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Abstract

We have observed wave and particle characteristics of light in two distinct exper-
iments. In the first case, a strongly attenuated HeNe laser was passed through a
Mach-Zender interferometer. The two legs of the interferometer were given definite,
mutually perpendicular polarization to provide which-way information. The resulting
interference pattern was captured using a wicked expensive Electron Multiplying CCD
(EM-CCD) camera. In the second experiment, a laser was passed through a Young’s
double slit and similarly captured. In both cases, the images were observed at both
single-photon and many-photon intensities.

Background

The nature of light has been the subject of scientific investigation since antiquity. Prior to
the twentieth century, there were two principal theories: that light is either composed of
discrete particles, or of waves in a continuous field.

The distinction between these two paradigms falls away with the introduction of quantum
mechanics [1]. According to this theory, neither particles in the classical sense, with definite
position and momentum, nor continuous classical fields can exist. In their place, we are left
with quantum states with properties that may imitate either, depending on context.

This experiment begins with a laser striking a beam splitter. For a classical particle,
there would be two possible outcomes: one, denoted |T 〉, in which it is transmitted through
the splitter and becomes vertically polarized, and another, |R〉, in which it is reflected and
becomes horizontally polarized. In contrast, a quantum mechanical particle will become a
superposition of these two states,

|S〉 =
1√
2

(|T 〉 + |R〉) (1)

This is normal behavior for a classical wave, which is not constrained to a single position.
At a second beam splitter, the two beams are recombined, and pass to the exit polarized.

If the polarizer is set to exactly 45◦ from the horizontal, both beams will be equally likely
to be transmitted, so they will interfere with each other when they reach the camera and
create an interference pattern. On the other hand, if the polarizer is set to either a horizontal
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or vertical position, it would obstruct one incident beam or the other, so no interference
pattern would be visible.

Quantum mechanics predicts that light with a frequency λ carries energy in photons,
discrete units with energy given by

Ep =
hc

λ
(2)

where h is Planck’s constant and c is the speed of light in vacuum. The number of photons
N expected to be present in the interferometer at any given time can be determined from
the power P at the entrance and the distance d the photons travel in the interferometer:

P
d

c
= NEp (3)

Using filters, it is possible to reduce the level of incoming light until there is only one
photon in the interferometer at any given moment. In such a case, only one CCD element in
the camera will detect the photon, owing to light’s particle-like properties. Thus, he image
will appear grainy and incomplete at low exposure times. However, the photon’s state will
still be composed of two components that add linearly, so the image will reproduce the
many-photon result at large times.

A similar effect governs the quantum mechanical version of Young’s timeless Double Slit
experiment [2]. In the classical wave description, light passes through two parallel slits and
onto a camera situated far away. From the camera’s perspective, the slits behave like two
sources in phase with one another. At various positions on the camera’s detector surface,
the distance that light from the two sources must travel differs by varying amounts. These
path diffences create regions of positive and negative interference, with separation x given
by

x = L
λ

d
(4)

where L is the distance from slits to camera, λ is the wavelength of the light, and d is the
separation of the two slits.

In the quantum picture, the light is made of particle-like photons. As particles, the
photons must have a definite position when a measurement is taken by the camera. Until
that point, however, the photons exist in a superposition of all their possible trajectories:
in this case, the interesting cases are the trajectory that goes through the left slit and
the trajectory that goes through the right. In a similar manner to the wave case, the
contributions of these different paths to the photons total state interfere additively with
each other, so that photons are most likely to be found in the same regions that had the
highest intensity of illumination in the classical model. Consequently, the contributions of
many photons over time will reproduce that diffraction pattern.

