theory, concluded as below:

By this experiment it is evident that the same portion of light received differ-
ent colors from different modifications, and that the ingenious hypothesis of Mr.
Newton must not be accepted.29

Mariotte’s experimental refutation was frequently cited by both supporters and opponents
of Newton after the publication of Opticks.

As can be seen from the objections from Lucas and Mariotte, there was a risk that
the whole new theory would be denied if the experimentum crucis was negated. Readers
of the “New Theory” tended to think that the two-prism experiment was a comprehensive
experiment that could demonstrate the two theses of the new theory: different refrangibility
and color immutability. Now the need to support each thesis of the new theory by doing
separate experiments emerged.

6. Opticks (1704)

In 1704, Newton published Opticks, the compilation of his previous work on optics.
His rival, Robert Hooke, had passed away during the previous year, and Newton was to
be elected President of the Royal Society at the end of the year. After its publication,
the propositions and experiments described in this book became the grounds for either
objecting to or popularizing Newtonian theory. Newton did not use the term experimentum
crucis in this book. Contrary to the fact that the “New Theory” placed too much emphasis
on theory, Opticks which included 33 experiments and 48 observations was a demonstrative
system, and the two-prism experiment was to be one of many experimental examples.

The framework of the optical theory in Opticks was constructed by three articles that
Newton had released in the 1670s: the “New Theory” in 1672, and two articles that were
read during Society meetings, “An Hypothesis Explaining the Properties of Light” and
“Discourse of Observations” in 1675.30 The Part I of Opticks basically corresponds to the
contents of the “New Theory,” which insisted on the defect of light and proceeded to the
proposal of his reflecting telescope. In the latter half of the Part, more detailed properties of
light and colors introduced in “An Hypothesis,” were also discussed. The Part II of Opticks
corresponds to the contents of the “Discourse,” which introduced many clever observations
such as the formation of Newton’s rings. In the latter half of the Part, he introduced new
idea about “fits” of light to explain its periodicity. The Part II of Opticks consisted of
observations of diffraction phenomena and the famous 31 Queries.

Contrary to the fact that the “Discourse of Observations” reappeared in Opticks as
Book II Part I, Part II, and the first half of Part III with few word changes, the composition

29 Edme Mariotte, De la nature des couleurs (Paris, 1681), pp. 200–211
30 Isaac Newton, “An Hypothesis Explaining the Properties of Light discoursed of in my several Papers,”

Isaac Newton’s Papers and Letters on Natural Philosophy, ed., I. Bernard Cohen (Cambridge, Mass.: Harvard
University Press, 1958), pp. 178–199; Isaac Newton, “Discourse of Observations,” Ibid., pp. 202–235.
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Table 1. The list of the experiments for Propositions 1 and 2 in Book I Part I of
Opticks, summarized by the author.

Book I, Part I

Prop. 1, Theor. 1: Lights which differ in color, differ also in degrees of refrangibility.
The proof by experiments:

Exp. 1: He painted half of a piece of paper red, and the other half blue, and looked at it through
a prism. The red half and the blue half seemed separated.

Exp. 2: He wrapped a black thread around a piece of paper whose two halves were painted in
red and blue. The image of the red half and that of the blue half made by a lens appeared
to be at different distances.

Prop. 2, Theor. 2: The light of the sun consists of rays differently refrangible.
The proof by experiments:

Exp. 3: Observation of an oblong form and the colors of the solar spectrum made by a prism.
Exp. 4: Observation of the lighting pinhole in the window through a prism.
Exp. 5: The solar spectrum made by two crossed prisms became oblique, without any dilatation

in breadth.
Exp. 6: He isolated a part of the light from the solar spectrum, and refracted it again with the

second prism.
Exp. 7: Using two prisms, he illuminated half of a piece of paper with red light, and the other

half with violet light, and looked at it through another prism. The red half and the violet
half seemed separated.

Exp. 8: Using a prism, he illuminated the letters of a book with red light and then blue light.
The image of the red part and that of the blue part made by a lens appeared to be at
different distances.

Exp. 9: Observation of colors in the spectrum of sunlight that was reflected once by the inner
base of a prism.

Exp. 10: Observation of colors in the spectrum of sunlight that was reflected or transmitted
once by the contiguous plane of a parallelepiped formed by two prisms.

of Book I of Opticks was significantly changed from the “New Theory.” As he stated in
the preface to Book I, “My design in this book is not to explain the properties of light by
hypothesis, but to propose and prove them by reason and experiments.”31 Definitions and
axioms were provided first, and then the propositions and experiments for proving them
were systematically arranged in pairs. The propositions and experiments included in Book
I Part I that are concerned with the subsequent discussions are indicated in the following
list (Table 1). As seen in the Table 1, Newton distinguished Proposition 1, the “different
refrangibility of colors of natural bodies,” and Proposition 2, the “different refrangibility
of prismatic colors,” and the total of ten experiments supported these propositions.32 The
experimentum crucis of the “New Theory” corresponds to Experiment 6. It became part of

31 Newton, op. cit. (1730), p. 1.
32 In Book I Part I, Newton admitted that Experiment 3, 6, 7 and 10 confirm as well Proposition 1 as Propo-

sition 2. See Ibid., pp. 33, 46, 50, and 61.
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Fig. 6. Formation of a spectrum shown in Opticks. From Newton, Opticks, 4th ed. (1730), p. 65.

