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Kirchhoff’s diffraction equation, which has been used for over a century to design optical instruments, exactly describes observed
optical phenomena. This is a curious fact given that the derivation of Kirchhoff’s equation from the Helmholtz equation requires
that the Dirichlet and Neumann boundary conditions are satisfied for an arbitrary surface simultaneously in ordinary space.
According to Sommerfeld and Poincaré, this should be impossible if light is an electromagnetic wave as described by Maxwell
where the magnetic and electrical fields are in phase. Given Maxwell’s theory of light as an electromagnetic wave, the Dirichlet
and Neumann boundary conditions could be satisfied only if light vanished identically in the image space, which is clearly contrary
to experience. By contrast, the Dirichlet and Neumann boundary conditions are satisfied simultaneously by the binary photon,
which is composed of electrical and magnetic fields that are out-of-phase by a quarter of a wavelength. Consequently, one field
satisfies the Dirichlet boundary condition while the other field simultaneously and in ordinary space satisfies the Neumann
boundary condition. A complex plane wave where the magnetic and electrical fields are a quadrature out-of-phase is also a solution
to the standard and a relativistic form of Maxwell’s wave equation.

To derive the scalar Kirchhoff diffraction integral from the binary photon, I have developed two functions U and G that are based
on the magnetic and electrical properties of light, respectively. The two functions are twice differentiable. I have obtained their

normal derivatives Z—Z and Z—Z with the aid of Faraday’s law and the Ampere-Maxwell law, respectively. In this way, U Z—Z describes
the magnetic component of the binary photon as it propagates from the source to the diffraction plane and G Z—Z describes the

electrical component. Together U g—fl and G g—:, which are a quadrature out-of-phase with each other, simultaneously satisfy the
Dirichlet and Neumann boundary conditions for an arbitrary surface in ordinary space, without light vanishing identically in the
image plane. U Z—Z and G Z—Z are both continuous across the opening of an aperture and both vanish at an opaque boundary. As a
result of the properties of the binary photon, the boundary conditions that form the basis of the Kirchhoff diffraction equation and
the approximations that describe Fresnel and Fraunhofer diffraction do not lead to complete darkness at the image plane but to the
observed diffraction patterns in ordinary space. The binary photon is also useful in understanding three-dimensional diffraction
patterns and the observed difference between lateral and axial resolution.

1. Introduction

George Green [1] developed a theorem that related the not published in the elite scientific journals, its power
electrical potential on an arbitrary surface to the charge remained hidden during Green’s lifetime.

density within the surface. The theorem required a Green’s work was discovered by William
function (U), with physical properties that represented Thomson, who subsequently shared Green’s work
the sum of all of the electric charges acting on a given with George Gabriel Stokes [2] and James Clerk
point divided by the distances (1) between the charges Maxwell [3]. Thomson also republished Green’s work
and the arbitrary point. The theorem also required a in Crelle’s Journal in 1850, 1852 and 1854 - years after
second function (G = l; where 1 is the radial Green’s death in 1841 [4-7]. Kelvin also shared

-

Green’s work with Hermann Helmholtz [8], who used
Green’s theorem to model the tones emitted by organ

exc.luswely geometrical. Green’s theorem (Eqn. . D, pipes. Because Helmholtz was modeling waves rather
which relates a surface (S) to a volume (V), requires coskr 1

that the two functions (U and G) and their normal than potentials, his second function (¢ = ————;
where k is the wave vector and its magnitude k
represents the wave number) was periodic and
vanished at v = 0. Gustav Kirchhoff [9, 10] applied

distance), known as Green’s function, that was

o a aG . .
derivatives (% and E) are differentiable.

JIJWV*G —eviu)dv = [f (Ug_fl -G g_:) as (1 Helmholtz’s work to the phenomenon of optical
diffraction in order to find a diffraction integral that

Green’s theorem is a powerful mathematical represented the exact sum of all point sources of light
method that relates the properties of point sources to on a given point in a diffraction pattern on the other
the properties of a point on an arbitrary but convenient side of the aperture, given the distances between each
surrounding surface. Because Green’s theorem was point source and the point in the diffraction pattern.
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Kirchhoff’s diffraction integral, which describes the
relation between the object and the image, is the
standard equation used for instrument design and
image analysis [11-22].

The use of Green’s theorem demands that the two
functions are continuous across an arbitrary surface.
Poincaré [23] and Sommerfeld [24, 25] realized that
Kirchhoff’s diffraction integral although exact, lacked
rigor in that, if light were composed of
electromagnetic waves, where the -electric and
magnetic fields were in-phase, as postulated by
Maxwell [26], then light would vanish identically on
the other side of an arbitrary surface in which its value
(Dirichlet boundary condition) and its normal
derivative (Neumann boundary condition)
simultaneously vanished [27]. Since Maxwell’s
treatment of electromagnetic waves was considered
infallible, this presented a conundrum given that all
light does not vanish at an aperture. Sommerfeld [24,
25] and his student Carslaw [28] used a mathematical
trick to overcome the problem of the contradictory
boundary conditions for a sinusoidal electromagnetic
wave, and made the solution mathematically rigorous
using the method of images and a Riemann double-
space where they postulated that every point source in
physical space was accompanied by a mirror image of
the point source in imaginary space. While the sleight-
of-hand treatment is mathematically rigorous, and the
Dirichlet and Neumann boundary conditions are met
simultaneously by the waves from the real and
imaginary point sources, the physical assumptions of
imaginary space are fanciful. Hans Bethe [29], another
student of Sommerfeld’s, satisfied the boundary
conditions by postulating the existence of a magnetic
monopole that circulates around the aperture as if it
caused a magnetic dipole. Again, while this solution is
mathematically rigorous, it has no physical meaning
unless magnetic monopoles exist at the aperture. More
recently, Miller [30] solved the problem by treating a
spherical point sources as a dipolar source. All these
solutions have one thing in common—they bring
twoness to the solution.

The binary photon, which has been valuable in
describing why charged particles cannot exceed the
speed of light and in describing the deflection of
starlight in terms of Euclidean space and Newtonian
time [31-33] provides a natural solution to the problem
of twoness necessary to unify electromagnetic theory
with diffraction theory in a mathematically rigorous
and physically meaningful manner. In the binary
photon, the amplitudes of the electric and magnetic
fields are orthogonal and a quadrature out-of-phase

[33]. Here I propose that U Z—i represents the magnetic

property of light given by a cosine function and G g—:
represents the electric property of light given by a sine
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function so that U g—z and G g—: satisfy the Dirichlet and

Neumann boundary conditions at any arbitrary surface
simultaneously. Thus by assuming that the binary
photon is composed of equal and opposite charges, and
consequently, the total energy is composed of
magnetic and electrical components that are out-of-
phase by a quadrature, the real observed phenomena
can be described exactly and explained physically
while the Dirichlet and Neumann boundary conditions
are rigorously met.

