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The first Observation, suitable to show how Newton was
actually writing of such a thing as a diffracted ray, is Obs. 5:

1. Introduction

he concept of a Diffracted Ray is a very popular and efficient
tool for the solution of a variety of practical problems related
to high-frequency scattering and radiation. The model has become

Obs. 5. The Sun shining into my darken’d Chamber
through a hole a quarter of an Inch broad, I placed at a

so well established in these last few decades that, nowadays, we distance of two or three Feet fr orm the Hole a Sheet of
talk of diffracted rays as being real physical objects. Pasteboard, which was blacken'd all over on both
sides, and in the middle of it had a hole about three

The history of Diffracted Rays is usually considered to be quarters of an Inch square for the Light to pass

Through. And behind the hole I fasten’d to the Paste-

less than a century long. As a matter of fact, the very term Dif
fracted Ray was first introduced by Kalashnikov, in 1911, who also
suggested an objective proof of their existence by recording them
on photographic plates [1]. This result was appreciated by
Sommerfeld ([2], p. 845). Later on, the ray structure of diffracted
fields was established theoretically, in 1924, by Rubinowicz [3],
and later by many other zuthors. Finally, the concept of diffracted
rays was formulated, in “he most general form, by Keller in the
’60s, and from this formulation his famous GTD was born [4-5].

Despite this, a careful study of experiments and observations
made by Newton (Figure 1) and described in his Optiks (Figure 2)
[5] shows that diffracted rays had been observed long before 1911,
actually, nearly 300 years ago. To show this is the goal of the pres-
ent paper. Optiks Book 111, part 1, also comprehends diffraction, as
can be understood by the foreword:

Observations concerning the Inflexions of the Rays
of Light, and the Colours made thereby.

Grimaldo has inform’d us, that if a beam of the Sun’s
Light be let into a dark Room through a very small
hole, the Shadows of things in this Light will be larger
than they ought to be if the Rays went on by the Bodies
in straight Lines....

Of the various Newton’s observations that follow, two have
been chosen to demonstrate, by applying modern theories, that
Newton was actually observing diffracted rays. Figure 1. Sir Isaac Newton.
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Figure 2. The title page of Newton’s Optiks, 1704 edition.

Figure 3. The geometry of the half-plane scattering problem.

board with Pitch the blade of a sharp Knife, to intercept
some part of the Light which passed through the hole.
The Planes of the Pasteboard and the blade of the Knife
were parallel to one another, and perpendicular to the
Rays, dnd when they were so placed that none of the
Sun’s Light fell on the Pasteboard, but all of it passed
through the hole to the Knife, and there part of it fell
upon the blade of the Knife, and part of it passed by its
edge; I let this part of the Light which passed by, fall on
a white Paper two or three Feet beyond the Knife, and
there saw two streams of faint Light into the shadow,
like the Tails of Comets. But because the Sun’s Direct
Light by its brightness upon the Paper obscured this
faint streams, so that I could scarce see them, I made a
little hole in the midst of the Paper for that Light to
pass through and fall on a black Cloth behind ii; and
then I saw the two streams plainly. The were like one
another, and pretty nearly equal in length, and breadth,

and quantity of Light. Their Light at the end next the
Sun’s direct Light was pretty strong for the space of
about a quarter of an Inch, and in all its progress from
that direct Light decreased gradually till it become
insensible. The whole length of either of these streams
measured upon the paper at the distance of three Feet
from the Knife was about six or eight Inches; so that it
subtended an Angle at the edge of the Knife of about 10
or 12, or at most 14 Degrees. Yet sometimes I thought I
saw it shoot three or four Degrees farther, but with a
Light so very faint that I could scarce perceive it, and
suspect it might (in some measure at least) arise from
some other cause than the two streams did.