Fig. 7. Book I, Part I, Proposition 4, Experiment 11 shown in Opticks. From New-
ton, Opticks, 4th ed. (1730), p. 69.

a series of experiments to prove “different refrangibility,” so it became less prominent.
Following these, Book I Part I proceeded to a method to separate the homogeneous

rays.

Prop. 4, Prob. 1: To separate from one another the heterogeneous rays of com-
pound light.

The method introduced in this proposition was to make the diameter of the circular images
narrower to diminish the mixture of the heterogeneous rays (Fig. 6),33 which had once been
introduced in Optica when discussing the two-prism experiment. Newton, who succeeded
in minimizing the mixture of the heterogeneous rays in Experiment 11 by using a lens
(Fig. 7),34 proceeded to the significant series of propositions and experiments as follows:

Prop. 5, Theor. 4: Homogeneous light is refracted regularly without any dilata-
tion splitting or shattering.

The proof by experiments:

33 Ibid., pp. 64–67.
34 Ibid., pp. 68–72.
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Exp. 12: He refracted the homogeneous light described in Proposition 4 by the
second prism again.

Exp. 13: He illuminated a small circular paper with the homogeneous and het-
erogeneous light, and observed it through a prism.

Exp. 14: He illuminated the letters of a small print with the homogeneous and
heterogeneous light, and observed it through a prism.

Experiment 12 from Book I Part I, was the just improved version of the two-prism experi-
ment that had appeared in Optica (Fig. 4). At this moment, the only thing that Newton said
about the final image was that it “was (so far as I could judge by my eye) perfectly circular,
the length being no greater than the breadth” and made no mention of colors.35 After that,
through the sine law of refraction obeyed by each ray, Book I Part I reached the proposal
of his reflecting telescope at last.

However, Book I did not end with the reflecting telescope. In the beginning of Part II
of Book I, theorems that would directly deny the modification theory of light appeared. In
this manner, the two elements of “different refrangibility” and “color immutability, that is
to say, the denial of modification theory,” which seemed to be demonstrated simultaneously
by the experimentum crucis in the 1672 paper, began to be demonstrated in respective
propositions on the basis of a separate series of experiments.

Furthermore, Newton mentioned Book I, Part I, Experiment 12 again in the explana-
tion of Book I, Part II, Experiment 5, and started to say that the color of the image never
changed in the least by the second refraction.

If any part of the red light was refracted, it remained totally of the same colour
as before. No orange, no yellow, no green or blue, no other new colour was pro-
duced by that refraction. Neither did the colour any ways change by repeated
refractions, but continued always the same red entirely as at first. The like con-
stancy and immutability I found also in the blue, green, and other colours.36

Of course, Newton did not forget to limit the conditions of the experiment.

I speak here of a sensible change of colour: For the light which I here call homo-
geneal, there ought to arise some little change of colour from its heterogeneity.
But, if that heterogeneity was so little as it might be made by the said experiments
of the fourth proposition, that change was not sensible.37

Thus, he cautiously divided the two functions of the improved version of the two-prism
experiment into Part 1 and Part 2, and decided that the image’s color change was so little
that it was not enough to be seen. The important thing in Opticks was Proposition 4’s

35 Ibid., p. 73.
36 Ibid., pp. 122–123.
37 In the explanation of Book I, Part II, Experiment 5, Newton mentioned Experiment 12 and Experiment 14

from Book I Part I, so this passage explained both of the experiments. See Ibid., p. 123.



The Historical Transformation of Newton’s experimentum crucis 127

Fig. 8. Nakajima’s replication of Book I, Part I, Experiment 6 in Opticks. The red
image (left) is round, and seems to be uniformly colored. The yellow image
(right) is elongated, and the upper portion appears to be green, the lower portion
appears to be red. From Nakajima, “Newton Opticks no Jikken no Saigen,”
1980, supplementary vol. 2, pp. 29–30.

method for making homogeneous rays using a lens, and Book I, Part I, Experiment 6, said
to be the same experiment as the former experimentum crucis, was not represented at all.

7. Modern Replication of the Two-Prism Experiment

The term experimentum crucis did not appear in Opticks. By comparing it with the
description of “New Theory,” we can find that Experiment 6 in Book I Part I corresponds
to the former experimentum crucis. In comparison to the “New Theory,” Experiment 6
gave more detailed—locational and quantitative—information corresponding to the figure
(Fig. 1). For example, Newton rewrote “a small hole” into “round holes a third part of an
inch in diameter.” With respect to the second refraction, he changed the description from
“the light, tending to that end of the image, . . . did in the second prism suffer a refraction
considerably greater than the light tending to the other end” into “the light which being
most refracted in the first prism did go to the blue end of the image, was again more
refracted in the second prism than the light which went to the red end of that image”; in
this way, the color names appeared. In Experiment 6, however, it was not written that the
color of the light did not change in the second refraction.38

To know how seventeenth century experimenters reproduced the two-prism experi-
ment, it is valuable not only to read the works of Newton and his contemporaries, but also
to replicate the experiments. Here I refer to Hideto Nakajima’s report on his reproduction
of Experiment 6 in Book I Part I of Opticks. Nakajima has followed Newton’s experi-
mental procedure closely, and has observed that MN, the final image, has easily moved
several centimeters by rotating the first prism. Now let us compare the photographs of the
final image after the second refraction (Fig. 8). The red image is round, and seems to be