Here 1 will present a) the derivation of the
Kirchhoff diffraction integral based on the binary
photon; b) the Fresnel and Fraunhofer approximations
for a two-dimensional diffraction pattern; c) the three-
dimensional diffraction pattern based on the binary
photon; and d) the complex plane wave solution to the
second-order wave equation.

2. The Kirchhoff diffraction integral

The boundary conditions for Kirchhoff’s diffraction
equation demand that both the value (Dirichlet
boundary condition) of an electromagnetic wave and
its normal derivative (Neumann boundary condition)
are continuous simultaneously at any surface in
ordinary space as light propagates from a point (P,) in
one volume (V) to a point (P,) in another volume (V},)
though a point (P;) shared by the surfaces (S, N Sy)
that border both volumes (Fig. 1). The two volumes
are separated by an opaque surface with an aperture of
arbitrary shape that defines the shared surface.
Kirchhoff’s diffraction integral sums all the
continuous optical paths originating at P, and arriving
at P, through the shared surface while taking the phase
of each path into consideration. I will describe each
optical path of the binary photons propagating from
the source to the image point using the twice-
differentiable scalar functions U and G, and their
normal derivatives, which are also differentiable. The
twice differentiability satisfies the second-order wave
equation. The condition for continuity between two
volumes (V, and V})) that share a surface requires that
for some function X, X, = X), and for another function
an
from P, to P, in the diffraction plane is obtained by
multiplying the Kirchhoff diffraction integral by its

complex conjugate.

= %. The intensity of the light that propagates
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Fig. 1: The propagation of light from P, to P, by way of a
point P; in the opening of the aperture, where the arbitrary
surfaces S, and S;, intersect. The normals are outward with
respect to 1, and inward with respect to I/}, S, is a spherical
surface that surrounds the source point of light and S, is the
spherical surface that surrounds the image point in the
diffraction plane. In the hole in the aperture, X, = X}, and
aY, _ avy

on = on and in the opaque regions of the aperture, X, =
=0.

aya _ oy
X, =0 and = an

With respect to Green [ 1], the magnetic and electric
properties of light will be treated in terms of their
magnetic and electric potentials (in V)'. The magnetic

potential ( ) is obtained by multiplying the magnetic
flux density vector (B in Vs/m?) by the radius of the

. . 12,
binary photon (radlus = =5, in m) and the speed

of light (c). Likewise, the electric potential (%) is
obtained by multiplying the electric field (E, in V/m)
by the radius of the binary photon and the imaginary
number i =+/—1, which indicates that the electric
potential at a point is orthogonal to the magnetic
potential at that point. The electric potential at a point
is orthogonal to the magnetic potential in a manner
consistent with Faraday’s law, the Ampere-Maxwell
law and the right hand rule. The ratio of the magnetic
potential to the electric potential of the binary photon
throughout a period is equal to the speed of light. The
relationships between the magnetic and the electrical
properties at a point (P) are given in Table 1.

The time-independent functions U(P) and G (P) at
any given point (P) that are based on the magnetic

potential (%) and the electric potential (E) of the
binary photon are defined like so:

up) = [=(V252) e 2)

k r

! The fields can be obtained by taking the negative gradient of the
potentials, and the potential energy can be obtained from the
potential by multiplying the potential by the charge.

G(P) = 3)

Where, ¢, is the electric permittivity of the vacuum
and 4, is the magnetic permeability of the vacuum.
While B and E are vectors that represent the magnetic
flux density in the xz plane and the electric field in the
vz plane [34], they will be treated as scalars, which is
true for axially-symmetrical un-polarized light. This
analysis can be extended for the case of polarized light
where U(P) and G (P) would be vectors.
The normal derivative of Eqns. (2) and (3) are:

kT jplkr B /€
a_U(P) — - 7zt ) ﬁTo(ﬁ)
on 5

— cos(n-r)

T

_EEEEE e w

and

elkr lezkr
(_krz

lEo #o

cos(n 'T)

a
Py =

elkr
kr

(1e-3) | (o2t
= > cos(n-r) (5

Since the ratio of the magnetic potential to the
electric potential of the binary photon throughout a
period is equal to the speed of light, cB, = iE,, and
consistent with Faraday’s law and the Ampere-
Maxwell law, Eqns. (4) and (5) become:

ikr ikr E
0w py - SO ERGE)
on -

2

elkr

cos(n-r)

T

() G

= cos(m-r) (6)

and

elkT lelk‘)" cBo #o
Tzt

lkT

a
2Py =

cos(n 'T)

T
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(-2) | [E2(zsge) £
= 3 cos(m-r) (7)

Taking the product of Eqns. (2) and (7) and Eqns. (3)
and (6), we get:

G B, By ek 1.

U-(P)= /_Czuokz —er (lk - %) cos(n-r) (8a)
a 0iEoiEg

G (P) = /—“ o e (lk——) cos(n - 1) (8b)

Green’s theorem requires that
a6 au
Ua(P)—GE(P)—O 9).

We can show that this requirement is met by
substituting Eqns. (8a) and (8b) into Eqn. (9):

cBy By etk (. 1
’”—;’—(Lk — —) cos(n-r) —
2uok r T

’csoiEo-iEo elkr ¢ 1 . _
BT (lk - ;) cos(n 1‘) =0 (10)
Since e,p, = Ciz, after rearranging, we get:
[\/¢B, - cB, —\[iE, - iE, ]
zrk
ikr o 1
er (Lk—;)cos(n-r)zo (11)

From Faraday’s law and the Ampere-Maxwell law, it
follows that cB,, = iE,. Therefore we get:

[ViE, - iE, — \[iE, -

-iE, ]2
%

ikr

er (ik — %) cosn-r)=0

(12)

indicating that the functions U and G and their first
spatial derivatives satisfy the requirements for Green’s
theorem.

