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We assulue: (i) Photons are clnitted by hannollically oscillating 
sources. (ii) They have definite trajectories. (iii) They have a prob­
ability of being scattered at a slit. (in) Detectors, like sourccs, are 
periodic. (v) Photons have posith'e and negative states which locally 
interfere, Le., annihilate each other, when being ahsorbed. In this 
fraluework we are able to derive standard diffraction and illterf<::rcllce 
results. We thereby elitnillate in this approach wave-particle duality 
for photons, and give llonparadoxical answers to standard questions 
about interference. For exalnple, in the two-slit experitnent each 
photon goes through only one slit. 

Key words: photon, interference, trajectories, stochastic-UlOdcl, QED, 
qualltull1-optics. 

There have beell Iuany papers 011 optical diffraction, hoth 
foundational and technical. Why auothcl' one 011 the fuundatiolls'? 
We have several justifications for the pr('scllt effort. First, it is, w(' 

believe, of coutiuuing philosophicnl interest to give a purdy particle 
theory of diffractiull of light. Such particle th(!ories have a long 
history reaching back to Newton. 

Second, the best known particlc theories of diffraction, the 
stochastic Inecitallics of Nelson and others, and the qURllhllll poten­
tial theory of de Droglie-Bolun, are 110t really suitable for photons. 
They both clC'pC'ud 011 dynanlical interaction with a field and consc­
quently are foctls('d 011 the hehn.vinr of particlcs with positiv("l 11mSR. 

The theory we devdop is lIot dYllnluical ill this scnse. Except for 
local interaction with luattC'l', we aSStlllle photons follow linear tra­
jectoriC's. 

Third, using our pl'ohnhilistic thC:'ol'Y of photons we can define, 

SOl 
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ill a standard luathematical way, the scalar electrOluagnetic field. 
From a philosophical standpoint this reduces the concept of such a 
field to the probability distribution of photons. 

Fourth, although our results agree with those of quanhuu me­
chanics for optical diffraction, a point again of philosophical interest 
is that We avoid the seenling paradoxes of wave-particle duality. For 
exrunple, does an individual photon sOluehow go through both slits 
shuultaneously? In our theory, as we spell out later, the answer is 
negative. 

Our lnain objective is to derive diffraction from the assUIUp­
tion of well-defined photon trajectories. To do this we start with a 
harmonically oscillating source Msuluing only knowledge of the lnean 
distribution of eluission (Sec. 1). To get a luean probability distribu­
tion that is synulletric ill the oscillation of the source we introduce 
positive and negative states of photons. These asslllnptions are used 
to derive the mean distribution of photons in free space (Sec. 2) and 
to define the electric field (Sec. 3). When photons pass through a 
slit scattering occurs. The resulting diffraction distribution on the 
screen at a given tiIlle is derived (Sec. 4). 

To average over tiIlle and derive well-known diffraction pat­
terns, we use two additional hypotheses. The first is that positive 
and negative photons annihilate each other in the process of absorp­
tion by a detector. The second is that the process of absorption, like.' 
the process of eluission, is periodic. We then derive (Sec. 5) a result 
aSYluptoticallyequivalent to the classical dpfinition of intensity. The 
convergence to an exact equivalence is rapid. 

We conclude (Sec. 6) with our response to a lluluber of the 
conceptual questions often raised about photon diffraction phenOlu­
ena. The present article continues and considerably extends the foun­
dational analysis beglill in Suppes and de Barros (1994). 

There are fleveral aspe.'cts of the research we are undertaking to 
be emphasized. In a general way our approach is to analyze the nlain 
enlpirical phenOlllena characteristic of quallttull eledrodynatllics, but 
with a stronger ontological COlll1uitIllellt than that of QED to a purely 
particle theory. This vif'wpoillt contrasts sharply with the ontological 
COllllllitUle.'llt to fields of Dol1111, Hiley and Kaloycrou (1987), Dolull 
and Hiley (1993) and KaloYe.'roll (1994). Of course, our ideas are not 
as yet as thoroughly (~evelopcd. 