This is actually an observation of the well-known canonical
problem of the diffraction of a plane wave perpendicularly
impinging on a perfectly reflecting half-plane (Figure 3). d is the
distance between the edge of the half-plane (Newton’s knife edge)
and the screen where the diffraction effect is observed, and b is the
length of the tail of comet. According to Newton’s observation,

d=9144cm=3f, b=15-20cm=6-8in. (1)

On the other hand, from the modern theory of diffraction, we
know that the diffracted field arising from the scattering of a plane

wave at a half-plane is determined by the Sommerfeld integral [7]
as

u =v(kr, - o) £ v(kr. $+ 4), @)
where
—lkrcogy/ € ~i7l4 3k cos (w/2) o 2
Wk )= e Lcos v/2) dx, 3)

and the signs + or — in Equation (2) depend on the incident polari-
zation. Since the sun’s light has random polarization, in our analy-
sis, the sign will be irrelevant. What we need to estimate is where
the diffracted field has a ray structure, and if this region coincides
with the tail of the comet described by Newton. The diffracted field
can be regarded as having a ray structure in the region where the
Fresnel integral, Equation (3), reduces to its asymptotic form:

; r
(kr ) | ez[kr+z) (4)
V)s——————"F—>
2005% 2rkr

in which it is easy to recognize a diffracted ray. It can be shown
that this ray approximation is valid in-the region where one can
neglect the second term in the asymptotic expansion of the Fresnel
integral, Equation (2). The magnitude of this term is of the order of

1/ pi , where

Py =2kr cos¢ ¢0

&)

g{ o

Lets us estimate Equation (5) for the region observed by
Newton. Figure 4 reports the value of 1/ p> versus b. This is

enough, since the value 1/ pi is everywhere less than 1/ pz . The
two curves are relative to the two extremes of the visible spectrum,
internationally set to A =7800A (red) and A =3800A (violet).
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Figure 4. Values of 1/p> for different values of 5.

Figure 5. The diffraction pattern obtained on a white screen by
illuminating a horizontal razor blade with a laser beam.

Other values of wavelength in the visible spectrum produce curves
in between these two.

From Figure 4, it follows that the value of 1/ p> s less than

107*if b> 2 cm. Therefore, the diffracted field has a ray structure
everywhere in the region where b>2cm, which corresponds to
©>1°1511". This means that Newton was really observing dif-
fracted rays. He confirmed this in the paragraph of Obs. 5 immedi-
ately following the one cited before:

For placing my Eye in that Light beyond the end of that
stream which was behind the Knife, and looking
towards the Knife, I could see a line of Light upon its
edge, and that not cnly when my Eye was in the line of
the Streams, but also when it was without that line

either towards the point of the knife or towards the
handle.

 Itis evident that Newton himself observed how these streams
of light appear to be generated by a line of light at the edge of the
wedge, exactly as modern theories describe diffracted rays as
propagating from the edge of the wedge so as to satisfy Fermat’s
principle.

Figure 5 shows a photograph taken into a dark chamber
where this observation was reproduced. The experiment was car-
ried out using a red He-Ne 18 mW laser (wavelength 1 = 63284 )
and a razor blade. The laser beam, intercepted by the horizontal
razor blade, showed the diffraction pattern in Figure 5 on a white
screen. The distance between the blade and the screen was set to
100 cmy; the length of the lines illuminated by the diffracted rays
(Newton’s tail of the comet) was b =25 cm. This leads to an angle
& =14°, which is the maximum observed by Newton.

3. Diffracted rays in Newton’s Observation 10

Another interesting observation, which can be explained with
modermn theories of diffraction, is number 10. This observation uses
a configuration described in the preceding Obs. 8:

Obs. 8. I caused the edges of two Knives to be ground
truly strait, and pricking their points into a Board so
that their edges might look towards one another, and
meeting near their points contain a rectilinear Angle, 1
fasten’d their Handles together with Pitch to make this
Angle invariable. The distance of the edges of the
Knives from one another at the distance of four Inches
from the angular Point, where the edges of the Knives
met, was the eight part of an Inch; and therefore the
Angle contain’d by the edges was about one Degree
54"

This configuration can be theoretically modeled by two per-
fectly conducting coplanar half-planes whose edges form an angle
o, as in Figure 6.

Angle o is said by Newton to be about 1° 54', but by his
numerical data, a value of 1° 47' 26" can be computed. Further-
more, in the following Obs. 10, the configuration is said to be the
same, but from Newton’s figure, here reported in Figure 7, an
a =4° 44' can be calculated. Observation 10 then reports the pres-
ence of dark lines in the lightened region of the screen, as reported
in Figure 7, directly reproduced from Newton work.

This configuration may be studied by writing the total field

as a summation of a Geometrical Optics field and the two dif-
fracted-field contributions from the two edges, as in Equation (2).

screen

Figure 6. The configuration of Obs. 8 and 10.
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Figure 8. The projection of the diffracted rays onto a z = const
plane.