According to the binary photon theory, the
Dirichlet and Neumann boundary conditions are
instantaneously and simultaneously satisfied by the

following functional pairs: U(P,) = U (Py), g_a (P) =
aG
2 (Py), G(P) = G(Py), 3 (Pa) = 50 (Py);
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UEE)=UZ(P,) and G2 (P) =G (Py).
Moreover, the fields do not vanish identically at an
arbitrary surface as they would [27] according to
Maxwell’s [26] description of light as an
electromagnetic wave because in the binary photon,
the electric field in the yz plane, which is a quadrature
out-of-phase with the magnetic field in the xz plane,
regenerates the magnetic field according to the
Ampere-Maxwell law. Likewise, the magnetic field in
the xz plane, which is a quadrature out-of-phase with
the electric field in the yz plane, regenerates the
electric field according to Faraday’s law. U and G,
which are twice differentiable, represent light with a
wavenumber k, and obey the Helmholtz equation:

(V2 + k2)U =0 (13a)

(V2+k?)G =0 (13b)
Substituting Eqns. (13a) and (13b) into Eqn. (1), the
RHS becomes:

(U (=k?G) = G(=k?U)) aV =

{I] kK*(GU — UG) av (14)
And since GU — UG on the RHS of Eqn. (14)
vanishes, Eqn. (1) becomes:

[If,, (UV?G — GV2U) dv=

aG au

I, (vVE-62)ds =0 (15)

Spherical waves are usually described as having
spherical surfaces with constant phase. Here I describe
spherical waves as a surface that subtends the
propagation of binary photons along radial rays where
the spherical surface simultaneously allows for the
constant phase relationship between the electric and
magnetic components that are quadrature out-of-
phase. The binary photons, with their orthogonal and
alternating electric and magnetic compenents
propagate from the luminous point source (P,) to point
(P,) on arbitrary surface (S;). Since the point source
(P,) represents a discontinuity that is incompatible
with the assumptions of Green’s theorem, we have to
apply limits during the integration of the surface
surrounding the point source to remove P, from the
arbitrary volume (V) in the object space and describe
S, as being an arbitrary surface that is consistent with
the assumptions of Green’s theorem where

JIs (U % _g Z—Z) dS vanishes (Fig. 2). To do this, we

consider two surfaces S; and S, that surround a



The African Review of Physics (2019) 14: 0006

volume (V). The normals to the two surfaces point
away from V. S, is a spherical surface with radius €

that excludes the source in volume (V.
Vl-

41T
= Te3) from

Fig. 2: Definitions of the volume, surfaces, rays and vectors
in the object space.

As a result of the oppositely directed normals
surrounding V;, it follows from Eqn. (15) that the sum

of the two surface integrals that make up [ (U Z—z -
G a_u) dS also vanishes:
on

11, (v
11, (u

Consequently,

e 2¢) ds, +

6651
S1 on

6U51

— G5, 22)dS, = 0 (16)

G au.
ffgl (U51 621 Gsl 51) s, =

_'U ( € an B 6U6)d5

(8a) and (8b) in Eqn. (17) and

an

Substitute Eqns.
simplify to get:
dGg

ffs ( S1 6n1

6U51

Gsl on )dSl -

ike .
—JJ; (lk — —)—cos(n €) [ C;;‘;:;
l “"i";‘“’] ds. (18)

Since € is a radius of S,, then dS,. = €2d(Q, and Eqn.
(18) becomes:

0Gg
ff51 (Usi anl

. 1\ etk€ | [cByB, | . |ceoEoEq
B (lk‘;)T[\/wokz“J e ]fzdﬂ a9

aUsl

Gs, =2 )d51=
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Distribute €2 and take the limit as € — 0:

ik cBy'By , |cgpEpEy _
lim ffﬂ (lke - Z) e™ [\/ 2p0k? + l\/ 2k2 ] =

-0
—4r cBy'By +i cepEyEy
2uok? 2k2

Let [\/CB"'B" + i\/cg"E"'E"] =A4,, which is the

(20)

2u0k? 2k2

1
complex amplitude in (f)z of the source point (F,).
Now let r,,; represent the distance between P, and P;

on Sy:
elkro1 . cB1'B4
fIS ( Tol) To1 COS(n r01) 20k?
oE1E
= 1] ds, = —4nA, 1)

After rearranging, we get:

ik o1
) cos(n-
To1 To1

= 1f,, (k-

ro) [\/cBl By . csoEl El] ds, 22)
Ifk > ri, Eqn. (22) becomes:
o1l
etk o1 BB
- LT, S tecostn- o) | [
i /CSozié'El] ds, 23)

After taking ik, which is assumed to be constant, out
of the integral, we get:

elkTo1

I, S

081 31+ l.\/cgoE1 El] ds
1

cos(n

2k2 (24)

Now consider the surfaces that surround a volume
(V) in the image space that excludes the image point
(P,) and then let the surface nearest the image point
vanish (Fig. 3). The surface normals point towards V.
S14 intersects with S; (Fig. 2) where there is a hole in

aG a
such a way that at P; both UE and G# are
continuous.
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Fig. 3: Definitions of the volume, surfaces, rays and vectors
in the image space.

Some of the light incident on S; can be excluded
from the image space by a perfectly conducting or
perfectly black aperture support represented by Sy,.

a a . .
Both Uﬁ and G# vanish at every point on S;,. S,

represents the surface which along with S;, and Sy,
surrounds the volume in the image space containing
the image point (P,). Since the image point (P,)
represents a discontinuity that is incompatible with the
assumptions of Green’s theorem, we have to remove
P, from volume (V,) just as we removed P, from
volume (V;), and describe S,, S;, and S;; as being a
surface that is consistent with the assumptions of

Green'’s theorem where [f (U % _g Z—Z) dS vanishes.

The complete surface integral surrounding V, is given
by:

I (V5-65)as =

e,

-G

) ds, +

€2 9n

(
Il;,. (Us,y 22 — G5, B2 s, +
(

oG U
If;,, (Unp =22 = Gs,, 522) dSy +
aG au,
Il (U5, 22 - 6, 2%2)ds, =0 (25)

Thus we can determine the value of the integral of the
spherical surface that surrounds the image point:

9Ge
Il (Ve 52t = 6o, 522 dS., =
G aU
ffg (Sw ila GSw im)dsla
ou G
— Gs,, Z22) dSyy + [f;, (Us, 22—

(26)

U,
€2 on

G

6G51
1~ 5 an
6U52

- )dSz

I, (v

Gs,

0006

Substitute Eqns. (8a) and (8b) into Eqn. (26) to get:
0Usiq

I (Usia "5t = s 58] dSia +

a 3G
—Gs,, Ulb) dSip + ff (Usz azz -

Gsw
6651
1b an

ff51b (U

elke
Gs, agjz) s, = — ff (lk - —) = cos(n -
€2) [ \/2‘;2:; +i \/“"z‘fjfz] ds., @27)
Since €, is a radius of S,, then dS,, = €2dQ, and

Eqn. (27) becomes:

6G51a 6U51a
0y, (Usig =222 = G5, —522) dSyq +

a aG
—Gs,, Ulb) dSip + ff (Usz azz -

6651

ff51b (Ulb on N
6,255 a5, = - [, (1k - )

cB;'B, , |cEoE2Ey 2
€) [\/ ™ + lJ 02k2 ]ezdez (28)
Distribute €2 and take the limit as €, — O:
lim ff lk —— i) |y AR
€20 leokz
i CEOEZZ'Ez] E%dﬂ - _ 471_ [JCBZ Bzz + CEUEZ Ez](29)
\‘ 2k 2uok