Conceptually n key point for us is to introduce frol11 the very 
beginning two kinds of photons, or, equivalently, two differ{'ut states 
for photons, which we label positive or negative. As alr{'ady re­
lllarked, their introduction leads to a natural sYIll1uetrization of the 
expectation density of photons, and also to a local principle of inter­
fercIlce. Because only the nct exee~s of positive or ncgative.' photons is 
observable, it is appropriate to call the.' positive (llldllPgativc photons 
vi~tual and thus not necessarily individually observable. Although 
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our concept of virtual photon is not the same as that of QED, we 
expect comlllOll features to be present ill our subsequent extension 
of the present work. 

1. SOURCES AND TRAJECTORIES 

It is iInportant within the fraluework of the ideas we are devel­
oping to give sources primacy of place over fields. There is already a 
justification of this in classical electromagnetic theory because, given 
the sources, the electroluagnetic field is uniquely defined, but given 
the field, the sources cannot be uniquely identified. Of course, our 
reason for stressing the itllportance of sources is deeper. We in fact 
want to define the concept of a field and not use it as a priIuitivc 
COl1C~pt in our dcvelopnlellt. III particular, we want to define the con­
cept of field, as will be clearer later on, in terms of the expectation 
density of photons. 

In the present paper we take a senli-classical approach to 
sources. In particular, we aSSUlue that we have a hanllonically os­
cillating point source of monochromatic light. It clearly does not 
represent a detailed theory about how atol11S radiate photons. 

The sinlplest asslliuption for a haflllonic oscillating source. is 
to aSSUllle that the source can be represented as a fUllction A f'oswt. 
However, tlwre are difficulties with this that are easy to pinpoint. 
What we actually want is a probability distribution of elnission of 
photons fronl the source. We cannot use a sinlple cosine function 
because it assumes negative values. We also want to stress that 
we do not attempt to characterize at this point a detailed stochastic 
fannulation of the etnission of photons by the source, but are content 
with having only a teIllporal expectation density at the source. For 
this purpose we could use the function A( 1 + cos wt). 

The difficulty with this function is its asyul1uetric character 
in relation to the nature of the cosine function. l\10reover, there is 
a more sev~re conceptual difficulty if we want to define a field frOlll 
the expectation density. We w{)uhl have at points wlwrc th~ fidd is 
luaxinuull a z('ro density of photons. 

Th~rf" is an easy and natural way to syulluctrizc the prohlC'lll, 
which we shall adopt, naluely, the introduction of positive and llf"ga­
tive states, which we discuss fr01l1 a conceptual standpoint lat~r. In 
Sec. 3 the difference in the expected lluluber of positive and lwgative 
states of photons is used to define the electroluagnetic field generated 
by the source. 

So we end up with the following fonnulation. Let n±{t)dt 
bf" thf" ('xp{'ded llulllbcr of photons in positive or llC'gativc slatf's 
emitted in the illh>rval (t, t + elt), with t > O. Then we asSUIUC, in 
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order to SYllllllctrize the expectation density, 

A 
n±(t) = 2"(1 ± coswt), (1) 

with t > 0, where A and ware real constants detennined hy the 
oscillating source. 

A central aspect of our proposal for a new theory of diffrac­
tion is to revive the Newtonian idea of well-defined trajectories for 
corpuscles, or as we would now say, photons. It was central to New­
ton's theory that wh('n corpuscles of light are ullirupeded they travel 
in straight lines, as he put the luatter at the beginning of Optick.1 
(1730, p. 2), "MathC'lllatiC'ians usually consider the Rays of Light to 
be Lines reaching f1'0111 the hUllinous Body to the Dody ilitunillated." 
In particular, we aSSUlue that in free space photons 1110Ve with veloc­
ity c in straight lines. This viewpoint toward trajectories agrees with 
the heuristic extension of geolnetrical optics to "diffraction rays" by 
Keller (1962, 1965). 

2. DERIVATION OF EXPECTATION DENSITY 
IN FREE SPACE 

The physical ass111uptions about photons which we need in 
this section, partially anticipated above, are the following. 

1. Photons are eJuitted ullifonllly ill all directions frmn a har­
tnonically oscillating point sonrce. 

II. Let n±(t)tlt he the expected 111.lI111>£'r of photons in positive or 
negative states etllitted in the iuterval (t, t + dt), with t > O. 
Then, we assulue (as already stated in (1)) 

A 
n±(t) = "2(1 ± coswt), (2) 

with t > 0, where A and ware f('al constants detenllilled by 
the oscillating source. 

