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Abstract

The aim of this experiment is to observe interference phenomena in single photons. We

perform Young’s double-slit experiment using a laser source attenuated to a single photon level.

We also perform an interference experiment with a Mach-Zehnder interferometer and show that

the interference fringes disappear if we make the photons orthogonally polarized in the two arms

of the interferometer.
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1. Introduction

In 1803, Thomas Young showed that light is composed of waves, by means of a double-slit

experiment. He published his results in a classic paper entitled “Experiments and calcu-

lations relative to physical optics”. Young’s experiment is still considered to be the most

convincing proof of the wave nature of light. In the beginning of the 20th century, some

new observations led to the development of quantum mechanics, which was, more or less,

based on a puzzling hypothesis of de Broglie on wave-particle duality. According to this

hypothesis, in the quantum level, an “object” may behave as a wave and as well as a par-

ticle depending on the situation. Feynman argued that the Young’s interference could be

an excellent tool to understand the hypothesis of wave-particle duality. For example, when

an object behaves like a wave, it should produce interference fringes in an Young’s double

slit experiment and when it behaves like a particle, it will produce no fringe in the same

experiment (see for example, [1], Ch. 1). In this report, we present the description and

results of such an experiment performed with photons.

2. Theory and background

The particle nature of light was predicted by Planck when he explained the spectrum

of black-body radiation. This picture became more clear with Einstein’s analysis of the

photo-electric effect. At that time, these results lead to a big question that, if light is a

manifestation of discrete quantas, then why does it produce fringes in an Young’s double slit

experiment? The answer was given by the classic work of De Broglie and later Heisenberg,

who established a firm basis of the theory of wave-particle duality. According to this picture,

light may behave like a wave or like a particle depending on the situation. In this experiment,

we show that, particularly in an ordinary double slit experiment with single photons (see

Fig. 1), since one does not have any information about which slit the photons are passing

through, they behave like waves and produce interference fringes of visibility depending

on the coherence property of the source. On the other hand, if one places a polarizer in

front of each of the slits, so that the light coming from one of the slits becomes vertically

polarized and the light coming from the other becomes horizontally polarized (see Fig. 2),

then one has complete information about which photon is coming through which slit. In
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FIG. 1: Outline of the principal elements of an Young’s double slit experiment.

FIG. 2: Outline of the principal elements of an Young’s double slit experiment with polarizers in front of the slits.

this situation the photons behave like particles and do not produce any interference fringes.

In the laboratories the latter situation is easily obtained by using two polarizers in the two

arms of a Mach-Zehnder interferometer (see Fig. 3).

3. Experimental arrangements

The experiment is done in two stages. First, a Young’s double slit interference experiment

is performed with single photons. The principle of the main experimental setup of this part

is explained in Fig. 4.

In the second part, the single photon interference experiment was performed using a

Mach-Zehnder interferometer. The principle of the main experimental setup of this stage of
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FIG. 3: Schematics of a Mach-Zehnder interferometer.

FIG. 4: Outline of the principal elements of an Young’s double slit experiment with single photons.

the experiment is explained in Fig. 5. During the experiment, we used a polarizing beam

splitter to split the beam initially and we placed the neutral density filters just before the

EM-CCD camera instead of just after laser source, for convenience.

For both parts, single photons were produced by attenuating the light from a 633 nm

He-Ne laser source.

4. Procedure

A. Single photon interference with a double slit

Single photon interference experiment with an ordinary double-slit was performed in the

following way :

• System alignment: To align the system, first a Young’s double slit interference

experiment was performed with ordinary laser light. The spatial filter was properly
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FIG. 5: Outline of the principal elements of a single photon interference experiment using Mach-Zehnder interferometer.

adjusted to make sure the maximum intensity was coming out of it. Then the laser

beam was aligned to fall properly on the double slit, until the sharpest fringes were

captured by an EM-CCD camera.

• Experiment with single photons: Proper filters were used to attenuate the laser

beam to single photon level and then the interference pattern was captured by an

EM-CCD camera for different acquisition times.

B. Single photon interference with Mach-Zehnder interferometer

Single photon interference experiment with a Mach-Zehnder interferometer was performed

by the following steps:

• Implementation of the Mach-Zehnder interferometer and alignment: The

set-up outlined in Fig. 5 was implemented on an optical table. The polarizing beam

splitter produced vertically polarized reflected beam and horizontally polarized trans-

mitted beam. We also used two properly oriented polarizers in the arms of the inter-

ferometer to assure that the beam in path 1 (see Fig. 5) is vertically polarized and

the beam in path 2 is horizontally polarized. These two beams were again brought

together by a non-polarizing beam splitter.
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The interferometer was aligned by bringing the two beam spots together on a screen

placed far away from the interferometer. After that, a polarizer with polarizing angle

45 degrees (polarizer D) was introduced after the non-polarizing beam splitter.

• Experiment with single photons: After making the proper alignments, an EM-

CCD camera was placed in proper position to capture the images of interference pat-

terns. Proper filters were introduced before the camera to reduce the intensity of light

to single photon level. Images were taken for different exposure times.