2pok? 2k2

Let [ \/CBZ'BZH \/CfoEZ'EZ]ZAz, which is the

complex amplitude in ( ) of the image point (P,), and
Eqn. (28) becomes:

aG, aU
My, (Usig =222 = G5, —522) dSyq +
G U G
s, ( 1p 651 — Gy, 1b) dSyp + ff; (Usz azz—
Gs, 232) dS, = —4m, (30)
Gsyp

Since Green’s theorem demands that U,

a6
ffs (51a aim_

0Uyp
GS1b an

vanishes on Syp,

Gs,, 6U51a) dS;p = 0and Eqn. (30) becomes:
0Gsq, s, ,
ffs ( S1a 621 _Gsm il )dsla
G au
I1;, (vs, 52— G5, 5%2) ds, = —4m4, (1)

If R is considered to be so large thatas R — oo, any
light coming from S, would take so long to reach the
image we can consider the contribution of

35
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ffsz (Us2 agflz — G, agjz) dS, to the image point to
vanish. This is known as the Sommerfeld assumption.
After letting 1y, represent the distance between P; and
P, and substituting Eqns. (8a) and (8b) into Eqn. (31),
we get:

i . 1 elkriz
A, = _Eﬂsw (lk — —) - cos(n

712
B,‘B . oE1E
T12) [\/Cz,:,kzl* z\/“Zkg 1] dS;,  (32)

Ifk > ri, Eqn. (32) becomes:
12

1 etkriz ¢B1'B;
A, = Mffsw - ik cos(n rlz)[ e
, |[ceoEq1Eq
l’—‘;kz ]dSla (33)

Since ik is a constant, we can move it outside the
integral to get:

ik etk 12 cB1-B;
4; = 4nff51a T12 cos(n rlZ)[ 2uok?
, [ceoEqEq
4 ’ 02k2 ]dsla (34)

The complex amplitude [ J CBl'le +i \/ CEOEZ'El] of
2uok 2k

the electromagnetic power that passes S;, is equal to
the amplitude at S;. Taking the sign of the cosines into
consideration (Fig. 4), we can add Eqn. (34) (4, =

ik etkr12 cB1-B;
_Eﬂsm - cos(n T1z)[ /—Zuokz +
. [ceoEsE
i /“"2 5 dS,) o (24)

ik elkTo1
Tan ff51 To1

Eqn.
cB1'By
\l 2uok? +

i ’Cg"zilz'El dS;) and square it to get the intensity (in J

m? s') of the light composed of binary photons
diverging from the source in the object space, passing
through the aperture and converging on the image
point in the image space.

(4, =

cos(n-ry)

36

Fig. 4: The definitions of rays and vectors at the opening of
the aperture where the arbitrary surfaces surrounding the
object space and the image space intersect.

After cancelling signs, we get:
ik(ro1+7r12)
e ? [cos(n-1,,)] — [cos(n-
2

T12)] dSi,

12 = Lk_offsl.a

41 To1T12

(35)

The squared modulus means to multiply the term
inside the line brackets by its complex conjugate. The
exponential in Eqn. (35) can also be written in terms
of cosines and sines where one wave represents the
magnetic component of light and the other represents
the electrical component:

_|ik o cos k(rp1+7r12)+isin (rog4712) .

L=\ ffsm — [cos(n
2

To1)] — [cos(n-74;)] dSiq (36)

Thus the Kirchhoff diffraction integral can be
derived based on the binary photon, with its alternating
magnetic and electric components that simultaneously
satisfy the Dirichlet and Newmann boundary
conditions. As long as the wavelength is much smaller
than the radius of the aperture and the radius of the
aperture is much smaller than 7,; and r;,, we can
simplify the Kirchhoff diffraction equation based on
the binary photon to account for Fresnel and
Fraunhofer diffraction. When the assumptions are met,
Tp1Ti2 can be replaced by 1,1, and

[cosmo1)~co @1 (it not vary significantly over

(Fig. 5).
can be moved outside the integral

TgaT1z
the aperture
[cos(n'Tyq)—cos(nTq3)]

Consequently,

! !
To1T12

and Eqn. (35) becomes:

12:

ikAp [cos(n'rgr)—cos(nryy)]

) 2
J‘Siaelk(roﬁﬁz) ds.,,| 37)

! !
ATIT o T2
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Moreover, if the angles that rays P,P; and P,P; make
with ray P,P, are small, then v can be replaced by
2 cos 3, where [ is the angle between ray P,P; and
the normal (n) to the aperture (Fig. 5), which gives:

. 2

2ik o cosf ik(ro1+712)

I = |0— eik(o14712) 4. 38
2 41rrélr1’2 Sia ia ( )
leaving only the phase inside the integral.
P. n

To1 P i T12

’ 1
P, T o1 . LD P,

Fig. 5: B is the angle between ray P,P; and the normal (n).
It is used for the Fresnel and Fraunhofer approximation
when the angles that rays P,P; and P,P; make with ray P, P,
are small.

3. The two-dimensional diffraction
pattern for apertures of various
forms

The Kirchhoff diffraction equation derived on the
basis of the binary photon can be simplified to
approximate the Fresnel and Fraunhofer diffraction
patterns formed by various apertures [35-39]. Here we
will use three Cartesian reference systems—one that
contains the source plane that includes P,, with
coordinates (x,, ¥,, 2{); one that contains the aperture
plane that includes P;, with coordinates (¢,7,{); and
one that contains the image plane that contains P,,
with coordinates (x,,V,,2,). The three coordinate
systems share the same z axis, where z = 0 at the
image plane; z =  at the aperture plane; and z = 2¢
at the source plane. The common origin of the three
coordinate systems is (0,0,0) in the image plane. The
light propagates in the +2z direction. According to the
Huygens-Fresnel principle, we will integrate the
contribution of each point (§,7,{) on the aperture
plane as if were a point source of light emitting binary
photons in a radially-symmetrical manner so that they
reach each point on the image plane, including P,.

37

Define
rozl = (xo - f)z + (yo - TI)Z + (27 - ()2 (39a)
r122 =0 =8+, —mM*+ (- (39b)

Ton” = (6 — 002+ (9, — 0)% + (2 — O)? (3%)
r 2 _ _ 2 _ 2 _ 2
" = —0)°+ (y, —0)° + (2 — )* (39d)
which after simplifying gives:
rh =1t = 20x,E + Yom) + E2 4 02 (40a)
2 a2 2 2
Ty =1 — 2008+ yom) +E°+ 1 (40b)

Since the dimensions of the aperture are small
compared to 1,;and r7,, we can expand 7,,; as a power

N o
series in —— and - and expand 1y, as power series in

¢ To1 To1
= and -
T12 T12
o Xo§HYon | §24mE  (xo§+ yom)?
To1 ® To1 — 7 T 7 3 - (413)
To1 271 2794
JO, x28+yom | E24m%  (x8+ yom)? 41b
T ® Ty — 7 T 7 3 - ( )
r 21y, 214,

Substitute Eqns. (41a) and (41b) into Eqn. (38) to get:

. ] 2
I, = |21kAo coSBﬂ‘S eikfEm) dfdﬂ|

! !
4TT o112

(42)

ia

where (7, + 172) is now an explicit function f() of &
and 7.