38 Ibid., pp. 45–48.

gijutsu
スタンプ

gijutsu
スタンプ



128 Yoshimi TAKUWA

uniformly colored. On the other hand, the yellow image is elongated, and adjoining colors
have come to be mixed in the image. Nakajima, who casts doubt on Newton’s description
by saying that “such phenomenon has been seen in the case of boundaries of other colors,
but Newton made no comment on this phenomenon,” concludes his report by saying that
“the descriptions of this experiment are somewhat sloppy on the whole.”39

When we regard the experiment as the proof of “different refrangibility” according to
Newton’s definition, and if we can observe the fact that the blue light, which has been more
refracted than the red light in the first prism, is again more refracted in the second prism, it
is enough to say that the experiment has been done with success—even if we find that the
image is not circular, and even if we find that the other colors have come to be mixed in
the image. However, Newton did indeed mention the experimental limitation that causes
such color mixture in Optica. Newton’s deliberate silence about the shape and color of the
image caused replicators like Nakajima to feel strange, and caused scholars who believed
in the modification theory of light to be convinced of the further dispersion of the light by
the second prism.

8. Gradual Acceptance on the Continent, 1704–1714

Opticks was published in English in 1704, in contrast to Principia Mathematica
(1687) in Latin. Only a Latin edition Optice (1706; second edition 1719) could reach
the Continental audience effectively. Although the content of Opticks was soon accepted
in Britain, it has been said that “efforts to repeat his experiments had uniformly failed on
the Continent.”40 Mariotte’s experimental refutation became widely known, not only in
France, but also in Germany and Italy. Its influence was great enough that Newtonian
textbooks and anti-Newtonian books in later years often cited it as a representative enemy.

But, in fact, by looking at existing letters, we know that there were people who repro-
duced his experiments with success on the Continent. In Italy, Celestino Galiani (1681–
1753) and Francesco Bianchini (1662–1729) in Rome around 1707 and Giovanni Poleni
(1683–1761) in Venice in 1709 tested some of Newton’s experiments with success.41 In
France, Nicolas Malebranche (1638–1715) dropped his own theory in favor of Newton’s
in 1707, and then revealed it in his new edition of Recherche de la vérité in 1712.42 In the

39 Hideto Nakajima, “Newton Opticks no Jikken no Saigen (Reproduction of Experiments in Newton’s
Opticks),” graduation thesis, University of Tokyo, 1980, pp. 88–90. The length of Nakajima’s spectrum is three
and a half times its breadth.

40 Richard S. Westfall, Never at Rest: A Biography of Isaac Newton (Cambridge: Cambridge University
Press, 1980), pp. 794–795. On the acceptance of Opticks in Britain, see A. Rupert Hall, All Was Light: An
Introduction to Newton’s ‘Opticks’ (Oxford: Clarendon Press, 1993), pp. 180–195; Shapiro, op. cit. (1996),
pp. 92–95.

41 Paolo Casini, “The Reception of Newton’s Opticks in Italy,” Renaissance and Revolution: Humanists,
Scholars, Craftsmen and Natural Philosophers in Early Modern Europe, eds., J. V. Field and Frank A. J. L. James
(Cambridge: Cambridge University Press, 1993), pp. 215–227. Galiani paid particular attention to Newton’s
Book I, Part I, Proposition 4 in his surviving manuscripts, see, Vincenzo Ferrone, Scienza, natura, religione:
Mondo newtoniano e cultura italiana nel primo Settecento (Napoli: Jovene, 1982), pp. 31–35.

42 Henry Guerlac, Newton on the Continent (Ithaca, London: Cornell University Press, 1981), pp. 107–110;
Casper Hakfoort, “Newton’s Optics: The Changing Spectrum of Science,” Let Newton Be!, eds., John Fauvel,
Raymond Flood, Michael Shortland, and Robin Wilson (Oxford: Oxford University Press, 1988), pp. 81–99;
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German-speaking lands, Johann Bernoulli (1667–1748) expressed his support for New-
ton’s theory on the grounds of experiments in 1710;43 and Christian Wolff (1679–1754)
in 1710 and Johann Jakob Scheuchzer (1672–1733) in 1711 published books supporting
Newton’s theory.44 A little earlier than this, in Holland, Herman Boerhaave (1668–1738)
published the first endorsement of Newton’s theory on the Continent in 1708.45

There may be some reason why the above-mentioned early acceptance was often over-
looked by English scholars, especially Newton, and also by Newtonians in later years.
Some of them revealed their endorsement of Newton’s theory only in their correspon-
dence, so outsiders would not know it.46 Even if they published their endorsement in their
books, the extent of their impact might be limited: Wolff and Scheuchzer wrote their books
in German; Boerhaave’s Institutiones medicae (1708) was widely read, but its readership
was limited because it was a medical textbook.47 In this paper, I have tried to depict the
historical transformation of Newton’s experiments, therefore, as long as the contents of
“some experiments” that they had done are not clear, I cannot proceed to a discussion. I
leave this issue about early acceptance on the Continent to the future studies.

