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The wave-particle duality of radiation from a source in the electromagnetic spectrum is well-known. A criterion is
proposed to determine when the radiation will predominantly exhibit the properties of a particle and when will it behave
as a wave. An experiment is suggested to validate the criterion.
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1. Introduction
The concept of light quantized as a photon in all is
interaction processes is now well established, and is
subsumed in the complementarity principle of quantum
mechanics applicable to light as well as matter. Thus,
light manifests as a particle in the photoelectric effect
or the Compton scattering, but as a wave in the Young
double-slit interference experiment [1-4]. It is,
however, not clear what criterion, if any, there is to
determine when the photon behaviour is best
characterized as that of a particle and when as an
electromagnetic wave. The objective of the present note
is to propose a reasonable criterion, and suggest an
experiment which is likely to serve the purpose of
validating this criterion. To this end, let us recall the
prophetic result obtained by Einstein [2] in 1909 for the
energy-density fluctuations of blackbody radiation. The
mean-squared fluctuation <Δε2> was found to comprise
two summands – a term <Δε2>w linear in the Planckian
mean energy density in the high-frequency limit (the
Wien (w) displacement law) supporting the particle
picture, and another term <Δε2>R–J quadratic in the
Planckian energy density in the low-frequency limit (the
Rayleigh-Jeans (R-J Law) that supports the wave picture.
The latter, (the so-called excess noise) was identified as
the wave noise arising from the wave interference, while
the former corresponded to the particulate shot noise.
The two limits were nominally separated by the peak
frequency (or the wavelength λmax) of the blackbody
radiation with λmaxT = 29.4 x 106 Å-Kelvin4. This divide
suggests an experimental criterion for the duality
disambiguation that we now proceed to sharpen.

2. Proposed Criterion
It is proposed that the characterization of any radiation
in the electromagnetic wave spectrum exhibiting the

particle nature of the photon in any interaction process
is governed essentially by the criterion hv/kT>>1, where
h = Planck’s constant = 6.6262 x10-34 Joule-sec,
k Boltzmann’s constant = 1.380 x 10-23 Joule/K,
v = frequency of radiation in Hertz, and T = the effective
or equivalent temperature in degrees Kelvin to be
associated with the ambient radiation regarded as a
blackbody. As the inequality increases, the photon
behaviour in an interaction process approaches more and
more towards that of a particle; reciprocally, when
hv/kT<<1, the radiation predominantly exhibits its wave
nature. The first inequality can be satisfied either by
making v very large for a given T, or by making T
sufficiently small for a given v, or by doing both.

3. Proposed Experiment
The experiment proposed is concerned with the photon-
electron interaction and is modelled on Compton
scattering [4]. In this case the photon frequency is chosen
in the microwave region around 100 GHz in the G-band
and T is kept at a value of the order of 1K using liquid
helium at a reduced pressure, making hv/kT~4.802. The
inside of the cavity resonator behaves like the ambience
of a blackbody at equilibrium. The schematic
experimental arrangement is shown in Fig.1. The
microwave photons inside the cavity resonator in the
transmission mode interact with the electrons on the
surface of the metal (stainless steel) walls and produce
Compton scattering. An alternative arrangement would
be to use a cavity resonator in the reaction mode and to
outcouple the scattered power through a directional
coupler. A vacuum pump is used to pump out the air
inside the cavity resonator and the waveguides coupled
to it; this will prevent the solidification of air inside the
cavity causing change of the cavity’s resonant frequency.
The input and the output waveguides (A) are coupled to
the cavity waveguides, and (B) by flanges with
transmission windows to isolate the evacuated cavity
resonator.
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Compton scattering at the conducting walls of the
transmission type cavity resonator produces a shifted
frequency v’ along any scattering direction ϕ (see inset
of Fig. 1) given by [4]

v–v’ = [2hv2 sin2 (ϕ/2)]/mc2 . . . (1)
where m is the rest mass of electron = 9.04 x 10-31 kg.
Thus, scattering along all directions inside the cavity
results in frequencies (of random phases) spread over a
bandwidth

Δv = 2hv2/mc2 . . . (2)
The bandwidth, Δv, at v = 100 GHz from relation (2) is
about 163 Hz only. In the final detector output of the
microwave receiver, these gigahertz particulate photons
will produce an output corresponding to the low beat
frequency (v–v’) having a bandwidth Δv, that would
appear as a noise signal (because of the random phases)
of power Ps. (The beats are essentially the temporal
intensity interference of the Hanbury Brown-Twiss [5]

kind and will appear as a low-frequency noise in the
detection system).

Even though the scattering cross-section of a photon
is abysmally small, an estimate of the scattered power
Ps can be obtained from the number of photons, n,
emanating out of the microwave source per second as
n = P/hv. Thus, if the microwave source has a power
output of the order of 100 mW, the noise signal power
is Ps ~ 100 nW. Since, however, the ratio
(hv/kT (=4.802) is not very much greater than unity, all
the microwave photons do not behave essentially as
particles and hence the actual value of the noise power
detected Ps is estimated to be smaller, of the order of 1
to 10 nW. This is well within the available receiver
sensitivity, and also will be much greater than the
intrinsic equivalent thermal noise power,
(Pn= kTeqΔv = 6.75x10-18W, where Teq (at the input stage
of the microwave receiver) is taken as an easily
attainable value of 3000 K. Thus, Ps should be clearly
detectable.

Crucially, the criterion is established if Ps gets
reduced and finally vanishes as the blackbody
temperature of the cavity resonator is allowed to rise so
as to reverse the inequality to hv/kT<1.

4. Conclusion
It is concluded that the proposed criterion for the wave-
particle duality disambiguation will have been
established if the suggested experiment is successful.
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Fig. 1: Schematic experimental setup for Compton scattering of
photons from the walls of a microwave transmission cavity
considered in the text. Inset shows the kinematics of Compton
scattering.
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