FEm) = _ Xp§+yon  x§+yan | §24n% | £24n°
’ 91 71y 21, 2],
o€+ yom? _ (af+yam?® (43)
2ré13 2r1'23
X, X:
Let lO = _To9mo = _yToa l= _Tza and m = _yTz
To1 To1 T12 T12

so that f(&,n) can be written in terms of the direction
cosines as:

FEm) = (o = DE + (mo —mn + 3 {(-+
) € )~ mon” _ &8 rl,”:”)z} . (44)

To1

Inserting Eqn. (44) into Eqn. (42), we get:
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2ikAg cos B

! !
ATTy1 T2

12=

ffsia

2 2
ik((lo—l)€+(mo—m)77+%{(+++>(€2+n2) ot mon)” (6% o) })dfdn
e To1 T12 To1 T12

(45)

Table 1. The Relationships between the Magnetic and the Electrical Properties at a Point (P).

Electric Properties of

Magnetic Properties of Binary . .
Photon Units Binary Photon Units
. cB iE
Potential m (P) A% - P) A%
. £ cB\ eikr A L iEn eikT 174
Function = |2 ( _> —_— G(P) = o (\/E _) —
v o V2 k) r vVm ®) & k) r vAm
ggg\rzl:iive of 06 (P) 4 v (P) /—A
Function on VAm? on vm?
aG AV au AV
U—(P — G— (P —
o D) ’m4 o F) ’m4
02 ) (026 (o) ’ J 2 ) (6% ' J
on on ms an on ms
Amplitude of cB, B, ] c&Ey - Ey J
Power 2u k> s 2k? s
cB,-B .
Power L / ceoky - Ey J
2u.k s 2k? s

which is the integral based on the binary photon for
~ - AL 4 2 Y (g2 4 pn2) —
Fresnel diffraction. When > {(nh + T{z) (&% +n2)

(o§+mem?  (+mn)?
o1 s
higher terms can be neglected in f (&, 1), the diffracted
binary photons can be treated as binary photons
propagating along parallel rays, and we get the integral

based on the binary photon for Fraunhofer diffraction:

}<< 2w, the quadratic and

2ikA, cos

477.'7'017‘12

' 2
I, = | ek(Uo=DE+mo=—mn) geqn| (46)

Hs e

By treating L"—COSB as a constant, the diffracted

4mrg1 1o
binary photons can be treated as propagating along

parallel rays. That is, the radially-symmetrical
emission of binary photons from an object point and
their propagation through an optical system can be
represented by an integral whose integrand is a
superposition of binary photons with various phases
and directions of propagation. In order to solve the
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above integral equation, let p =1, —l and ¢ = m, —
m, so that Eqn. (46) becomes:

— Zl.kAo co Lk(pf+q ) 2
L=, e dgdn|  (47)
LetK = M so Eqn. (47) becomes:
ATTg1 71,
) 2
I, = |Kﬂs- elk®@&+am) dfdn| (48)

Fresnel [40,41] discovered that the intensity of light
in the diffraction plane depends on the size and shape
of the aperture that separates the object space from the
image space. We will consider two shapes: a rectangle
and a circle. Firstly, assume the aperture is a rectangle
with sides equal to 2a and 2b. Integrate Eqn. (48) by
parts:
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. 2
=K 1%, ", etweram dgdn|” =

. . 2
|Kf_aae‘k(pf)df f_bb e ik(an dTI| (49)
. a _ik(pé etkpa_g-ikpa sin kpa
Since [ e*PDd§ = —————=2a=—— and
qub Lkplbkp fpa
f etklam qp = ;—: = 2p 2 kq , then using
the definition sinc(x) = Si%, Eqn. (49) becomes:
. 2
- [ £, 1,00 ] =
|4abK sinc( kpa) sinc( kqb)|? (50).

The sinc function is equivalent to a zeroth-order
spherical Bessel function of the first kind and the
Fourier transform of a rectangular function. When the

aperture is a narrow slit, b > %, and sinc( kgb) varies
rapidly with g such that the intensity falls off rapidly
with g and the coherent line of light diffracted in the b
direction acts like a point source of binary photons in
the center of the slit. Thus for a slit, Eqn. (50) becomes
I, = |2aK sinc( kpa)|? (51).
This diffraction integral based on the binary photon
can also be used in spectroscopy to characterize the
positions of the spectral lines formed by a slit [42,43].
Now consider a circular aperture with a radius a,
let £ =acosf and n = asinf. Then f(&,n) in the
aperture plane becomes:

f(é,n) =a(pcosf +qsinh) =

2 2 p 1 g
a\/p*+q (WCOS@+WSIHH)
(52)

Let p represent the proportion of the distance along the

\Jp? + q?. Eqn. (52)

radius of the aperture so that p =
becomes:

fén) = ap( cos@ +2 sm 9) (53)

Since in the diffraction plane, %= cos ¢ and %=

sin ¢, then Eqn. (53) becomes

f(é,n) =ap(cospcosf +singpsinh) =
ap cos(8 — ¢) (54)

and the diffraction integral based on the binary photon
becomes:

39

|K fee 21 Lkapcos(ﬂ ®) pdpdg (55)

Due to axial symmetry around the optic (z) axis, the
solution of Eqn. (55) is independent of ¢p. Without any
loss of generality, we let ¢ = 0 and Eqn. (55) becomes

6=2m

|K fe Lkap cos(6) pdpd@ (56)

The integral cannot be reduced to fundamental
rational functions such as sine, cosine, polynomial,
logarithmic, or exponential functions. The integral can
however be reduced to a Bessel function. The Bessel
function can be defined by a series expansion around
x=0.

Using the definition of the Bessel function of the

first kind of order zero: J,(u) = fvv 027'r efucosv y,
we get:
oo etkar <039 dg = 2r], (kap) (57)
And Eqn. (56) becomes:
p=1 2
I = [2nK [ Jo(kap) pdp] (58)
Change the variable so that kap =x, p = % and

dp = i dx, then Eqn. (58) becomes:

p=1 2
= |2k 72, (kap) pdp|| =

2
x dx
ka ka

_ | 2nK
ka2

2
’“‘ x]o x) dx|
(59)

fenc (55100

Bessel functions of ascending orders are related by the
recurrence relations where

L2l L (0 dx = ™ Y (0) (60)
Using Eqns. (59) and (60), letting n =0 and

integrating from x =0 to x = kap, Eqn. (58)
becomes:

, = 2nK fx:ka

2 | 21K
(ka)z x=0

2
= Wkajl(x)| =
2
2k Ak (61)
ka

xJ,(x)dx

Whichis the standard diffraction equation for a
circular aperture.