It was in 1713 that the situation of the inconspicuous acceptance of Newtonian optics
on the Continent changed. A challenging review appeared in the Leipzig journal Acta eru-
ditorum, which seemed to be written by Gottfried Wilhelm Leibniz (1646–1716) or Wolff.
Quoting Mariotte’s report that he observed transmutations as a violet ray into red and yel-
low, the anonymous reviewer said: “To us Mariotte’s experiment would appear decisive
only if pure blue light changed into something else.”48 After the challenge was published,
Galiani in Rome, who had already accepted Newton’s theory, carried out a new experimen-
tal test in 1714.49 And Newton arranged for John Theophilus Desaguliers (1683–1744) to
demonstrate the experiments before members of the Royal Society, and afterward, before
Pierre Rémond de Montmort (1678–1719) and other French academicians in 1715.

The report of this open demonstration appeared in the Philosophical Transactions in
1716, and it was the first paper concerning Newtonian optics in the journal in 40 years
to the day since Newton’s withdrawal from the early controversy in the 1670s. In the
opening sentence of the report, the background for carrying out the open demonstration

Hall, op. cit. (1993), pp. 201–210.
43 Johann Bernoulli and Gottfried Wilhelm Leibniz, Virorum celeberr. Got. Gul. Leobnitti et Johan.

Bernoulli commercium philosophicum et mathematicum (Lausanne, Geneve, 1745), 2 vols., vol. 2, pp. 237–242.
44 Casper Hakfoort, Optics in the Age of Euler: Conceptions of the Nature of Light, 1700–1795 (Cambridge:

Cambridge University Press), pp. 19–26.
45 Shapiro, op. cit. (1996), p. 124.
46 For example, Malebranche originally expressed his support for Newton’s theory in his letter to P. Berrand

in 1707. Bernoulli expressed his support for Newton in his letter to Leibniz in 1710, and he did not reveal what
experiments he had done. See Nicolas Malebranche, Oeuvres complètes de Malebranche, ed., André Robinet
(Paris: J. Vrin, 1958–1970), 20 vols., vol. 19, pp. 771–772; Bernoulli, op. cit. (1745), p. 242.

47 Besides, Boerhaave did not demonstrate Newton’s theory but endorsed. Willem Jacob s’ Gravesande
may have been the first Dutchman to demonstrate Newton’s theory. See Willem Jacob s’ Gravesande, Physices
elementa mathematica, experimentis confirmata. Sive introductio ad philosophiam Newtonianam (Leiden, 1720–
1721; second edition 1725), 2 vols.

48 Author unknown, “Jacobi Rohaulti Physica. Latine Vertit Recensuit & Adnotationibus Ex Illustrissimi
Isaaci Newtoni Philosophia Maximam Partem Haustis,” Acta eruditorum, October (1713): 447–448.

49 Casini, op. cit. (1993), p. 217.
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was explained.

The manner of separating the primitive colours of light to such a degree, that
if any one of the separated lights be taken apart, its colour shall be found un-
changeable, was not published before Sir Is. Newton’s Opticks came abroad. For
want of knowing how this was to be done, some gentleman of the English Col-
lege at Liege, and Monsieur Mariotte in France, and some others took those for
primitive colours, which are made by immtting [emitting] a beam of the Sun’s
Light into a dark room through a small round hole, and refracting the beam by
a triangular prism of glass placed at the hole. And by trying the experiment in
this manner, they found that the colours thus made were capable of change, and
thereupon reported that the experiment did not succeed. And lately the Editor
of the Acta eruditorum for October 1713. pag. 447, desired that Sir Is. Newton
would remove this difficulty.50

Then the report proceeded to estimate that “several sorts of rays which come from several
parts of the sun’s body are intermixed in all parts of the coloured spectrum” in Mariotte’s
observation.51 Instructing on the proper weather conditions and the appropriate dimensions
of the experimental setup, the preface insisted as follows:

In this manner the experiment may be tried with success, but the trial will be
less troublesome if it be made in such a manner as is described in the fourth
Proposition of the first Book of Sir Is. Newton’s Opticks.

Sir Isaac Newton therefore, upon reading what has been cited out of the Acta eru-
ditorum, desired Mr. Desaguliers to try the experiment in the manner described
in the said Proposition.52

In the 1715 open demonstration, Desaguliers thus expressed the stance that he did the ex-
periments according to Newton’s instructions in Opticks properly. And notably, the method
described in Proposition 4, the method of narrowing the light beam using a lens, was in-
troduced.

Desaguliers reported a total of 9 reproductions of the experiments. Desaguliers’s
Experiment I and III correspond respectively to Book I, Part I, Experiment 1 and 2 in
Opticks, which were arranged to prove Book I, Part I, Proposition 1’s assertion that “light
which differ in color, differ also in degrees of refrangibility.” Desaguliers’s Experiment II
and IV correspond respectively to Book I, Part I, Experiment 7 and 3 in Opticks, which
were arranged to prove Book I, Part I, Proposition 2’s claim that “the light of the sun
consists of rays differently refrangible.” His Experiment V and VI correspond to Book I,

50 John Theophilus Desaguliers, “An Account of Some Experiments of Light and Colours, Formerly Made
by Sir Isaac Newton, and Mention’d in His Opticks, Lately Repeated before the Royal Society,” Philosophical
Transactions, 29 (1716): 433.

51 Ibid., p. 434.
52 Ibid., p. 435.
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Fig. 9. Desaguliers’s two-prism experiment shown in the Philosophical Transac-
tions. From Desaguliers, “An Account of Some Experiments of Light and
Colours,” Philosophical Transactions, vol. 29, no. 348 (1716), appended plate.