III. In free spac<", photons Illove with velocity c ill straight Hues 
following crassieal paths. 

IV. In the preSC'llce of luatter a photon has a positive probability 
to he scattered or ahsorbed. 
Undf'r these ass1.11nptiolls, the wave-particle duality is elilui­

nated for photons. Individual photons do not have wavr- properties, 
but the llonlocal expectation density, whkh we now define, does. 

General probability concept.q. We begin with sOlne basic ran­
doni variables, for which we use spherical coordinates with origin at 
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the S0111Tf' . 

• \'"(r·, 8,!.p, t) = llululwr of photons at poiut(J', 8, 'P )n.t tiu}(' t, 

X+(r, 8, 'PI t) = tlUluber of + -photons at point r', 0, 'P )at titue t, 

X_(r',B''P,i) = Iltuuber of - -photons at poillt(", O, cp)at titne t. 

Note that 

A t the ,'01Lrcc. The exppetpd lluluher of photons eluittc'd at t 
is: 

E(X±(O,O,O,t)) = n±(t) = A G ± ~coswt). (4) 

Expectation den,'lity. In ASS\ll1Iptioll II we use i ± i coswt, 
rather than cos wt, to have a dellsi ty that is nonnegative for all t. 
Integrating (2) for th£' interval (0, I), we ohtain the expf"cted 11\1I11h('1' 

N±(t) of photons t"Iuitted during the period (0, t). 

l' A( , l' N±(t) = - 1 ± coswt )( t 
o 2 

A( 1. ) = "2 t ± ~ Sill wt . 

(5) 

"Ve note that the expected llllIuher N(t) = N+(t) + N -(t) incl'('(ls('s 
with t, becausf' photons are contiuually created at the sourCe. 

We now derive the space-tinle expectation density 1,±(1', 8,!.p, f), 
spherically synulletric ill the radial distance " frulll the point soun'p, 
so we sitllplify to l1±(r, t), For ('nch t, "±(", t) hecollU's a probability 
dPllsity if we divid(' hy N±U). If a photon is {'ulittpd at I', ° :5 t' :5 t, 
then at titne t the photon has tnlvt'lecl a distan('{' ", wllPJ'(' 

t - t' = r·/c. (6) 

For a photon 1/ enlitted £roll1 the SOUl'C{, at tilu{' t' < t, we have as 
the condi tional probahility for its posi tion ralldOlll variahle }~ (II) at 
titne t: 

1 r 
PlY,(v) = (l',B,IP)IYi,(v) = (0,0,0») = 411"1.26 [(t - t') - ~1. (7) 
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We know the expectation density at t' of the source: 

n*(t') = ~ (1 ± coswt'), (8) 

so we have for 

h±(r,t) P[Yi(v) = (r,8,fP)IYi,(v) = (O,O,O»)n±(t') (9) 

the following: 

l' A r h±(r, t) = --2olt' - (t - - »)(1 ± coswt')dt' 
o 8n-r c 
A ,. 

= -8 2 [1 ± cos w( t - - »)-
n-r c 

(10) 

3. DEFINITION OF FIELD 

We define the scalar field £, generated by the spherically sym­
luetric point source in tenns of the expectations of the random vari­
ables X+ and X_, or, put another way, in terms of the photon ex­
pectation densities h+ and h_, 

£ = £0("+ - h_), 
Jh+ + h_ 

where eo is a scalar l)hysical constant. Using (10), 

and 

thus, frotn (11)J 

A ,-
h+ - h_ = -- cosw(t - -) 

41fr2 c 

A 
h+ +h_ = -4 2; 

1fT 

{l; " £ = £0' -4 2 cosw(t - -). 
n-r c 

(11) 

(12) 

Applying the standard definition of average intensity, we get the 
expected result: 

(13) 



DIITrac:Uon wllh »hulc," TruJec:torles 507 

There is a conceptual point to he emphasized in connection 
with equation (11). This equation is a definition. It shows how 
we define the concept of an electrolnagnetic field solely ill tenns of 
photons and their expectation density. Hence in the present context 
the field has no independent physical reality. 