4. The three-dimensional diffraction
pattern for a point source
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According to geometrical optics, the image produced
by a perfect lens is a point-by-point representation of
the object [44]. The fact that a perfect image cannot be
produced by an aberration-free lens led to the
development of diffraction theory based on the wave
theory of light [45,46].

Even with an aberration-free lens, the point-by-
point relation between the object and the image
depends on the photon being a mathematical point for
if the photon had extension, a point in the object space
would be represented by a three-dimensional volume
in the image space that was related to the diameter and
length of the photon. Every image shows latero-axial
astigmatism in that a point in the image plane is not
represented by a point in the object plane but by a
prolate ellipsoid with respect to the optic axis and a
circle with respect to the focal plane [47-49].
Historically, the prolate ellipsoid along the axis was
modelled geometrically as an infinite thin slit [S0] and
formally by the sine function, which is equivalent to a
zeroth-order spherical Bessel function of the first kind
and a Fourier transform of a rectangular function; and
the circle [51] in the focal plane was modelled
geometrically as a circle and formally by a first-order
Bessel function of the first kind [52- 55].2 Based on
these assumptions, Lommel [56, 57], Struve [58], and
Schwarzschild [59] developed formulae to calculate
the intensity far from the focal plane and this led to the
standard treatment in describing the three-dimensional
diffraction pattern produced by optical instruments
[19,60-77].

I'have modelled the binary photon as a propagating
oscillator/rotator composed of two equal and opposite
charges that produce a transverse electric field with a

. . yl . .
maximal diameter of - and a maximal axial length

equal to A in a single period [33,34]. Is it possible that
the fact that a spherical point source gives rise to
latero-axial astigmatism is a consequence of light not
being composed of geometrical points but astigmatic
binary photons? Is it possible that the lateral and axial
diffraction patterns can both be formally modelled by
the same first-order Bessel function of the first kind
after latero-axial astigmatism of the binary photon is
taken into consideration?

For the analysis, I assume Fraunhofer diffraction
where the diameter (2a) of the aperture is much
greater than the wavelength (4). Consequently, the
wave front at the aperture is considered to be a plane
wave. The plane wave at the aperture can also be

% The spherical Bessel differential equation for functions of order
2
mis ng + ZA% + (x2 —m(m + 1))x = 0 and the Bessel
224 4 2498y
9x2 dx

(x? —n?)x = 0 where A is an amplitude, x is a distance, m is an

differential equation for functions of order n is x

considered as the resultant of two sets of radially
propagating binary photons travelling in opposite
directions from P, and P, to P; on the shared surface
(Fig. 6). The diffraction pattern is also considered to
be planar.

D
P,

Fig. 6: The plane at the aperture can be considered as the
resultant of two sets of radially propagating binary photons
travelling in opposite directions from P, and P, to P; on the
shared surface. Likewise the plane wave can be considered
to be the resultant of two diverging spherical waves that
envelop the propagating binary photons travelling in
opposite directions. The two sets of propagating binary
photons meet simultaneously at any P; on the aperture plane
and the aperture plane can be considered coincident with a
plane wave (shown in red).

The three-dimensional diffraction pattern formed
by a point source of light passing through a circular
aperture can be determined according to Fig. 7 and the
following definitions:

E=apsing (62a)
n =apcosf (62b)
{=— (62c)
x =Rsing (62d)
y=Rcosg (62e)
z = KX (629)

R=x2+y2+22 (62g)

integer that serves as an index and n is a nonnegative integer that
serves as the index. The solutions to these equations are a series of
ascending powers of x.
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where p is a proportion of the radius a of the aperture;
K is a proportion of the length R from the focal plane
along the z axis; and @ normalizes the axes of the
Cartesian coordinate system relative to the asymmetry
of the binary photon.

Fig. 7: The relationship between a point on the aperture
plane and a point on the diffraction plane.

The ray (r;,) from a point on the diffraction plane to a

point in the aperture plane is given by the dot product
of Q@ and R such that:

r;=Q R=Sx+ny+{z (63)
Substituting the definitions from Eqn. (62), we get:

Q- R=apsinfBRsing +apcosf Rcosp +

KR cos

¢

(64)

Vi3
After rearranging and multiplying by k, we get:
kQ - R = kapR(sin 6 sin @) + kapR (cos 6 cos ) +

KR cosa

k{—— (65)
. k(R
Letting v = kaR and u = - Eqn. (65) becomes:
kQ - R = vp(sin 6 sin @) + vp(cos 6 cos @) +
UK COS & (66)
After simplifying, we get:
kQ-R =vpcos (6 —¢) +ukcosa = kr;, (67)
After substitution of Eqn. (67) into Eqn. (38), and

assuming that the source is far from the aperture, we
get:

41

2 =

| 2

ko 88 [ e s,

: - a
41T, 1y, Sia

2

. ik(ro1)
_ |21.kA0 cos ﬁel To1 ff ei(vp cos (6—¢)+ux
S

) ds.
| 4nry 1, “

ia

(68)

After expanding the exponentials, we get:

12 =
2ikA, cos Betk(Ton) i(vp cos (0—¢)) ,i(ukcosa) 2
47Ty 17T1 [‘USia € € Sia
(69)
Along the optic axis, p =0. Consequently

e!wpcos(6=9) =1 and the intensity of the axial
diffraction pattern is given by:

12=
2

2ikA, cos petk(ro1)

! !
ATry1 715

[ fz'cozl f:‘:oz"ei(u;ccosa) redx d@]
(70)

Since foznei(u'cws ) do = 2m],(uk), we get:

2ikA, cos petk(ro1)

! !
ATTy1 T2

_ 2
I, = | 25, 2 ury edie] | (71)

Taking the recurrence properties of the Bessel
function as given in Eqn. (60) into consideration, the
intensity of the axial diffraction pattern is given by:

2ikA, cos fet*(To1) [anl(uk) ] 2
uk

! !
ATIT o T2

(72)

12=

which has the same functional form as the equation for
the lateral diffraction pattern of a circular aperture. In
the focal plane, ¥ = 0. Consequently, e!(#*cosa) —
1 and the intensity of the diffraction pattern in the
focal plane, given by Eqn. (69), is

12:

2ikA, cos Betk(To1) [ p=1 0-Q=2T i(yp cos (6—¢)) ] ?
AT T, p=0 fB—(p:O € pdp d0
(73)

Because the Bessel function is symmetrical around the
optic axis, we let ¢ = 0 without loss of generality.