Part II, Experiment 11 and 10, which were arranged to prove Book I, Part II, Proposition
5, which stated that “the whiteness of the sun’s light is compounded of all the primary
colors mixed in a due proportion.” That is to say, Desaguliers demonstrated the “different
refrangibility” and “denial of modification theory” separately, as Newton did in Book I.53

Desaguliers’s Experiment VII bears a resemblance to Book I, Part I, Experiment 6
in Opticks, or the experimentum crucis in the “New Theory,” but with the first board and
hole removed (Fig. 9). The rest of his experiments, Experiment VIII and IX, were done
to solve the problem of this two-prism experiment. In Experiment VII, when he projected
the colored images P, G, and R from the second refraction, Desaguliers dared to look at
the image through another prism and eventually denied that it was a homogeneous color.
Desaguliers wrote:

Though the colours by the second refraction on the ceiling appeared unchanged,
when seen by the naked eye, yet if viewed through a prism, they afforded new
colours (except some part of the red, and some part of the violet) which as owing
to their not being fully separated; for which reason I made the following exper-
iments, to prove that if the colors be well separated, they are truly homogeneal
and unchangeable.54

To prove the “immutability of homogeneous rays,” Desaguliers conducted Experiment
VIII, which corresponds to Book I, Part I, Experiment 11, using a method from Propo-
sition 4, the method of narrowing the light beam using a lens. Desaguliers, who succeeded
in making the length of the spectrum 30 or 40 times its breadth, then proceeded to the final
Experiment IX, “to show that the colours in this spectrum were simple and homogeneous
lights.”55

53 For more information on Desaguliers’s open demonstration, see Yoshimi Takuwa, “Newton Program wa
Donoyōni Juyōkanō ni Nattanoka: Jikkenka Desaguliers no Kōken (How Could Be ‘Newtonian Program’ Be-
come Acceptable?: Contribution of Experimenter J. T. Desaguliers),” TITech Studies in Science, Technology and
Culture, 16 (2013): 1–20.

54 Desaguliers, op. cit. (1716), p. 444.
55 Ibid., p. 446.
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Fig. 10. Desaguliers’s demonstration of color immutability. This figure is made by
the author combining the two separate original figures of Desaguliers, each rep-
resenting the left and right parts of this experimental arrangement. From Desag-
uliers, “An Account of Some Experiments of Light and Colours,” Philosophical
Transactions, vol. 29, no. 348 (1716), appended plate.

In Experiment IX, having made a hole h in the paper that received the colored spec-
trum MN described in the former experiment, Desaguliers let the red light beam through
the hole and projected it upon another piece of paper at T (Fig. 10). The image still ap-
peared red and round, whether seen with the naked eye or through prisms of different
refracting angles. He did the experiment on all the colors, which all appeared to be simple
and homogeneous. At the end of the experiment, using the same settings, he looked at
the letters in the book, which were illuminated by homogeneous light first and then by the
sun’s heterogeneous light, through a prism; this latter part of Experiment IX corresponds
to Book I, Part I, Experiment 14.

The first part of Experiment IX has been regarded as the “Desaguliers’s version of the
experimentum crucis” by historians.56 In contrast, Shapiro concluded that the experiment
was just Newton’s Book I, Part I, Experiment 12, which Newton also invoked in Book I,
Part II, Proposition 2 to prove color immutability.57 Desaguliers did confirm that a homo-
geneous light had never been dispersed and had never been changed color by the second
refraction. However, there is a fundamental difference between Newton’s Experiment 12
and Desaguliers’s Experiment IX. In Desaguliers’s experiment, the final round image is a
virtual image that can be seen through the second prism, so it is not the exact reproduction
of Experiment 12, which provided a real image. Experiment IX was inferior to Experiment
12 in terms of the persuasive power of the demonstration, because in Experiment IX the
visual image can only be seen by people who look through a prism, and it is difficult to
express the result quantitatively. Leaving aside this difference, because of Experiment IX,
Newton’s theory—including the “color immutability” of homogeneous light—was openly
demonstrated by experiments.

56 Guerlac, op. cit. (1981), p. 125.
57 Shapiro, op. cit. (1996), p. 116. Similarly, Lohne stated that the experiment was a variant of Book I, Part

I, Experiment 11 and 12, see Lohne, op. cit. (1968), p. 189.
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9. Acceptance on the Continent after 1715

Desaguliers’s 1715 open experimentation accelerated the diffusion of Newtonian op-
tics on the Continent. This story was made known primarily through the preface to the
French edition of Opticks (1720; second edition 1722) by its translator Pierre Coste (1668–
1747).

Although Mr. Newton has founded the theory of colors only on very evident ex-
periments, the art of making them has been, so to speak, hidden for a rather long-
time in England. There were at first in France, in Germany and elsewhere, schol-
ars who, being unable to separate exactly the different sorts of rays of which light
is composed, considered this entire theory as a simple hypothesis which could not
at all be demonstrated by experiment. M. Mariotte, among others, attempted to
make this separation, and did it in a manner so imperfect. . . . These rays, how-
ever, are found to be absolutely unalterable in this respect if one makes the effort
to separate them according to the method described in full in the proposition IV
of Book I. Mr. Desaguliers showed this clearly in 1715 in London to M. Remond
de Montmor, M. Louville, and other members of the Royal Academy of Sciences.
This has been demonstrated in Paris in 1719 by Père Sébastien, and some time
since by M. Gauger, who in the presence of several very intelligent people has
verified the majority of the experiments of this Treatise of Colors with complete
exactness. M. de Mairan has also verified them in Besiers in 1716, and in 1717
he repeated them with the same success.58