According to GTD, the diffracted field at any point in the ray
region consists of two diffracted rays coming from direction points
at both edges (we neglect the corner ray). These rays are perpen-
dicular to their relative scattering edge, ¢ or e,. The projections
of these rays on the observation plane z = const are the segments
oy and p,, shown in Figure 8. Thus,

= (k= o)+ o, 9+ 4o

The first term has a magnitude comparable to 1/ p?, while the sec-

ond is of the order of 1/ pf . Their ratio may be used to determine
if the second term can be neglected. By resorting to Equation (5),
this ratio is

v
AP T Poll =P\ 2 ) )
|v(k7>¢—¢0)} |V ' pi cos2[¢+2¢0)

For our problem, ¢, =90°, and this ratio is actually small for
observation points that lie near the direction ¢ =270°. This can be

clearly seen in Figure 9, which reports both the ratio pf / pf and

the ratio |v +|2 / |v_|2 . The excellent agreement between the two dif-

ferent plots is due to the fact that, at optical frequencies and at a
distance r of the order of meters (as for the experimental setting

detailed below), the term &7 is very large (107), and the approxi-
mation is very good.

Since the diffracted field can be approximated in the neigh-
borhood of the incident shadow boundary by the first term of
Equation (2) alone, as confirmed by Figure 9, and does not depend
practically on polarization, the total field behind the screen can be
written as

T
X 1 i(kz—f) 2 o
elkz——”e 4 |:J:e” dt+J;:e't dt}, y<y<y,

wx,y)= Lei[kﬁ]w

”Za’t—f0 i g > 8
\/;Z'_ ze @ € 5 Y=>X2 ()
T
1 i(szf) w0 2 0 .2
—ﬁe 4 [J:h 6” dt — -[q‘ e” dt:!, y< hal

where the quantities y; =—xtan(c/2)and y, = xtan(e/2) denote

I ) the boundaries of the geometrical-optics field; 7 5 =4/ pi 2+ 2% are
Py =|xsin—+ ycos—,
! 2 2 the distances between the observation point, P(x, y,z), and the
Py = xsin%—ycos% . (6b)
0.035
The lengths of the rays 75 and r are consequently
fia =4 pﬁ ,+z% . Indeed, since we are investigating a zone near to 0.025
the incident shadow boundary but far from the reflected shadow
boundary, only the first term of Equation (2) is significant. This ]
can be easily shown by considering that Newton observed the 0.015
intensity of a randomly polarized field, an intensity that we may
approximate as I = ([‘L +I /2 with 0.005¢
- ' 2 250 260 270 280 290
I =wkr,p—dp)+v(kr ¢+ d
[plirs = o)+ vlkr.p+ o) e Angle ¢ (degrees)
2 Figure 9. The ratio between of the magnitudes of the two terms
=v(kr, = do) —v(kr.g+ 6o . & S
1/ py and 1/ pZ (solid line), and of the magnitude of the terms
and thus lv +l2 and {vhiz (dots).
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scattering edges, ¢, ;, and ¢, are the equivalent of the quantity

p_ for the same two edges, that is, ¢, = /k(r1, - z) .

Besides the already cited second term in Equation (2), Equa-
tion (8) does not take into account the multiple diffraction and the
effect of the tip. The lit region corresponds to the triangle ABC in
Figure 7. Here, there is thz presence of direct rays, which impinge
normally on the screen. The shadow region is the remainder of the
screen. The diffracted rays exist everywhere on the screen, in the
ray region, and are everywhere perpendicular to the blades’ edges.

Figure 10 shows the diffraction pattern obtained experimen-
taily (Figure 10a), and the pattern obtained by implementing
Equation (8) (Figure 10b). The geometrical configuration used is
reported shortly, below, and is that for which Newton provides
numerical data. As it can be noted in both cases, the hyperbola-like
dark curves, observed by Newton, are obtained. To further inves-
tigate these lines, their analytical expression can be extracted from
Equation (8), once it is recognized that they are curves defined by

the equation |5 —r| =g =(2n+1)2/2.

As for Obs. 10, we may distinguish a ray region and a Fresnel

region; here and in the following for 1/ qi 5 < 1073, the field is con-
sidered to have a ray structure. For the laser’s wavelength
(A =6328A), this happens for points on plane xy that are more

than 0.74 ¢cm above or below the projection of the two edges, as is
shown even better in Figure 11.