Since fee:oznei(”p s () dg = 2], (vp), we get:
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2ikA, cos fet*(To1)

12 = [
ATIT o T2

127 21, e pd || 79
p=0 o

Taking the recurrence properties of the Bessel function
into consideration, the intensity of the lateral
diffraction pattern is given by:

(75)

2ikA, cos fet*(Mo1) T2m, (vp) z
12 = vp

! !
ATIT o T2

Eqn. (75) describes and explains the “spurious
diameters” of objects viewed with optical instruments
by Huygens [78], Herschel [79], Airy [80], and others
since then. In general, the intensity of the three-
dimensional diffraction pattern is given by:

2ikA, cos fet* (o) T2y, (vp) 1 [2m )1 (ur) z
I = [ vl el | KD

! !
ATIT o T2

where both the lateral and the axial diffraction pattern
are formally modelled by the same first-order Bessel

function of the first kind with different arguments.
Since v = kaR and u=kz—R, then o KR _ L
f n T v mkaR na

ma ~ mnsi

n
= —and
nNA

U=v—— 77

TTNA
Eqn. (76) can then be written as:

2

I = (78)

2ikA, cos petk(ro1) [Zﬂh(vp) ] 2”]1(’7[%]@
4Ty, vp v[ale

where the intensities in the lateral and axial diffraction
patterns are both described by the same first-order
Bessel function of the first kind. However, the
argument for the first-order Bessel function of the first
kind in the axial part of the equation is increased by ©
to account for the astigmatic nature of the binary
photon and modified by % to account for the

properties of the optical system that produces the
diffraction pattern. The lateral and axial diffraction
patterns predicted by Eqn. (78) are illustrated in Fig.
9. The ellipsoidal shape of the diffraction pattern is
consistent with the elongated structure observed in the
bright central portion of the diffraction image in a
telescope [80] and in light and electron microscopes
[81] that is responsible for the depth-of-focus which
allows tolerance in finding the focal plane.

42

4 2 0 2 4

Fig. 9: Illustration of the lateral (a) and axial (b) diffraction
patterns predicted by Eqn. 78.

5. The description of plane waves

The functions U Z—z (P) and G g—: (P) can also be used

to describe the propagation of binary photons along
parallel rays, which can be characterized as an
electromagnetic plane wave, where the electrical and
the magnetic components of light are a quadrature out-
of-phase. This description provides a solution to the
standard form of Maxwell’s [26] wave equation:

(79)
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For binary photons traveling in the z direction along
parallel rays, let Eqn. (8a) become U a—G (P) =

’Czl;o :20 ikz=w ) and Eqn. (8b) become G—(P) =

. [cepEgE i(k7z— .
i ’%e’(’” ®t) Then assume that a solution to

the wave equation is described by the following
complex wave function:

€Bo'Bo i(kz-wt) 4 ;: |C€0E0Eo i(kz-w )
——e +i[——e 80
2uok? 2k2 (80)

where the complex “wave” consists of a magnetic
wave and an electric wave that are a quadrature out-
of-phase with each other in Euclidean space and
Newtonian time, as predicted by the binary photon
model. Plane waves are usually described as having
planar surfaces with constant phase. Here we have to
describe plane waves as having a planar surface with
constant phase for two waves that are quadrature out-
of-phase. In order to prove that Eqn. (80) is a solution
to the plane wave equation, we have to take the second
spatial and temporal derivatives of W. The first spatial
derivative of W is:

A4 ¢Bo'By _i(k-z—wt) -2 ceoEoEo ellkz—wt)
2 _ g [BaBe, i2) [eboto
az 2uok? + 2k2

81

And the second spatial derivative of P is:

d 0¥ cBy'B i
2w — 9 9% _ ;2,2 oBo Ji(kz-wt)
vy Pl k /Zﬂokze +
372 [€80EoEo i(k-z-wt)
i’k ’—ZRZ e (82)

The first temporal derivative of W is:

v . CBo'By _i(k-z-wt)
— = —iw ’—e +
ot 2uok?

. cegEyE i(k-z—

lzw ’ 02k02 [ el(kl wt) (83)

And the second temporal derivative of W is:

92 9 oV

y , cBy'B
—_99F _ lza) CBo'bo L(kz wt)+
at2 at at Zuokz
. cegEyE i(kz—
Pw? /—"Zk"z 2 gilhz—et) (84)

a2y
Setting VW = ——, we get:

i2k2 ¢BoBo l(kZ wt)+
Zuok2
i3k? c&oEgEg pillez-wt) —
2k?

11.2 cBoy'Boy eilkz—wt)

= L (1) 2 kz +

¢ Ho
. cgpEyE i(k-z—
130)2 o%o oet(kz wt) (85)

2k?

i(kz—wt)

After cancelling e , we get

izkz cBy'By .3k2 ceoEgEy _
2upk? 2k2

1. cBy'B . cgpEpE
S |iPw? [ =2+ iPw? 252 (86)
c 2upk 2k

After simplifying, we get:

cBy'B cepEyE
kZ [ O+ kZ oLo'Lo —
2u0k? 2k2
i 2 |cBo'By . 2 |cgoEgEg (87)
2p0k? 2k2

After solving the real and imaginary parts separately,
we get:

B,B, 2 [cBy,'B,

k? /— ™ == /— ™ (88a)
[ ) 2 [ ;

k2 C“—'oio Eo _ % C“—‘of;o Eo (88b)

After cancelling i in Eqn. (88b), we get:

cepEoE w? |cepEyE
kZ\/oo o:_z\/ooo (89)
2 c 2

We see that W is a solution to the plane wave

2
equation as long as ¢? = (;;—2 for both the real part and

the imaginary part. The intensity (I) of the plane wave
is obtained by taking the product of the wave function
(W) and its complex conjugate (¥*):

cBy'B i(k-z—
1= wyr = | (Lo itkz-an) 4
2upk
2
. |cgoEy'E, i(k-z— cBy'B cgpEyE
i OOOel(kZ wt) — 4] o+ oLo'Eo (90)
2k? 2o

When the emitter and observer are not in the same
inertial frame, the electric and magnetic components
undergo Dopplerization [82-87] and we get the
relativistic second-order wave equation:



The African Review of Physics (2019) 14: 0006

’Vzlp Wsource VCHv€osd o %2y

cco¥=¢ ——— V¥ =— (91
Kobserver VC—v cos ¥ at2 ( )

vcosV

where ¢’ = Wsource VCtVcosY _ Wsource 1+T

kobserver Yc—v cos 9 kobserverJl_vz c0s2 9
2
C

Y is defined as the angle subtended by light rays
extending from the source to the observer and the
velocity (v) vector that ends at the observer. As the
relative velocity increases, k,pserver decreases when 9