Thanks to these continuing reports of successful experiments in France, Newton was con-
vinced that his theory and experiments were accepted on the Continent. We can see his
conviction through a dispute with Giovanni Rizzetti (1675–1751), an Italian nobleman,
who sent a letter to London denying Newton’s theory and expressed his own modification
theory. Against Rizzetti, Newton asked Desaguliers to do the experiment again before the
Royal Society and he prepared his reply seriously,59 but in fact he thought of Rizzetti’s
opposition as nonsense. Newton lamented that Rizzetti “denies many of my optical exper-
iments, though they have been all tried in France with success”60 in his remark appearing
in the Philosophical Transactions in 1725.

Not only that, having been convinced of his theory’s victory, Newton returned to the
original assumption: choosing a single experiment to confirm a set of fundamental propo-
sitions of his theory, rather than dividing a theory into many propositions and supporting

58 The tests by Nicolas Gauger and by Jean-Jacques Dortous de Mairan were added in the second edition
in 1722. See Isaac Newton, Traité d’optique, translated by Pierre Coste (Amsterdam, 1720), 2 vols., vol. 1, pp.
xi–xii; Isaac Newton, Traité d’optique, 2nd ed., translated by Pierre Coste (Paris, 1722), pp. eii–eiii. An excerpt
from the preface is translated into English by Shapiro, see Shapiro, op. cit. (1996), pp. 120–121.

59 John Theophilus Desaguliers, “An Account of an Optical Experiment made before the Royal Society, on
Thursday, Dec. 6th, and Repeated on the 13th 1722,” Philosophical Transactions, 32 (1724): 206–208.

60 Isaac Newton, “Remarks upon the Observations made upon a Chronological Index of Sir Isaac Newton,
Translated into French by the Observator, and Publish’d at Paris,” Philosophical Transactions, 33 (1725): 321.
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each proposition separately with experiments. Though it was not published, when he pre-
pared his reply to Rizzetti, Newton wrote as follows:

[Rizzetti] should have told the world that Newton founded his Theory of light
& colours upon the experiment which for its demonstrative evidence he calls
experimentum crucis. This experiment he could not deny because it hath been
tried again & again with full success both in France & in Italy as well as in
England; & therefore he passes it by in silence & denies the conclusion drawn
from it, & contrary to the Rules of Logic disputes against the conclusion without
taking note of the Premisses.61

In this manuscript, contrary to his former description in the “New Theory” and
Opticks, Newton made remarks as if the experimentum crucis, or the two-prism experi-
ment, could demonstrate “color immutability.” Rizzetti, in fact, came to know Newton’s
theory from the second Latin edition of Opticks (1719), so he could not have mentioned
the experimentum crucis, which did not appear in Opticks. Furthermore, Opticks itself was
solidly constructed so that a single experiment did not assume responsibility for the whole
theory: the optic theory was divided into many detailed propositions and each proposition
was separately demonstrated by several experiments. Hence, an opponent like Rizzetti
who attempted to refute Newton’s theory had to deny “many of his experiments.”

Around the same time in 1721, Newton was asked to furnish a sketch for an engraving
to sit at the head of each part by Pierre Varignon (1654–1722), who was in charge of the
French second edition of Opticks.62 To represent his work in optics, Newton chose Book I,
Part I, Experiment 12, a combination of the former experimentum crucis with Proposition
4’s method (Fig. 11).63 As Shapiro said, “Newton’s choice was most appropriate.”64 For
nearly half a century, the specter of Mariotte’s experiment had impeded the acceptance of
Newton’s theory in France, and it was by the demonstration of this experiment that Newton
rebutted Mariotte’s objection. On the drawing, Newton summarized his theory in a motto:
Nec variat lux facta colorem (refracted light does not change color). Originally, however,
Experiment 12 demonstrated that after the second refraction, the round image did not cause
further dilatation. The result that the image did not change color appeared in Part II for the
first time. And besides, no figure of Experiment 12 was provided in the text of Opticks.
Thanks to the vignette on the front page, Experiment 12 was given a concrete shape earlier
than the other 32 experiments included in Part I, and became prominent as an experiment
that demonstrated “color immutability” from the beginning. Newton reinterpreted the role
of the experiment by himself, historians have been misled, and that the vignette is now
referred to as the figure of the experimentum crucis.65

61 MS. Add. 3970 (Cambridge University Library), ff. 481r–481v.
62 On the French editions of Opticks, see Guerlac, op. cit. (1981), pp. 144–163.
63 Each Part was accompanied by the same vignette, that is to say, the same illustration appeared seven times

in the book. See Newton, op. cit. (1722), pp. 1, 127, 218, 258, 283, 341, and 477.
64 Shapiro, op. cit. (1996), p. 121.
65 See, for example, H. W. Turnbull’s annotation in Correspondence, vol. 1, plate III; Westfall, op. cit.
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Fig. 11. The first page of the French second edition of Opticks. Newton inserted
his motto, Nec variat lux facta colorem, in upper right corner of the vignette.
From Newton, Traité d’optique, 2nd ed. (1722), p. 1.

