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ABSTRACT

The wave-particle duality of light was venfied by mulh and single photon mterference both through Young's double slit
and Mach-Zehnder interferometer. In these two sets of experiments, the interference in the single photon level 15 the
zame as that at mult photens level with long enough exposure time. In the Mach-Zehnder interferometer, the “which-
path”™ mmformation can be 1dentified by measunng the pelanzation of each path With the knowledge of this information,
there 1z no mterference, which proves the duality of light as parficle and wave.
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1. INTRODUCTION

1.1 Introduction of background

Study of light began verv early in the historv, and there were different kands of theory about optics. Beginming m 1670,
Izaac Newton developed hiz theory that light 13 particle, and the straight line of reflection of Light supports hus theory,
However, the particle theory can’t explain refraction of hight. Robert Hooke, Chriztian Huygens, and Aupustin-Jean
Freznel found out the medium-depended of light when 1t travels in the medium, and their theory interprets refraction very
well. And the Huygens-Fresnel theory was proved by Thomas Young s double slit interference experiment. Later James
Clerk Maxwell dev eloped four slmple; equations which describe that visible light, uliraviclet light, and infrared hght are
electnic-magnetic wave with different frequency. Though 1t zeemed that the optics wave theory prevailed, the birth of
quantum turned out to be an important milestone. Albert Einstein explaned the photoelectnic effect based on Planck's
formula for black-body radiation model. The photoelectric effect points out that electron can only receive energy from
electromagnetic field n dizerete amount energy portion which 13 denoted as photons, and this theery 13 a good support of
light particle theory. Then De Broglie solved this paradoxical problem by claiming that all matter has a wave-like and

particle-like nature. Later hiz theory was proved by the electron interference experiment and also supported by
Heisenberz’s uncertainty principle. So currently scientists widely believe the wave-particle duality of light.

In this lab, we used the Thomas Young's double slit to understand the wave-particle duality of light. The mterference in
the mult photons level proves the wave aspect of light. While in the single photon level, and at very short exposure fime,

the photons will hit the detector as particles' . These particles distributed according to the maximum of mnterference
pattern which 1z not clear to observe at very short exposure time. Only when exposure time accumulated, the mterference

fnnge becomes visible. The mterference in the single photon level shows that light 15 both particle and wave. And by
Mach-Zehnder interference, we studied the problem of “which-path™ mformation, which further proved the wave-
particle duality of light

1.2 Theory

In the Young's double slhit, the absence of “which-path™ mformation 1s an essenhal criterion for interference. Thomas
Young mgenicusly used double slits to make two coherent light sources. Here we will use a coherent laser light and
double shits to get two coherent sources for the interference. If we use some method, to know which of the two slits one

zsingle photon took in the Young's double slit interference, there will be no interference fringes'™ . In Fig. 1 (3), suppose
that we put a polanzer after each =lit to make us kmowing the exact that photons take which path of the sht, the photons
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behave totally as particles, then they will distnbute in the screen according to the shape of the slit, and we wall have two
sets of diffraction fringes rather interference fringez'"). And az shown in Fig.l (b), without the polarizer, we loze the
information of which path the photons take, we do have interference fimges from the double slits. In the Mach-Zehnder
interference, the “which path™ information can be easily attamned by measuring the polanzation of two arms.
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Figure 1, Scheme of Young's double slit imterference

To study phetons mn single photon level, we need single photon source. There 1z a tnck to have the single photen scurce
with normal laser. Az we only demand that “one photons one time m the mierference”, we can attenmate the lazer to

single photon level. If here is a laser with wavelength of 4/ "™ power of P/w, the number of photons per meter can be
calculated as follows:
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And if the total length of interferometer 1z L, so to get one photon m the interferometer, the atteruation ¢ should be:
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2. EXPERIMENT

2.1 Experimental equipment

A red He-Ne laser was used in the experiment, with wavelength of 632.8nm, output power of about Smw. Though the
power 1z low, looking into the laser beam 15 shll danperous. Obzerving the beam by projecting the beam on the wall or on

a paper 1s suggested.

Andor’s 1Xon DVEE7 back illuminated EMCCD used n the experiment 1z capable of single photon capture. The camera
13 infernally cooled, and 1deally works at the internal temperature of -60 degree centigrade. The shutter of CCD should
be tumed off when the light 13 on

2.1 Experimental arrangement

Young's double slit interference experiment (the expenment arrangement iz showed m Fig. 1) m normal laser

intensity and single photon level was performed in the following way:

1) Tum cn the lazer. Spatial filter was introduced to improve the beam quality and also to enlarge the diameter of beam
spot, 5o that the finges can be obzerved m a larper area. Make sure that the beam transmits in the same height and
passes through the center of each optical element.

2) Put the double zhit after the spatial filter, and vertical to the light beam. The distance between the centers of each slhit
15 Q0um, and the shit widths are 10um. Then the mterference could be observed if we put a screen after the double
glitz. Using EM-CCD camera to record Young's double interference pattern m mulh photons level.

3) Calculate the attenuation & to get one photon one time in the interferometer using equation (2), where L equals to 9
mch in our siuation, and the lazer power before double slit 1z about 'nw. So we zhould add attennator with

& =6.543 % 107 attenuation to imitate a zingle photon source. In the experiment, we chose neural density filter
with attenuation o = 4.5x10™" for convenience.

4) We capture single photon interference at different exposure time and gain by the EMCCD.
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Fig. 2 Young's double sht interference expeniment arrangement

Mach-Zehnder interference experiment 1z showed as Fiz 3 and Fig. 4. The zame laser, N. D. Filter and spatial filter
are used as that in the Young's double shit expennment. The procedure of the experiment 1z az follows:

1) Usmg Mirror 1, 2, 3 to align the system make sure the beam after Muror 1z parallel to the surface of optical table
and the edge of the table.

2) Put polarizer 1 and polanzing beam sphtter (PES) nght after the Mirror 3, and let the beam travels at the same hight.
The PBS 1z a beam splitter which splits hght according fo its polanzation. It will reflect light of vertical polanization



