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Abstract

The purpose of this experiment was to explore the effects of wave-particle duality that

cause photons to act as both particles and waves in different situations. Both a recreation

of Young’s double slit experiment and a Mach-Zehnder Interferometer were used to measure

the interference of photons. Interference was captured both in high photon and single photon

situations. The different results showed the interference of many photons collectively as well

as single photons and exemplified the existence of the wave-particle duality of photons.

1 Introduction and Theoretical Background

With the advent of quantum mechanics, many new and extremely odd phenomena have be

hypothesized and empirically tested. One of the strangest implications of quantum mechanics

is the concept of wave-particle duality. Photons exhibit wave-particle duality, meaning that

photons act in a manner consistent with waves or particles in different situations.

When allowed to interact freely, without the constraints of observing details about the pho-

tons, the photons will act as waves and exhibit wave phenomena, such as interference. For

example, when photons are allowed to pass through two narrow slits, an interference pattern of

alternating light and dark will be visible on a screen behind the slit. When a light source is used

that allows only single photons, interference is still achieved, through each particle interfering

with itself. However, when experiments are created in order to measure which slit a photon goes

through or which photons interacted to create interference, the photons act as particles and do

not exhibit interference. Instead of an interference pattern behind the two slits, the photons

would create two bright lines, where the photons were able to make it through the slit and light

up the screen, but a periodic structure of fringes.

A Helium-Neon (He-Ne) laser with λ = 633nm was used both with little attenuation to

produce interference effects between many photons with two slits as well as through a Mach-
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Zehnder interferometer. Interference was also achieved at the single photon level with two slits

and through a Mach-Zehnder interferometer. To ensure that the laser was attenuated to a single

photon level, attenuation of ≈ 106 was used to ensure the spacing between photons was one

hundred meters.

The Mach-Zehnder interferometer took the one beam from the He-Ne laser and split it into

two beams using a polarizing beam splitter. The two beams were then recombined to observe

interference effects. At the single photon level, the interferometer created two paths for the

single photons to travel before being detected by the EM-CCD camera. The experimental setup

of the Mach-Zehnder interferometer and the double slits are shown in Figure 1 and Figure 2.

The polarizer inserted in front of the Mach-Zehnder interferometer was oriented at 45◦ in

order to change the polarization of the He-Ne from a single vertical state to having components

in both the horizontal and vertical directions. The beam was then split into two parts through

the polarizing beam splitter and then recombined in the non-polarizing beam splitter before

entering a 45◦ linear polarizer at the output of the Mach-Zehnder interferometer.

2 Procedure

Figure 1: Experimental Setup of Young’s Double Slit experiment

Figure 2: Experimental Setup of Mach-Zehnder interferometer

1. The He-Ne laser was aligned through the spatial filter, the mirror, the double slits, and
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into the EM-CCD camera, as shown in Figure 1.

2. The power of the laser was measured and the appropriate number of neutral density filters

to attenuate the laser to a single photon level was calculated.

3. The EM-CCD camera was set to acquire interference of the laser beam with many photons.

4. The neutral density filters were inserted into the beam path and the acquisition time of

the EM-CCD camera was increased to acquire images with many photons.

5. The acquisition time of the EM-CCD camera was adjusted and additional images of single

photon interference were captured.

6. The double slit apparatus was removed and the two beam splitters, mirrors, and polarizers

were inserted to create the Mach-Zehnder interferometer setup as shown in Figure 2.

7. The neutral density filters were removed and the Mach-Zehnder interferometer was tweaked

and aligned to create an interference pattern with many photons.

8. The EM-CCD camera was inserted and aligned with the beam that passed through the

Mach-Zehnder Interferometer.

9. Images of interference by the two beams traveling through the interferometer with many

photons were acquired by the EM-CCD camera.

10. The He-Ne laser beam was attenuated so that only a single photon would travel through

the Mach-Zehnder Interferometer and interfere with itself.

11. Images of interference by single photons were acquired using different acquisition times of

the EM-CCD camera.

3 Results and Analysis

The measured power of the He-Ne laser before entering the optical system was measured as

Φ = 0.27µW. The required attenuation of the laser was calculated:
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Photons
s

=
Φ
E

=
Φλ
hc

=
0.27x10−6 J

s ·m · photons
3x10−19J · s · m

s

= 9x1011 photons

s

Therefore, attenuation was ≈ 106 in order to achieve one photon in every one hundred

meters. Two neutral density filters with attenuation of 8x102 and 1.17x104 as well as a filter

with transmission of 12% were used for a total attenuation of 1.12x106.

3.1 Young’s Double Slit Interference Images

Figure 3: Interference fringes with Gain: 0, Exposure: 0.3s, Transmission: 1.57x10−1, 4.24x1010

Photons

At this level of transmission, many photons passed the system and interacted that created a

clearly visible and defined fringe pattern.
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Figure 4: Interference fringes with Gain: 255, Exposure: 1.0s, Transmission: ≈ 10−6, 9.00x105

Photons

At a transmission level of ≈ 10−6, a defined interference pattern is visible, however, much

fainter. There were 105 less photons interacting, resulting in a dimmer pattern.