10. Popularization: Reinterpretation of the Role

Such a manner of argumentation that one or a few experiments guarantee the optic
theory was pursued in the age of popularization after the acceptance of Newtonian op-
tics. Many Newtonians attempted to diffuse Newtonian philosophy by describing it briefly,
beautifully, and touchingly in their books. Through that process, they started explaining
that the two-prism experiment was the demonstration of “color immutability” as well.

William Whiston’s (1667–1752) A Course of Mechanical, Optical, Hydrostatical, and
Pneumatical Experiments (1714) was one of the earliest examples of such a style. Al-
though he provided readers with the very same experimental configuration as Book I, Part
I, Experiment 6 in Opticks, he wrote that “Yet is the refraction by the second prism never
then able to produce any variety of colours, but exhibits the image always of that colour
alone, which falls upon it before the second refraction” (Fig. 12).66 Desaguliers, who had

(1980), p. 796; Hakfoort, op. cit. (1988), p. 87; Mordechai Feingold, The Newtonian Moment: Isaac Newton and
the Making of Modern Culture (New York, Oxford: New York Public Library, Oxford University Press, 2004),
p. 64.

66 William Whiston, A Course of Mechanical, Optical, Hydrostatical, and Pneumatical Experiments. To be
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Fig. 12. Whiston’s two-prism experiment. From Whiston, A Course of Mechani-
cal, Optical, Hydrostatical, and Pneumatical Experiments (1714), plate V.

Fig. 13. Desaguliers’s two-prism experiment. From Desaguliers, Lectures of Ex-
perimental Philosophy (1719), plate 10.

Fig. 14. s’ Gravesande’s two-prism experiment. From s’ Gravesande, Physices el-
ementa mathematica, 2nd ed. (1725), vol. 2, table XVI.

done experiments before the Royal Society in 1715, also said that the purple color “will
retain the same colour” after the second refraction (Fig. 13) in Lectures of Experimental
Philosophy (1719), a textbook written based on his experimental lecture at his house.67

Perform’d by Francis Hauksbee; and the Explanatory Lectures Read by William Whiston (London, 1714), p. 11.
67 John Theophilus Desaguliers, Lectures of Experimental Philosophy (London, 1719), 188–189. This book

was originally entitled A System of Experimental Philosophy (London, 1719), a pirated edition by Paul Dawson.
Desaguliers inserted his preface and a substantial errata into all the remaining copies, and released another ver-
sion. In the errata, Desaguliers kept the description of the two-prism experiment unchanged. On Desaguliers’s
books, see Audrey T. Carpenter, John Theophilus Desaguliers: A Natural Philosopher, Engineer and Freemason
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Fig. 15. Pemberton’s two-prism experiment. From Pemberton, A View of Sir Isaac
Newton’s Philosophy (1728), p. 380.

Willem Jacob s’ Gravesande (1688–1742) wrote that, after the second refraction, “the im-
age is round, . . . and also of the same color as the rays falling upon the second prism”
(Fig. 14) in Physices elementa mathematica (1725; first edition 1720–1721).68 In A View
of Sir Isaac Newton’s Philosophy (1728), Henry Pemberton (1694–1771) wrote in a style
that explained the cause of the colors and the seven original colors first, and then explained
the different refrangibility of each color. He provided an impractical condition for the size
of a hole L on the second board, saying that it was “small enough to transmit the rays of
one colour only at a time” (Fig. 15).69 In Letters Concerning the English Nation (1733),
Voltaire (1694–1778) described a much idealized story about Newton’s scientific achieve-
ment including the two-prism experiment. Concerning seven primitive rays projected on
the screen by a prism, he said that “each of these Rays transmitted afterwards by an hun-
dred other Prisms, will never change the Colour it bears.”70 His later work, Éléments de la
philosophie de Newton (1738), had the same tendency.71 The Newtonian textbooks men-
tioned above did not take into account the method of narrowing the light beam using a lens
to make a homogeneous color, contrary to Proposition 4 and Experiment 12 in Opticks.
From these examples, we see that the popular textbooks started reinterpreting the role of
the experimentum crucis soon after the acceptance of the new optic theory.72 Historians of
science are not the only people who have mistakenly regarded the two-prism experiment
as a demonstration of “color immutability.”

A little later on, some writings that demonstrated “color immutability” in the manner

in Newtonian England (New York, London: Continuum, 2011), p. 34–35.
68 s’ Gravesande, op. cit. (1725), vol. 2, p. 86; Willem Jacob s’ Gravesande, Mathematical elements of

natural philosophy confirm’d by experiments; or, an introduction to Sir Isaac Newton’s philosophy, translated by
John Theophilus Desaguliers (London, 1731; first edition 1720), 2 vols., vol. 2, pp. 118–119.

69 Henry Pemberton, A View of Sir Isaac Newton’s Philosophy (London, 1728), p. 359–361.
70 Voltaire, Letters Concerning the English Nation (London, 1733), p. 145.
71 Voltaire, Éléments de la philosophie de Newton (London, 1738), p. 93; Voltaire, The Elements of Sir Isaac

Newton’s Philosophy (London, 1738), p. 100.
72 Although Whiston used the term experimentum crucis, other writers rarely used it in decades after the

publication of Opticks.
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Fig. 16. Smith’s separation of homogeneous rays. From Smith, A Compleat System
of Opticks (1738), plate 22.