A truly significant validation of the fact that Diffracted Rays
were responsible for the interference figures obtained by Newton

Figure 10a. Laser ray diffraction fringes, 1 = 6328A..
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Figure 10b. A numerical field evaluation of the diffraction
fringes (1=6328A). To better show the interference fringes,
the field map shows the logarithm of the field magnitude. The
limits of the ray region are also indicated.

Ray region
dark lines

Figure 11. A schematic diagram of the interference fringes. On
this duplicate of Newton’s Figure (Figure 7 of the present
paper), the Fresnel region is shadowed. It is evident how the
hyperbola branches near the vertical asymptote are in the ray
region.
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can be found in the following passage of Obs. 10, which also
describes the geometrical configuration, also used in this paper:

Obs. 10. ...For instance: when the Knives were distant
from the hole in the Window ten Feet, and the Paper
Jfrom the Knives nine Feet, and the Angle contained by
the edges of the Knives to which the angle ACB is
equal, was subtended by a Chord which was fo the
radius as 1 to 32, and the distance of the line rv from
the Asymptote DE was half an Inch: I measured the
lines ps, qt, vv, and found them 0'35, 0'65, 0’98 Inches
respectively....

where points 4, B, C, p, q, 1, s, t, and u are indicated in Figure 3 of
Newton’s Optiks (Figure 7 of this paper), and, for more clarity, are
reported also in Figure 11.

Thus, Newton’s Observation is equivalent to measuring the
distances of the intersection of the dark hyperbola with a line par-
allel to the y axis, and placed at a distance d =125cm=05in
from the vertical asymptotes (Figure 11). The other geometrical
data are the distance z =27432cm=9 ft between the blades and
the screen, and the blades’ angle o =1° 47" 26".

With this data, and by choosing a wavelength in the high-
middle portion of the visible spectrum (that portion where the
sun’s rays bear maximum power), Equation (7) can be used to plot
the field magnitude as a function of y. The results are shown in
Figure 12, which is computed at the wavelength A = 6328A . The
distances between the corresponding minima are indicated here,
and thus the distance between the hyperbola’s intersection with the
vertical line, measured by Newton. Since we are interested in the
zones where the field has a ray structure, on the same figure are

shown the zones where 1/ qﬁ » <107 For the case under examina-

0.35

0.25

0.15

Total field magnitude

15 1 0.5 0 05 1 15
Co-ordinate y (cm)

Figure 12. The field nulls along the line »v. The shadowed
region corresponds to the Fresnel region; the regions to the
right and the left are ray regions (A = 63284.).

Table 1. The distances between corresponding minima in the
numerical simulation and in Newton’s observations.

0.35 T
5800A a5

N [ %hgo.s
g 025} Mwo"):(soo 5800 7800
E) Wavelength (A)
g
)
= 0151
=}
=
& 2

0.05 ¢ \

i

15 T 05 0 05 1T 15
Co-ordinate y (cm)

Figure 13. The field magnitude along a line »v at different fre-
quencies. The fields are weighted by the human eye’s response
curve, shown at the top right.

0.15 ¢ i
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2 _
g o1t /\/\
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Co-ordinate x (cm)

Figure 14. Field minima along the x axis (1 = 63284 ).

tion, at x=125cm, the limits of this region are y=+0.74cm.
These minima match well with Newton’s data, as shown in Table L.
Furthermore, since for |y|> 0.74 cm the field can be considered to

have a ray structure, at least two of the minima observed by
Newton are actually in the ray region. It must be noted that single-
frequency computations, as that shown in Figure 12, lead to min-
ima, and thus dark lines, which are much sharper that Newton’s,
who was observing sunlight. This can clearly be seen in Figure 13,
where the field magnitude along line 7v is computed at different
frequencies, taking into account the human eye’s sensitivity [8].
The envelope of these curves can provide a good approximation of
what Newton really saw. A correct integral over the whole spec-
trum can be made only on a statistical basis, since the phases of the
different frequencies are completely uncorrelated. From this figure,
it is also apparent how the minima of the envelope are much less
evident. This explains why Newton observed only three pairs of
dark hyperbolae, while monochromatic simulation and experiments
show many more.

