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Abstract

Using the famous Young’s Double Slit experiment and a Mach-Zender Interferometer, we 
studied the effects of Quantum Optics. These experiments helped us explain the nature of Wave-
Particle duality by looking at the interference of photons in both single- and high-photon count 
situations. We found that a single photon does interfere with itself under the proper conditions.

Introduction 

As technology progresses, things that were once impossibly complicated become more 
and more accessible. Before a computer was limited to floor to ceiling mainframes in a foot-ball 
sized room and now nearly every single person in the developed world has multiple computers in 
their pockets. This triumphant march forward of technology has brought with it incredible 
scientific advancement. Of the most peculiar fields that are reaping such a benefit would be that 
of Quantum Physics. Scientists have discovered such phenomena that classical mechanics cannot 
explain to the simplest of degrees! Quantum optics is based around the interaction of individual 
“units” of light: the photon. Never before has science been able to study materials on such a 
small scale than with many of our new computers and cameras today. In fact, in the future, it is 
predicted that computing itself will be based on quantum optics! But before that happens, we 
must further research and understand what is happening in the quantum world. 

One such way to understand anything new is to apply everything old that is known to the 
new. For example, physicists were astounded when Thomas Young performed his double slit 
experiment and brought upon the world waves, interference and diffraction. This famous 
experiment was thus applied to quantum optics. By sending a laser beam through the slits, it was 
expected that the photons would simply pass right through the slits and form two bands of 
accumulating photons onto their detector. Amazingly, it was found that the photons interfered 
with each other just as a wave would! This discovery has been formed into the theory of Wave-
Particle Duality. That is to say, depending on the physical situation placed upon them, a photon 
will either act like a singular particle, or as a wave and diffract around the edges and interfere in 
the interferometer. Knowing that photons interfered as such did not make sense in classical 
physics, so it was attempted to examine how photons interacted at the slits. When this happened, 
there was no wave interference! By observing which path the photon took, the interference was 
destroyed. This has come to been known as “Which Path Information.” Once you have made a 
measurement on a photon, it has been “used up” and no longer acts as a Quantum object, but as a 
plain particle. 

Part of the reason for the ambiguity in wave-particle duality is the size and mass of the 
photon. You would not expect a single bullet to go through both slits at the same time and 
interfere with itself of course. Though, individual photons do. This happed due to the De Broglie 

Wavelength of the particle:   , where h is Planck’s Constant, v is the particle 

velocity, c is the speed of light, and m is the particle rest mass. The most important factor here is 
the mass. Because the mass of a bullet is so large, the wavelength is obviously a non-issue. But 
due to the incredibly tiny mass of an electron (or any quantum particle) it will create a large De 
Broglie wavelength, allowing Wave-Particle duality to occur. 
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Procedure

Experiment 1: Young’s Double Slit

Figure 1: Full Experiment Setup Overhead View (Laser Source not shown, next to white paper in Top-Right Corner)

Figure 2: Schematic of Double slit Experiment

1. Using a He-Ne Laser with a wavelength of 632.8 nm and 5 mW of power, we expanded 
the beam and cleaned it with a beam splitter. For this experiment we used the transmitted 
beam from the beam splitter straight through to our Slits, where the split beam was used 
for the Interferometer.

2. The slits are 10µm wide, separated by 90 µm, with a distance from the slits to the camera 
of 9 in. 

3. At first to get used to the equipment (the camera and software) we took pictures of Multi-
photon Interference (Fig. 4) and began using different gain levels and exposure times.

4. Once acquainted with the software, we tried inserting different amounts of filters in order 
to reduce our beam to the single photon level. Measuring 7nW of power from the laser 
after the beam splitter, we calculated we would need a total of around ten orders of 
attenuation. We “inherited” six orders of attenuation with a measured laser power of  7 
nW, so to make up the difference we used 4.5 orders of neutral density filters.
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5. With the filters in place, we observe single photon interference from the double slits and 
pictures were taken using different exposure times and a gain of 255. 

Experiment 2: Mach-Zender interferometer

Figure 3: Schematic of Mach-Zender Interferometer

1. Our laser was sloping downwards, so we decided to use a three-mirror setup in order to 
control the height, top and tilt of the laser. 

2. Due to the orientation of our breadboard, we needed the three mirror setup to properly 
direct the laser. Since the board was longer than it was wide, our camera needed to be on 
the end and thus a third mirror was necessary to direct the laser across the board. 

3. With the three mirrors setup, we would use the tip/tilt controls on each mirror to straight 
the  beam. By choosing one row of holes on our breadboard, we could easily see if the 
beam was propagating straight or at an angle. 

4. To check beam height, we placed a pinhole aperture close to one mirror, then a second 
pinhole farther away. If the beam went through the center of both apertures, then our 
height was correct. 

5. Once the beam was leveled and straight, we began building the interferometer. We placed 
the first linear polarizer after the final mirror to enter the interferometer. The Polarizing 
Beam Splitter (PBS) was placed after the linear polarizer. We used our pinholes to 
straight the split beam once again after the PBS. 

6. After setting the PBS to have the proper height, straightness and directions, we discussed 
having the mirrors of the interferometer at equal path lengths and decided to have the 
mirrors at seven to eight inches from their respective sides. With placing the mirrors, we 
once again checked out height and straightness of the beam from the mirrors. 