Fig. 17. Montucla’s separation of homogeneous rays. From Montucla, Histoire des
mathématiques (1758), vol. 2, plate X.

of Newton’s Proposition 4, making a homogeneous color by the prism-lens combination,
appeared. In A Compleat System of Opticks (1738), Robert Smith (1689–1768) made a
homogeneous color in the manner of Proposition 4 first (Fig. 16), and then explained that
the light was “refracted regularly without any dilatation of the rays” after the second re-
fraction, quoting the result of Experiment 12 in Opticks.73 In Histoire des mathématiques
(1758), Jean-Étienne Montucla (1725–1799) mentioned that Newton had made the breadth
of the image pt to be 70 times less than its length, which was in the manner of Proposition
4 (Fig. 17), and thus “the color had suffered no alteration after the second refraction, the
blue had always remained blue, the green, green, etc.”74 In The History and Present State
of Discoveries Relating to Vision, Light and Colours (1772), Joseph Priestley (1733–1804)
aptly divided the section “of the different refrangibility of the rays of light” from the section
“of the nature of colours.” In the former section, he quoted Newton’s experimentum crucis
as the proof of just “different refrangibility.” In the latter, he introduced a way to make a
homogeneous color in the manner of Proposition 4 (Fig. 18), but he made no attempt to

73 Robert Smith, A Compleat System of Opticks in Four Books, viz. A Popular, a Mathematical, a
Mechanical, and a Philosophical Treatise (Cambridge, 1738), 2 vols., vol. 1, pp. 75–77.

74 Jean-Étienne Montucla, Histoire des mathématiques (Paris, 1758), 2 vols., vol. 2, p. 619.
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Fig. 18. Priestley’s separation of homogeneous rays. From Priestley, The History
and Present State of Discoveries (1772), plate XII.

let the homogeneous ray into the second prism as Newton had done in Experiment 12.75

Though the number was not many, there existed such exhaustive works of the whole sys-
tem of optics and of the history of optics in the mid-eighteenth century. The authors clearly
wrote about the way to make a homogeneous color through the prism-lens combination.
On the other hand, such textbooks written about general Newtonian philosophy that we
have seen in the previous paragraph, became popular and were widely distributed through-
out the eighteenth century. After all, the misinterpretation that the two-prism experiment,
the so-called experimentum crucis, could demonstrate not only “different refrangibility”
but also “color immutability” still continued to exist.

11. Conclusion

In the light of a close reading of his publications, Newton’s two-prism experiment,
the experimentum crucis, was an experiment that demonstrated the different refrangibil-
ity of light. It has been mistakenly regarded as a comprehensive experiment capable of
demonstrating not only “deferent refrangibility” but also “color immutability.” Although
he had assumed it to be an experiment that also showed color immutability in 1666, New-
ton himself became aware that the fact of the mixture of other colors should not be ignored,
and then he started to explain the process of making a homogeneous color using a lens in
about 1670. However, he published “A New Theory,” which provides few experimental
examples except for the experimentum crucis, and some experimenters, such as Lucas and
Mariotte, lodged objections against him because they interpreted the experimentum cru-
cis as a comprehensive experiment capable of also demonstrating color immutability. In
Opticks, which was published in 1704 when things had calmed down, he divided his optic
theory into many detailed propositions and each proposition was demonstrated by several
experiments separately. To make a homogeneous or simple color, Proposition 4, a method
of narrowing the light beam using a lens, was introduced. Desaguliers’s 1715 open demon-
stration, which has been considered as a turning point for accepting Newtonian optics on
the Continent, formally confirmed that the two-prism experiment caused the commingling
of other colors and declared that it is necessary to make a homogeneous color “according

75 Joseph Priestley, The History and Present State of Discoveries Relating to Vision, Light and Colours
(London, 1772), pp. 242–269.
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to the method described in Proposition 4.” However, once Newton was convinced that
his theory was accepted, he returned to the original assumption and intended the compre-
hensive experiment to represent his optic theory. Experiment 12, a combination of the
former experimentum crucis with Proposition 4’s method, was selected as a representative
to decorate the beginning of the French second edition of Opticks (1722).

The intention to make the comprehensive experiment representative of optic theory
was pursued by popular Newtonian writers whose textbooks were prevalent in the eigh-
teenth century. Most textbooks explained that the two-prism experiment was capable of
demonstrating not only the “different refrangibility” but also “color immutability” with-
out reference to the method of making a homogeneous color, Proposition 4. Even though
Newton himself appreciated the difficulty in demonstrating color immutability with the
two-prism experiment, Newtonians, such as ’s Gravesande and Pemberton, reinterpreted
the experimental result. Historians of science still reinterpret the experimentum crucis
mistakenly.

This history of the experimentum crucis provides a good example that the role and
aim of an experiment varies according to its historical context: for a scholar, according to
the stages of original assumption, refinement, and defense; for a community of scientists,
according to the stages of objection, acceptance, and popularization. In the early period,
Newton himself intended that the two-prism experiment should also demonstrate color im-
mutability. His opponents, such as Lucas and Mariotte, easily regarded it as such and then
argued against his theory. Even after the publication of the method for making a homoge-
neous color in Opticks, Newtonians, such as ’s Gravesande and Pemberton, reinterpreted it
as an experiment that showed color immutability. To estimate the role of an experiment, its
historical context should be considered, apart from the material setup of the experiment.

(Received on 7 November 2013; Accepted on 22 November 2013)
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