On the other hand, the field & defined by (11) satisfies the 
three-dimensional wave equation 

2 1 [P£ 
'1£---=0 

c2 8t2 ' 
(14) 

which for the spherically symnletric case bas the following fonn in 
spherical coordinates 

(15) 

where the ternlS involving 8 and cp are eliIllinaled by sYlIuuetry. 
It is ea.~y to check that the definition of the field given by (11) 

satisfies the wave equation whell h± is generalized to an arbitrary 
number of spherically sYlllluetric sources. 

4. DERIVATION OF DIFFRACTION THROUGH A SLIT 

The standard two-ditllensional geOll1etry of the single slit, to 
which Wp restrict ourselves in this and the next sC'ction, is shown in 
Fig. 1, where for the illustrated path x is the coordinate on the axis 
of the slit and y is the coordinate 011 the screen. \Ve aSSUlue as a local 
phenonlello1ogieal lllodel that the probability P:r( s) of a scattering 
event at any poiut x of the slit is a decaying exponential fUllction as 
we move toward the center of the slit away frOlll the edg<"s, 

where a,"\ > 0 and 

{ 
0 if x < 0 

71( x) = 1 if:r ~ o. 

Also Px(s) = 1 - P:r(s), when' oS is the event of no scattering at 
x. The parmnetcr ,.\ will be n fuuction of the barrit"r and can be 
estiInated frOUI experilllt'lltal data. 
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y 

s 
Fig. 1. Typical path in single-slit diffraction. 

We define p.J!(yls) as the conditional probability that a photon 
scattered at x arrives at y on the screen and p.J!(vls) as the conditional 
probability that a photon not scattered at x arrives at y. We note 
first that 

( 1
_) - "( _ x(d) + d2» 

P.J! y s - U Y d
1 

' (17) 

which is just the geOll1etrical shadow. 
Second, we assume a cosine law for forward scattering 

p.J!(yls) = C2 cos 8 (18) 
! 

and we neglect any backward scattering. From Fig. 1 it is clear that 

Iy - xl Ixl 
(J arctan d

2 
+ arctan d;" (19) 

Returning again to Fig. 1, let 6t = t - t' be the tilne for the photon 
to go froln the source S to y. We then have 

t' = t - h vx2 + ~ + V(y - x)2 + d~) = g(t,x,y). (20) 

Using (9) and (20) and integrating across the slit the various condi­
tional probabilities already defined, we get as a general expression 

1 fa h±(y, t) = - [P.J!(yls)P.J!{s) + p:r:(yls)P:r:(S)] n±(g(t, x, y»dx. 
2a -a 

(21) 
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Using (8) and (16)-(21), we obtain as the explicit expression for 
diffraction through a single slit 

h±(y, t) = C2
A 1a 

[(e-A(%+CJ)(fl(X + a) - 'l(x» 
2a -a 

+ e+~(·-·)(.,(x) - .,(x - a)))] 

• cos(arctan f. + arctan ~I){ 1 ± cosw [t - ; ( Jx' + d~ 

+ J(y - X)2 + <4)] }dX 

+ - (1 - e+ A(r+I1)(fl(X + a) - fl(X» A 1a 

2a -a 

- e- A(x-a)(fl(x) - 'l(x - a») 

-8(y _ xed. +d2»{1 
d1 

± cos w [t - ; ( J x' + 4 + J(y - x)2 + <4 ) ] } dx. 
(22) 

We now introduce several approxitnatiolls for c01uplltational 
purposes: (i) since x is slnal1, we apI>roxitllate (J by arctall(lyl/d2 ); 

(ii) we assume that cos (J varies slow y cOIn pared to cos(wg( t, x, y» 
since w ~ 1; (iii) P.r( s) = 1 for all points x of the slit. Using these 
approxilnations, we obtain froll1 (22) 

C2 A Y 
h±(y, t) = 4a cos(arctall d

2
) 

t {I ±cosw[t - H JX2 +4 + J(y -X)2 + d~)] }dX. 
(23) 

The corresponding expression for two slits with widtb d of the central 
barrier is easily obtained frolll (23): 
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C2
A ( y ) h±(y,t) = 4a COS arctan d

2 

{J/+ 4 {I ± cosw[t - ~ ( JX2 + tP. + J(y - x)2 + d~)] }dX 

+ f~t-4 {l±cosw[t -H JX2 + tP. + J(y -X)2 + ~) ]}dX}. 
(24) 