This behavior can be subverted. Classical particles must have a definite location; if a
photon’s position is measured, it collapses into a position eigenstate. Because the particle
is no longer in a superposition of states, it will not interfere with itself, and so no fringes
appear when the beam strikes a surface. The position measurement is said to provide
which-path information about the photon, and this information is always incompatible with
wavelike interference behavior. This effect also applies to the Mach-Zender interferometer:
if a measurement determines which of the two arms of the interferometer a photon travels,
then that photon will not create any interference effects.
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Figure 1: Schematic Representation of the Mach-Zender Interferometer

The Mach-Zender Interferometer

The Mach-Zender interferometer (Fig. 1) provides a convenient method for generating inter-
ference effects from a single source[3]. In this instance, the source is a 633 nm helium-neon
laser which has been refined by means of a spatial filter and attenuated to a power on the
order of 100µW .

Photons entering the interferometer first encounter an entry polarizer set at a fixed angle
to ensure that equal power reaches each path in interferometer. They then pass through
an array of absorbing filters which may be used to attenuate the beam to single-photon
intensity. From there the beam travels to a polarizing beam splitter, which transmits a
vertically polarized beam down one path and reflects a horizontally polarized beam down
the other.

The two beams are recombined at a second beam splitter, and then pass through a
polarizer with a variable polarization angle and an additional set of filters. When the exit
polarizer is set to either a horizontal or vertical position, it will absorb all the light that
travels along one of the two paths; when it is set to a position halfway between the two
extremes, it will transmit light from each path in equal amounts. All optics were aligned
so that the recombined beams coincided for several meters after exiting the interferometer.
The camera was then placed in the beam path some centimeters past the final filters in
order to capture the resulting interference patterns.

The camera used was an Electron Multiplying Charge-Coupled Device (EMCCD) model.
This camera features electronic amplification, which mitigates the effects of readout noise
to allow the capture of small signals. The camera was kept at −60◦C at all times to reduce
the effects of dark current due to thermal electrons. A black fabric cowl was placed over
the lens and exit filters to reduce ensure that light from sources other than the laser did not
react he detector.

To demonstrate the wave behavior of light in the interferometer, a series of images were
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Figure 2: Mach-Zender Interference patterns seen at exit polarizer angles 0◦, 20◦, 40◦, 60◦,
90◦. Top row: Many photons (P ∼ 10−6W ), 2s exposure time. Bottom row: Single-Photon
(P ∼ 10−11W ), composite of 20 0.1-s exposures.

taken for varying angle settings of the exit polarizer in ten-degree increments. First a set of
images were taken without additional attenuation to establish the classical behavior of light
in the interferometer. Filters were then added to ensure that, on average, no more than
one photon would be in the system at any time. The beam at the interferometer entrance
was attenuated by six orders of magnitude, and the beam at the exit was attenuated by an
additional two orders. The same images were taken as in the many-photon case.

The Mach-Zender interferometer produced the expected diffraction patterns at the many-
photon level, and these same patterns persisted in the single-photon level (Fig. 2).

To quantify this observation, the intensity of light incident on a strip of the interference
image was measured as a function of position along the pattern. To reduce fluctuations
due to noise, the value used for each position was the average of 50 pixels (in a 512 × 512
image) in the transverse direction. The region used for the 40◦ single-photon image in fig. 2
is shown in fig. 3. Fig. 4 shows the resulting profiles for two polarizer settings.

The contrast of this pattern may be characterized by a parameter, the fringe visibility,
defined as

V ≡ Max(I)−Min(I)

Max(I) + Min(I)
(5)

For ease of comparison of the single- and many-photon results, define a normalized fringe
visibility defined as

VN =
V − 〈V 〉

Max(V )−Min(V )
(6)

where 〈V 〉 is the mean value of V .
As the angle of the exit polarizer is varied, the fringe visibility should be expected to reach

a minimum when only one beam is reaching the camera, meaning there is no interference,
and reach a maximum when the beams that reach the camera have equal intensity. Fig.
shows the dependence of V and VN on angle. Both the classical and quantum curves agree
well with our qualitative predictions and with each other.

In order to demonstrate particle behavior in the interferometer, a series of additional
images were captured with stronger attenuation, for a total of 9 orders of magnitude. The
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Figure 3: 40◦ single-photon image showing strip used for fringe profile calculation.
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Figure 4: Intensity profile at the single-photon level at polarizer angles of 0◦ and 40◦
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Figure 5: Plots of fringe visibility for the Mach-Zender interferometer at the many-photon
and single-photon levels, before (left) and after (right) normalization.