Vi3 . Vi3
<3 and K,pserver increases when 9 > e As a result,

cc' remains constant in any and all inertial frames [31].
The complex wave solution to the above wave
equation is:

¢B, "B, i<k~z—

vc+vco )
——wt
+

Y = Vvc-vcosd
2uyk?
. Vc+vcosd
. |ceoEgEg el(kz_i'—C—vco wt) (92)

2k?

where the amplitudes of the electric and magnetic
components remain constant with velocity (v cos )
but the wave number varies with the velocity (v cos 9)
of the observer. To show that Eqn. (92) is a solution to
Eqn. (91), take the second spatial and temporal
derivatives of Eqn. (92):

_Vc+vcos ﬂwt)
ve—-vcosd +

cegEp'E i(k-z—wwt)
i3k? /Te Ve=vcos® (93a)
%y
at?
2 Vc+v cosd
Vc+vcosd cB, B, ilkz—————owt
i2w? + il o N\ Vevcoso
Ve —vcos?d 2u,k?
+
. V 9
.3 2 (Vctvco 2 ceoEpEyp t(k-z—\/%wt) 93b
rw Ve-vco 2k2 € ( )

Substitute Eqns. (93a) and (93b) into Eqn. (91) to get:

. Vec+vcosd9 )
¢ Wsource VCHVCO i%k? Mel(kz \/c—vcosﬁwt +
kobserver Vc—v cos 9 2pok?

.37 2 |C€0EoEp i(k~z—c+v7c0519wt)
i°k? [=2—22¢ Ve=vcosd =
2k?
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izwz (\/c+v cos 19)2 cBy'By ei(k-z—\/ztz—%zgwt) +
Vc—vcosd 2uok?
.3 2 (Vctvcosd 2 cegEpEg i(k-z—”v—comqa)t)
i°w e Ve-vcosd (94)
Vec-vco 2k2

After cancelling like terms, we get:

Wsource kz CBo'Bo+ik2 ceoEg'Eg —

kobserver 2pok? 2k?2

vc+vcosd |[cBy'B . vet+vcostd [cepEyE
WP [ 2+ iw? 220 (95)

Ve—vcos9 4| 2ugk? Ve—vcosd 2k2
After solving the real and imaginary parts separately,

we get:

Wsource cBy'By 2 Vc+v co cBy'By (963)
kobserver 2uok? Ve=vcos 9 4| 2uok?
Wsource ikz cgoEpEp — in vc+vco cgoEpEp
kobserver 2k? vc—vcos?d 2k?
(96b)

W is a solution to the plane wave equation as long as
Wsource Ve—vcos 9

Ckobseruer Vc+v cos 9

imaginary part. Whenv =0 or 9 ==, —-Souree —

2" Kobserver

2
= 2 for both the real part and the
k

:;—22= ¢ and Eqn. (91) reduces to Eqn. (79). The
relationship between the wave number of the electric
and magnetic components observed by an observer
moving in an inertial frame relative to the wave
number of the electric and magnetic components
observed by an observer at rest with respect to the

source is:

vcosVd
K -k Vetvcosd k 1+—
source observer Je—vcosd observer | 2 cos2 9
- 2
R c
o7

which is the equation for the relativistic Doppler effect
for the binary photon.

6. Conclusions

The binary photon provides a way to understand with
Euclidean space and Newtonian time, why particles
with charge and/or a magnetic moment cannot exceed
the speed of light [31]. The binary photon also
provides a way to understand the deflection of starlight
in Euclidian space and Newtonian time [32,84]. Here
I have shown that the binary photon naturally provides
the twoness required to satisfy the boundary
conditions upon which Kirchhoff’s diffraction integral
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in based without calling upon imaginary space as
Sommerfeld (1964,2004) chose to do.

In 1861, Maxwell gave the property of twoness to
the ether (Fig. 10). Maxwell [88,89] described the
ether in terms of electric and magnetic particles:
“According to our hypothesis, the magnetic medium is
divided into cells, separated by partitions formed of a
stratum of particles which play the part of electricity.
When the electric particles are urged in any direction,
they will, by their tangential action on the elastic
substance of the cells, distort each cell, and call into
play an equal and opposite force arising from the
elasticity of the cells. When the force was removed, the
cells will recover their form, and the electricity will
return to its former position.”

Fig. 10: Maxwell’s conception of the luminiferous ether
using a mechanical analogy. Notice the similarity between
the electric and magnetic components in Maxwell’s
mechanical ether and the electric and magnetic components
in the binary photon [34].

In 1865, Maxwell [90] concluded that “light and
magnetism are affectations of the same substance, and
that light is an electromagnetic disturbance
propagated  though the field according to
electromagnetic laws.” However, by investing some
of the properties of electricity and magnetism in the
ether, Maxwell had to divest light of those electric and
magnetic properties in order to produce his
electromagnetic wave theory of light. He did this by
assuming that the divergence of the electric and
magnetic fields vanished. This led directly to the
conclusion that for light, which is electrically neutral,
the electric and magnetic fields are in-phase.

Henri Poincaré [23] and Arnold Sommerfeld
[24,25] realized the conclusion that the electric and
magnetic components are in-phase nullifies the
assumptions upon which Kirchhoff’s diffraction
integral was based and thus Kirchhoff’s integral
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lacked mathematical rigor. Sommerfeld saved the
phenomena of the electric and magnetic components
being in-phase by introducing imaginary space.
Sommerfeld was then able to recover Kirchhoff’s
diffraction integral based on his own first principles,
which were based on the mathematical rigor of
imaginary space. Sommerfeld [91] wrote, “we can
confirm the results of the older theory, while we must
declare as completely incorrect the methods through
which they were derived.” Perhaps the introduction of
imaginary space also lacks rigor. Olivier Darrigol [92]
wrote that “From Newton fto the present, the
diffraction problem has never ceased to be a ground
for conflict between physical intuition and
mathematical rigor” and Richard Barakat [93] wrote,
“One of the fundamental unsolved problems of optical
diffraction theory is to understand why the Kirchhoff
theory successfully predicts the intensity distributions
in spite of the fact that from the mathematical
standpoint the Kirchhoff theory appears to be a poor
approximation to the rigorous formulation of the
diffraction problem....”

Here I show that the solution lies in the binary
photon. By making the binary photon electrically
neutral as a result of being composed of two equal and
opposite electric charges [33,34], the electric and
magnetic components of light are quadrature out-of-
phase and the boundary conditions for Kirchhoff’s
diffraction integral are satisfied without the need for a
mechanical ether. Thus image formation, which
involves the diffraction of light by the specimen and
the  optical  system, becomes  completely
comprehensible and mathematically rigorous in terms
of the electromagnetic properties of light.
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