By using a second-order Taylor expansion of x around 0, i.e., by 
using the linear and quadratic tenns of the expansion, we obtain froIn 
Maple's SYlllbolic cOlnputation prograrn an approxiIllate expression 
for (23) in tenus of the standard Fresnel integrals: 

C2 A y 
h±(y, t) = - cos(arctan -d ) 

4a 2 

. {2a± V2" [(sink)S(V w (fJ - 2Otl» - (cosk)C(V w (fJ - 2a,),» w, 2~, 2~, 

+ (sin k) S( V2w 
(fJ + 2a')'» + (cos k) C( V w (P + 2al »)]), 

~, 2~, 

(25) 
where 

(26) 

(28) 

(29) 

(30) 

(31) 

A siInilar approxiuHl.tioll ill tf'nns of Fresnd integrals for equation 
(24) is also directly cOluputable by Maple, but the expression is COUl­

l' plicated, so we Olnit it. The integral of equation (23) is siluilar to a 
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classical diffraction integral derived in Sonunerfeld (1964). By using 
his approximations we can derive his result. 

5. ABSORPTION OF PHOTONS 

There are two itnportallt conceptual aSStllllptiollS we now in­
troduce. They are essential to our analysis of absorption, but were 
not required for the derivation of (22), i.e., of the expression at the 
screen of the expectation density Il±(Y, t). These new asslunptiolls 
are required for a proper forlnulatioll of the second-order eff(~cts that 
are characteristic of absorption, as classically nleasured by the square 
of the field, averaged over titne. 

First I we al;jSlUue that the ahsorber, or photodetedor, i ts('lf 
behaves periodically with a frequency w. Thus, the prohability PA 
of absorbing a photon is, independent of y: 

PA = c3(1 + cos(wt + 1/1 », (32) 

where 1/J is an arbitrary phase that can be randmuizcd. 
Second, we aSSUlll€, a local principle of interference. As already 

renlarkcd, during the process of absorption positive and uf'gativ(' 
photons cancel each other ill pairs, so the effective absorption ill it 

short interval is the net surplus, if any, of either positivE" or ll~gative 
photons. 

W(' simplify th(' analysis, wHhout loss of rOlu'C'ptnal cout,('llt., 
hy analyzing two point sources, whidl we ran think of as an approx­
itnation to two slits. So we have frmll the two coherent point s()urc('s 
at y and t 

and 

It ~ ) (y, t) = B (y )( 1 ± cos( wt + If'I (y ) », 
h~!(y, t) = B(y)(l ± cos(wt + 1f'2(Y))), 

(33) 

(34) 

(35) 

Bt'cause ouly th(· rdative phas(' is ohs('rvahlt·, without loss of geuer­
ality w(' tnay set <PI (y) = 0 aucl ct'2(Y) = cp(y). 

\Ve show that fur two point sonrc(,s ({iff(·ring hy an arhitrary 
phase <p, the titne-averaged iIllbalance of exp('ctcd lluluh('r of posi­
Hve alHlllf'gntiv(' photons absorhed CUllV('rges rapidly to the dassieHl 
illh'llsit.y of til(' d('fill('d lidd. Fin;t, the ('xpC'ctC'd lltUllber E( #±) of 
('aeh tyP(' of photou absorbed is the titll(>-averagt'd product: 

(30) 
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The averaging is required because an absorption of an individual 
photon by an atOlll of a photodetector takes on a.verage several orders 
of magnitude Jonger than the mean optical period of the photons, 
both theoretically and experhnentally (Nussenzveig, 1973). 