5. Results and Analysis

A. Single photon interference with a double slit

• System alignment: As we mentioned earlier that, to align the set-up, a double-slit

interference experiment was performed with ordinary laser light until sharp interference

pattern was obtained. The initial power of light from the laser source was 0.27 µW

which was attenuated to 2.16 × 10−2 µW by the filter 1 oma. Figure 6 shows the

corresponding interference pattern. However, we do not observe an usual maxima at

FIG. 6: Interference pattern obtained in a Young’s double-slit experiment performed with laser light of wavelength 652.8

nm, power 2.16× 10−2 µW and photon-separation 4.15 mm. The image was captured by an EM-CCD camera with exposure

time 2 sec and camera gain 255.

the center of the fringes. This is because of the fact that the slits are craved in a
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(a)Interference pattern produced by single

photons, of separation approximately 113 m,

captured in an EM-CCD camera for exposure

time 20 sec and camera gain 255.

(b)Bright spots produced by single photons,

of separation approximately 323 m, captured

in an EM-CCD camera for exposure time 20

sec and camera gain 255.

(c)Interference pattern produced by single

photons of separation approximately 323 m,

captured in an EM-CCD camera for exposure

time 25 sec and camera gain 255.

FIG. 7: Intensity patterns produced by single photons in a Young’s double slit interference experiment

lithographic plate and the light reflected from the two surfaces of the lithographic

plate interfere to distort the usual double-slit pattern.

• Experiment with single photons:

1. Figure 7(a) shows the interference patterns produced by light attenuated to single
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(a)Interference pattern produced by laser light

of 1.19 nW, captured in an EM-CCD camera

for, exposure time 20 sec, photomultiplier gain

100 and polarizer D angle 45 degrees.

(b)No interference pattern produced by laser

light of 1.19 nW, captured in an EM-CCD

camera for, exposure time 20 sec,

photomultiplier gain 100 and polarizer D

removed.

FIG. 8: Intensity patterns produced by laser light in an Mach-Zehnder interferometer.

photon level by ND filters 2, 1 oma, 3 oma (total attenuation 2.96× 10−6). The

power after attenuation is 7.99×10−7 µW and hence average separation between

photons is approximately 113 m. This image was captured by the EM-CCD

camera for an exposure time of 20 sec and camera gain 255.

2. Next, the the initial beam power was attenuated to a power 2.78 × 10−7 µW ,

by using filters 2, 4, 1 oma, 3 oma . The inter-photon distance in this case is

approximately 323 m. For an exposure time of 20 sec and camera gain 255, it does

not produce any convincing interference patterns, as shown in Fig 7(b). However

an interference pattern was observed as the exposure time was increased to 25

sec keeping camera gain the same, as shown in Fig. 7(c).

The figures 6, 7(b) and 7(c) clearly show that, given sufficient exposure time the single

photons can produce similar interference patterns produced by high intensity light.

B. Single photon interference with Mach-Zehnder interferometer

The power of the light coming out from the Mach-Zehnder interferometer was 12 nW.
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(a)Intensity spots produced by single photons

of separation approximately 2530 m, captured

in an EM-CCD camera for, exposure time 1

sec, camera gain 255 and polarizer D angle 45

degrees.

(b)Interference pattern with 45% visibility

(calculated form Fig. 10 (a)), produced by

single photons of separation approximately

2530 m, captured in an EM-CCD camera for,

exposure time 10 sec, camera gain 255 and

polarizer D angle 45 degrees.

(c)Interference pattern with 57% visibility

(calculated form Fig. 10 (b)), produced by

single photons of separation approximately

2530 m, captured in an EM-CCD camera for,

exposure time 25 sec, camera gain 255 and

polarizer D angle 45 degrees.

FIG. 9: Intensity patterns produced by single photons in an Mach-Zehnder interferometer.
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(a)Intensity cross-section of interference pattern shown in Fig 9(b). Fringe visibility is 45%.

(b)Intensity cross-section of interference pattern shown in Fig 9(c). Fringe visibility is 57%.

FIG. 10: Intensity cross-section of interference patterns.

• System alignment: To check the alignment was good, at first the interference fringes

produced by the ordinary laser light (attenuated to be of power 1.19 nW by filters 2,

4, 5) when the polarizer D was at an angle 45 degrees, was captured by an EM-CCD

camera for exposure time 0.3 sec and camera gain 100. This pattern is shown in Fig.

8a and its fringe visibility is found to be 71%. When polarizer D was removed the

fringe pattern readily destroyed as shown in Fig. 8b.

• Experiment with single photons: The light coming out from the interferometer is

now attenuated by filters 2, 1 oma and 3 oma (total attenuation 2.96×10−6) to a power

of 3.55×10−5 nW or approximate inter-photon distance of 2530 m. The patterns were

imaged by an EM-CCD camera (photomultiplier gain 255) for three different exposure

times, as shown in Figs 9(a), 9(b) and 9(c). The fringe patterns readily vanishes on

removal of the polarizer D as expected. The intensity cross-section of interference

patterns shown in Figs 9(b) and 9(c) are given by Figs. 10(a) and 10(b).

6. Conclusions and Discussions

We conclude by saying that, the results of our single photon interference experiment agree

with the well established concept of wave-particle duality. Particularly, in the experiment

done with Mach-Zehnder interferometer, when the polarizer D is removed, one can track

which photon is coming through which path by simply measuring their polarization. So one

has the “which-path information” which can be obtained for a photon only if it behaves like
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a particle. For this reason no fringe is observed in this case. Where as, when the polarizer

D is put back, once again the “which-path information” is lost and interference patterns

reappear.

It is important to note that, this disappearance of the fringes also has a classical analogue,

namely, Fresnel-Arago law, which can be explained from the statistical theory of light (for

details see, [2, 3]).
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