Figure 6: Buildup of Mach-Zender interference pattern. 1, 20, and 100 accumulations.
Overall image brightness is arbitrarily adjusted by camera.

total exposure time of the images was varied by overlaying a variable number 0.5s exposures.
The camera was set to maximum amplification, level 255, a factor of approximately 1000.

Fig. shows the images captured using this technique for 1, 20, and 100 exposures.
Initially, the image is highly pixelated, and the pattern of light and dark fringes is almost
undetectable. With additional exposure time, the pattern changes to one that more closely
resembles a smooth distribution. This is consistent with the idea that light arrives at the
camera in discrete units. A similar effect is observed in the double-slit experiment below.

Young’s Double-Slit Experiment

The second experiment made use of a Young’s double-slit apparatus. Light from the same
laser source (initially attenuated to 153µW ) used in the first experiment was projected
through a set of absorbing filters (strength four orders of magnitude) onto a glass plate
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Figure 7: The setup for Young’s double-slit experiment.

Figure 8: Diffraction pattern resulting from Young’s double-slit experiment. Top row: 1, 2,
3, 4 exposures. Bottom row: 10, 20, 30, 40 exposures.

with two 10µm-wide slits spaced 90µm apart. Light from the slits passed through a three
additional orders’ worth of filters and onto the camera.

In this experiment, a series of exposures were taken using the EM-CCD, with 0.1s
exposure times. Images were formed from a variable number of these exposures. A series of
these images are shown in fig. 8.

In addition to the usual sinusoidal intensity pattern expected from double-slit interfer-
ence, some higher-order interference was evident, manifested as the wide dark bands in
the central maximum and narrower ones in the other maxima. This effect is the result of
interference between the ordinary double-slit pattern and reflections within the glass plate
on which the slits were etched.

As with the Mach-Zender interferometer, in the images with the fewest exposures, the
only indication of the light that has fallen on the camera is a few excited pixels, which is
consistent with the quantized, particle-like behavior of light. However, as the number of
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exposures increases, it becomes apparent that these individual excited pixels are located in
the regions of constructive interference predicted by the wave description of light. For large
numbers of exposures, the particle effects are no longer visible, and the image reproduces
the system’s classical limit.

Discussion

These experiments have conclusively demonstrated that light can behave like a wave, even
at very low intensities. Both the Mach-Zender interferometer and the double slit produced
unmistakable interference fringes, which cannot result from a purely particle-based model.

Our results, especially in the case of the double slit, also indicate some particle behavior.
At very low intensities, the light does land uniformly on the camera; instead, it excites one
pixel at a time and gradually builds an interference pattern in discrete steps. However, it
would be premature to consider these experiments alone to be proof of the wave particle
duality, for two significant reasons. First, noise is still a significant consideration when
attempting to take images of single photons. For instance, in the low-exposure images from
fig. 8, it is not obvious what part of the variation seen from pixel to pixel is a result of
noise processes originating in the camera and what part is due to the uneven distribution
of photons.

The second missing piece is that we have not unambiguously shown that obtaining
Which-Path information for the light destroys its interference behavior. The Mach-Zender
experiment produces a similar effect, but the mechanism used allows a different interpreta-
tion. Because a suitably-adjusted polarizer blocks all photons that travel along one path,
it removes multiple-photon as well as single-photon interference. Said another way, the de-
struction of the interference pattern is classical effect, which can be explained just as well
by the wave model of light as by the particle model.

In order to properly test the predictions of quantum mechanics with the Mach-Zender
configuration, we would need a test of which path the photon has taken that does not destroy
the photon. Another option would be to perform an experiment such as that of Hong, Ou,
and Mandel[4], which produces a time separation of photons that cannot be accounted for
except with a quantized field. This final piece of evidence, in conjunction with the data
collected here, would serve to confirm wave-particle duality as a property of light.
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