7. With having our mirrors in the interferometer aligned, we placed the second beam splitter 
(intensity, non-polarizing - NPBS) in the path of our two mirrors. In doing so, we can tip 
and tilt those mirrors so the two beam paths overlap and interfere! We would observe the 
beam position on far wall of the lab. By adjusting the stage of the NPBS, we overlapped 
the two beams. By placing the second linear polarizer after the NPBS and rotating to 45° 
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interference fringes were clearly visible. By making fine adjustments on each of the 
mirrors, the fringes became well defined and very visible even to the naked eye.

8. After taking some measurements of standard interference, we then moved on to Single 
Photon Interference. At first we encountered strange behavior from the camera. By 
setting the exposure time as short as allowed, we would obtain perfectly horizontal 
fringes. We theorized that the camera was operating at its limit, since we could see with 
our plain eyes that the fringes were angled. Trying different amounts of attenuation 
yielded merely varying contrast. By tilting a mirror, the fringes would return to the 
horizontal orientation. It appears the fringe directions depended both on acquisition time 
and attenuation. Doctor Lukishova attempted to contact the company about the problem, 
and it was fixed by changing the shift speed option. 

9. After re-adjusting the camera so that the beams were incident directly on it, neutral 
density filters were placed to achieve single photon levels. Using about three (3) orders of 
magnitude in front of the PBS and two (2) in front of the camera along with about 19% 
transmission in front of the PBS, our single photon level was reached and data was taken 
with various parameters. 
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Results / Analysis

Results 1: Young’s Double Slit

Figure 4:  Multi-photon Interference on Double Slits

It is easy to see that without attenuation the interference pattern acts just like a wave. This 
is immediately strange to anyone without any Quantum experience: how can a single particle 
create such a diffraction pattern? This is definite evidence of Wave-Particle duality. With the 4.5 
orders of attenuation calculated as before for single photon level interference, we begin to see the 
pattern returns from single-photon interference after long enough exposures. Also of note is an 
extra structure in all of the double slit pictures, in the center of the pattern. This comes from 
plane-wave interference from the glass substrate on the double slit plates. The slits were made on 
the screen using photolithography. 

A tenth of a second with gain of 255 (Figure 5) was not enough to begin to see 
accumulation, but the interference was fairly obvious at three seconds. The accumulation in 
Figure 74, ten seconds and gain of 255, was only a bit more easy to see than that of the three 
second exposure time. 

It would appear that with increased exposure time, noise and contrast become an issue 
with the camera we were using. 
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Figure 5:  0.1 s Exposure, 255 Gain, 4.5 Order 
Attenuation Figure 6:  3 s Exposure, 255 Gain, 4.5 Order 

Attenuation

Figure 7: 10s Exposure, 255 Gain, 4.5 Order Attenuation

Results 2: Mach-Zender Interferometer

The pre-lab calculation of attenuation needed for 300m separation. Using this attenuation will 
bring the laser down to the single-photon level: 

Calculating the De Broglie wavelength for a thermal electron helps us understand on how small a 
level quantum optics works:

where we obtain the velocity from the kinetic energy equation using Boltzmann’s Constant:
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With a measured power before the PBS of .8µW and a total path length of 66 cm, we calculate

Which means we would need attenuation of 10-3.

By inverting the color scheme of the pictures, it is easier to see the accumulation of photons in 
each picture. Pictures five through seven show the differences found between exposure times and 
attenuation levels. 

Figure 8: 0.001s Exposure, 255 Gain, 1 Order of Attenuation

For one order of attenuation in Picture 5, it easy to see there is a large amount of photons 
incident on the camera and accumulation is great. By turning off the gain in Picture 6, but 
increasing the exposure time, the interference is still well captured.
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Figure 9: 0.1s Exposure, No Gain, 2.5 Orders 
Attenuation

Figure 10: 0.01 s Exposure, 255 Gain, 3 Orders 
Attenuation

For the single photon interference, we added attenuation before the PBS along with in front of 
the camera – three orders before the PBS and two in front of the camera. The mirrors were tilted 
to make the interference patterns appear horizontal on the camera. Intensity calculations are 
shown in the graphs below the pictures. 

Figure 11: 0.01 s Exposure, 255 Gain, 3+2 Attenuation, Single Photon

Table 1 - M.Z. Intensity 1
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Figure 12: 0.1 s Exposure, 255 Gain, 3+2 Attenuation, Single Photon

Table 2 - M.Z. Intensity 2

Figure 13: 0.0001 s Exposure, 255 Gain, 3+2 Attenuation, Single Photon

Table 3 - M.Z. Intensity 3
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Using the equation below, we can calculate the fringe visibility of each of the pictures. Using 
Figure 9: 

One can also see how the “which path” information can destroy the interference, as shown here 
in Figure 14. The polarizer before the camera was rotated to a setting other than the 45°, thus 
diminishing fringe visibility, where it would become a minimum (zero) at angle 0° and 90°.

Figure 14: Rotated Polarizer, No Interference

Conclusion and Discussion

For both of our experiments, single-photon interference is easily observed in figures five 
to seven for the Double Slit and figures eight to thirteen for the Mach-Zender Interferometer. 
This affirms the predictions that a single photon can interact with itself.  We also showed that 
“which  path  information”  is  crucial  to  Quantum  Optics,  as  taking  it  away  will  stop  the 
interference of single-photons. 4

In some pictures, we can see small splotches or irregularities in the fringes. We found 
some filters were dirty, or there was dust sometimes on the camera window. Also, the surfaces of 
different optical elements used throughout the lab caused small amounts of reflections that would 
cause separate interference. 
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