From (32)-(36), we obtain 

Be IT 
E( #±) = T 

3 
10 (2±cos wt±cos(wt+lf' »(1 +cos(wt +1/J »dt. (37) 

We now observe for T:> l/w, wbere w ~ 10153-1, 

BCl [T 
T 10 coswtdt ~ 0 (38) 

and 
1 IT 1 IT 
T 10 cos

2 
wtdt ~ T 10 cos

2
(wt + <p )dt. (39) 

Using (37), (38) and (39), we obtain 

IE(#+) E(#-)I 

Bc IT 
~ T31 10 2(coswtcos(wt + 1/1) + cos(wt + <p)cos(wt + 1/J»dtl 

~ Beal cos tP + cos ( <p - t/J )1. 
(40) 

Randotllizing between' the two corresponding phases of tP = cp and 
t/J = 0 in the absorber, we see from (40) that the outcome is the 
same, namely, 

IE(#+) - E(#-)I ~ BC3(1 + cos<p). (41) 

Defining the field at the fixed poiut y, using (11), we have 

J t = £ov'n(coswt + cos(wt + <p». (42) 

Squaring £ and averaging over tilne, we obtain the intensity 1 at a 
point y: 

I ~ £~B(l + cos<p). (43) 

Comparing (41) and (43) we see that for fixed phase differ(3nce <p of 
the two sources we get that the intensity of the field is proportional 

: to the expected total nutnber of photons, i.e., E(#+) + E(#-). 
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We now consider two special cases, one of positive and one of 
negative interference. If cp = 0 in (41), so that the two sources have 
the same phase, then 

IE(#+) - E(#-)I = 2Bc3. (44) 

If tp = rr, the case of negative interference, then 

IE(#+) - E(#-)I = O. (45) 

So in this case we get a classical case of cOlnplete destructive illtt'r­
ference whpre no photons are detected, but by using ouly our purdy 
local priuciple' of interference. 

We are now ill a position to explain Olle of the l110st se'cluillgly 
paradoxical aspects of the two-slit experitllcnt. How can it be, so the 
paradox goes, that by closing one slit (or turning off one source), 
the number of detected photons increases (Feynlnan, 1985)? Our 
answer is siluple, as can be seen froln (45). When one slit. is closed 
we elinlinate the destructive local interferellce. So, with only one slit 
open, the expected llUlubpr of photons detected is BCa, whereas, as 
we have shown, with both slits open, the expected lltuuber is O. 

6. SOME STANDARD QUESTIONS AND ARGUMENTS 

It is ilHitrllctive to see how the conccpt of photons with (Ie·f­
inite trajectories leads to nonparadoxical answers to the standard 
questions raised about diffraction and interference, cspecially in the 
context of quanhl111 nlechallics. 

1. Where are the waves? In the theory of photons proposed 
here an individual photon does 110t have wave properties. The ('x­
pectation dcnsity does, for it inherits the wave propcrties of the 
oscillating source. 

2. Interference with one photoll at a titne? Yes, but. Give'u 
sufficient titne T a very low intellsity beaIn will produce the smnc 
pattt'rll of diffraction or interference as a very strong heatn for a 
short time T'. The required cOluputatioll of the tiules T and T' is 
strai~htf()r\Vm'd in principle: The RHIlle ('xped<·d lluIllhcr of photoJls 
should he t'luitted froll1 sources with diffcring intf'llsities for the two 
pC'riods of titue. But for extreluely low intensity beauls the ~xpcded 
deJlsity is a poor approxinmtiou to the real phellOluella. 

Iu priuciple, we can explain the paradox of a single' photon 
illtC'I'f('ring with itsplf. The "single photon" of tile' paradox is tlH.' 
ohse'rvahle CVf'lIt at a df't.t'etor. The destructive inte'rfere'ucP that 
leads to no observed event is explaincd hy a positive and ncgative 
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photon, in our sense, annihilating each other. In other words, the net 
excess of positive or negative photons is zero. As is apparent from 
the explanation, the total number of photons, positive or negative, 
does not correspond to the total number of observable events, which 
is another reason to call our positive and negative photons virtual. 
Other aspects of photon interference are discussed in Suppes and de 
Barros (1994). 

3. How can the intensity at a point on the screen be increased 
by closing one of the two slits? See otlr answer after Eq. (45). 

4. Without waves, why do particles hit the screen outside the 
geometrical shadow? In terms of the basic assumptions of this paper, 
the answer is clear. The scat tering of photons by the matter of the 
barrier can change their trajectories to lie outside of the shadow. 

5. Does an individual photon ever go through both slits si­
multaneously? No. Since our basic assuInption is that photons have 
a well-defined trajectory, our negative answer is obvious. Of course, 
our analogue of a wave concept, the expectation density, can, and 
generally will, be simultaneously nonzero at both slits. 
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