Figure 5: Interference fringes with Gain: 255, Exposure: 20s, Transmission: ≈ 10−6, 1.80x107

Photons

Again, the transmission level of the photons through the system was ≈ 10−6, but the exposure

time was higher, at 20s, which caused 1.80x107 photons to pass the system. The increased

exposure time caused the gain and noise currents from the camera to affect the picture, causing

the interference pattern to appear fainter with additional bright spots throughout the image.
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3.2 Mach-Zehnder Interferometer Images

Figure 6: Interference Fringes destroyed with Gain: 100, Acquisition: 0.3s, Transmission: ≈
10−2, 2.70x109 Photons

Without the polarizer in place at the exit of the Mach-Zehnder interferometer, there were

no fringes. Without the polarizer in place, the system ”observed” which path the photon took

through the Mach-Zehnder interferometer, causing the photons to act as particles, not waves.
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Figure 7: Interference Fringes with Gain: 100, Acquisition: 0.3s, Transmission: ≈ 10−2, 2.70x109

Photons

With the linear polarizer in place at the exit of the Mach-Zehnder interferometer, fringes are

visible with a short exposure time from the small amount of attenuation that was used, which

allowed for many photons to pass through the system.

Figure 8: Interference Fringes with Gain: 255, Acquisition: 1s, Transmission: ≈ 10−2, 9.00x109

Photons

An increased exposure time from Figure 7 caused the noise to affect the image which caused

the fringes to be somewhat less visible. However, the relatively high attenuation of the light

entering the system still caused the fringes to be rather visible.
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Figure 9: Interference Fringes with Gain: 255, Acquisition: 5s, Transmission: ≈ 10−6, 4.50x106

Photons

The transmission was much lower than in Figure 7 and Figure 6,which caused the photon

levels to be much lower. Even with a higher acquisition time, the number of photons was

dramatically lower. As a result, the fringes are not as visible in the previous images.

Figure 10: Interference Fringes with Gain: 255, Acquisition: 10s, Transmission: ≈ 10−6, 9.00x106

Photons

Again, the photon level was much smaller than Figure 7 and Figure 6, which affected the

visibility of the fringe pattern. Although the acquisition time is larger than in Figure 10, the

low photon levels cause the noise to become a factor and wash out the interference pattern, as

in Figure 5.
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Figure 11: Fringe Visibility of Figure 10

Figure 11 shows the fringe visibility of Figure 9. The fringe visibility of Figure 9 had definite

peaks, which showed the presence of defined fringes.

4 Discussion and Conclusion

Interference patterns were observed with Young’s double slit experiment at both the single

photon and many photon level. These patterns are shown in Figure 3, Figure 4, and Figure 5.

These patterns of interference show validity of the prediction of the single photons being able to

interfere individually as well as when there are many photons.

Interference patterns were also observed in the Mach-Zehnder interferometer at both single

photon and many photon levels as shown in Figure 7, Figure 8, Figure 9, and Figure 10. Figure 6

shows the destruction of interference between the photons when the polarizer was removed,

experimentally showing the validity of the behavior of photons being consistent with the wave-

particle duality. When the polarizer was removed, the system ”observed” which path the photon

traveled before reaching the output of the interferometer. As a result, the photons acted as a

particle and there was no interference between the different photons; all the photons took one

path and uniformly illuminated the screen. When the polarizer was in place, the path that

each photon took was ambiguous to the system and as a result, the photons acted as waves and

interference fringes were visible.

The intensity patterns of the interference from the Mach-Zehnder interferometer shown in

Figure 10 and Figure 11 shows the difference between the intensity at the single photon and

many photon levels. At the single photon level, the peaks of interference patterns are not as

well defined at the peaks and have more noise in the null areas. However, the general pattern

is the same as when there are many photons. Thus, it can be seen that the interference pattern

of many photons can be approximated as the summation of many single photons interfering

individually.

The images acquired show certain irregularities that are not explained through the theory

of the experiment. The additional spots and disks that appear in the images of interference

of the double slit are a result of dust and other introduced materials on the various pieces of

the laboratory equipment. However, the high frequency fringes that are visible within the low

frequency spacing fringes are a result of the double slits that were used for interference. The slits
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were on deposited onto a piece of glass that created reflections as the light passed through that

caused additional interference and creating the high frequency fringes within the low frequency

fringes.

The irregularities in the Mach-Zehnder interferometer images are a result of similar issues

with the optical components used. The polarizers used in the Mach-Zehnder interferometer

added aberrations into the images of interference that are visible as various discs and bubbles.

These aberrations are unrelated to the theory of the experiment and were purely created by

external constraints, such as quality of optical components.
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