It has thus been shown that of the three fringes observed by
Newton, at the very beginning of the XVIII century, at least two

pairs are actually obtainable by applying the modern theory of dif-
fraction.

Simulation | Simulation Simulation Newton | Newton . . . .
6328A 6000 A multifrequency | (cm) | (inches) Concerning the equation governing such fringes, Newton
envelope says, by measurements, that
p.; ?gi (1)22 ?ig (1)22 822 Obs. 10. ...and thereby know that these curve lines are
g - . . . . Hyperbolas differing little from the Conical Hyper-
rv 2.66 2.45 2.60 2.45 0.98 bola
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As a matter of fact, by assuming, as a first hypothesis, that
z>>x and z>>y, a Taylor expansion of the roots can be

exploited, and the equation # —#, = ¢ can be transformed into

=L 9)
SIna

This equation represents a family of hyperbolas, with the
axes x=0 and y=0 as asymptotes. This is too much of an
approximation, since we know that the fringes observed by
Newton intersect on the y =0 axis. This is also evident in Fig-
ure 14, where the field in Equation (8) is plotted for the same con-
figuration, at ¥ =0 and x 6[0,20] cm. The local minima around 11
cm, 16 cm, and 20 cm correspond to the points where dark fringes
intersect. It must be noted that the whole figure here represents
fields that are in the Fresnzl region, and not in the ray region.

A more exact expression may be obtained by considering
separately the cases |x] -« and |y| > . In the first case, the first
two terms of Taylor’s expansion leads to an asymptote that is
y=—gq/(2cosa/2), that is, a horizontal line below the x axis,
while in the second case, the asymptote obtained is a vertical line

x=-q/(2sina/2).

With further investigation, and by taking into account higher-
order terms, one can obtain for y —> oo the expression

2 a qu

x+b 2cos? g(2xsin~0[——q
2 2

1N

y , (10)

which is a third-order curve.

4. Conclusions

The above analysis clearly shows that the diffracted rays, dis-
covered and developed in this century, were actually observed and
described by Newton almost 300 years ago. The modern reader of
Newton’s Optiks cannot refrain from being amazed by how this
genius could reveal such subtle features with such simple experi-
ments. It turns out that this brilliant theoretician was also a brilliant
experimenter, able to observe and measure diffraction fringes pro-
duced by two knives under sunlight.

We should point out, anyway, that Newton became interested
in diffraction as a result of his reading of Grimaldi’s communica-
tion describing his discovery of this phenomenon [9]. The publica-
tion of Grimaldi’s work happened approximately 40 years prior to
the first publication of Newton’s experiments [6], in 1704, few
studies having been carried out on diffraction in the meantime.

One can guess that some of Grimaldi’s observations on dif-
fraction can be explained by resorting to diffracted rays, too.
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ADVERTISEMENT

Quick Finite Elements

For Electromagnetic Waves

Giuseppe Pelosi, Roberto Coccioli, and Stefano Selleri
Artech House Books: http://www.artech-house.com

This practical book and the included software package helps you
quickly and more easily work out challenging microwave engi-
neering and high-frequency electromagnetic problems using the
Finite Element Method (FEM). With its clear, concise text and
dozens of real world application examples, the book provides a
detailed description of FEM implementation, while the software
provides the codes ad tools needed to solve the three major types
of EM problems.

The book presents a succinct overview of basic FEM concepts,
outlines the capabilities and advantages of employing FEM meth-
ods, defines key finite elements and describes various hybrid
methods and absorbing boundary conditions.

The included software package enables you to characterize E-
and H-plane waveguide discontinuities and devices; calculate the
radiation diagram on principal planes of aperture antennas modeled
as 2-D structures; create geometric models using a fully functional
2-D mesh generator, analyze reflection from and transmission
through inhomogeneous periodic structures, such as dichroics and
photonic crystals; compute the dispersion diagram of arbitrarily
shaped inhomogeneous isotropic lossless or lossy guiding struc-
tures; and analyze scattering from arbitrarily shaped inhomogene-
ous objects.

[Contents:] Getting Started. Tools. Microwave Guiding Struc-
tures—Characterizations. Microwave Guiding Structures—
Discontinuities. Scattering and Antennas—Hybrid Methods.
Scattering and Antennas—Absorbing Boundary Conditions. To
Probe Further (A Selected Bibliography). CD-ROM Included.
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