Double-slit experiment: Detection and data processing
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INTRODUCTION


Double-slit experiment is one of the basic experiments of quantum mechanics that proves wave-particle duality.  We would like to demonstrate that massive particles such as electrons behave as waves too.


Electron scattering on a double-slit results in an interference pattern on the screen analogous to interference pattern of light. The detector has to fulfill some basic requirements to create an observable pattern.


Main goal of this experiment is to develop and test the detection mechanism that can recognize the interference pattern with satisfying resolution. We have gained experience in detection mechanisms, interaction of particles with §matter, construction of detectors and we've also learnt how to work with the vacuum chamber.


This experiment closely relates to another experiment, "Electron source for double-slit experiment".

HISTORY

In 1801 Thomas Young proved that the light is an electromagnetic wave using his double-slit experiment. In 1887 Heinrich Hertz observed the photoelectric effect. Electrons are emmited from metal when irradiated by an electromagnetic wave.

In 1905 Albert Einstein came with his explanation of the photoelectric effect by describing light being composed of discrete quanta called photons. The light was supposed to be both a particle and a wave. This discovery led to the  revolution in physics and earned Einstein the Nobel Prize in Physics in 1921 [1].


In the following years scientists discovered that all other particles have not only corpuscular but wave properties as well.


Preceeding Einstein's explanation of photoelectric effect, Max Planck presented the idea that electromagnetic radiation is not a continuous wave. He put together a theory saying that the electromagnetic waves actually consist of small clusters of energy - quanta – already mentioned photons. This became one of the postulates of the quantum theory. [2]

THEORY


Let us imagine an electron passing  through a double-slit and being detected right behind it on a screen. If the electron is a particle it would pass through either of the slits and after repeating the experiment multiple times, there would be only two stripes on the screen reflecting the shape of the double-slit. If, however, electron was a wave, after passing through the double-slit it would interfere and create an interfernce pattern on the screen.


According to quantum mechanics, if we detect the passage of a particle through either of the slits, its wave function collapses and it passes through only one of the slits as a classical particle . As opposed to our case when we detect the resulting pattern on the screen letting the particle interfere with itself after passing through both slits at the same time.


Let us consider a double-slit as two point sources of spherical waves separated by a distance d. Our goal is to create a constructive interference at an angle φ (i.e. at height h) on a screen placed at a distance L. In order to create such interference, we require that  the path difference is an integer multiple of wavelength nλ. Assuming that the distance 
L >> nλ for small n, we see that
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We can relate the angle φ with the distance of the double-slit d via
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Putting together equations (1) and (2) give us a relation between d and L.
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We will use this to calculate the distance of the interference maxima h. 


The energy of an electromagnetic wave can is defined as

[image: image4.png]


    (4)

where h is Planck's constant, f the frequency of the incident wave and c is the speed of light. Using the relativistic invariant

[image: image5.png]E*=(;
M
)+
‘pc
i’



    (5)

to calculate the momentum of a photon (m=0), and considering eq. (4), we can assign a wavelength λ to any particle with momentum p.
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This is also called de Broglie wavelength.
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Fig. 1. Theoretical diagram

EXPERIMENTAL SETUP


The experimental setup consists of three parts: electron cannon, double-slit and detector.


As a source of electrons we use a wolfram filament heated by electric current, similar to the one in a light bulb. At high temperature, valence electrons have enough energy to leave the material and create an electron cloud around the filament.


In order to drag the free electrons from the filament, we use a system of electrodes from a cathode ray tube. The electrons are accelerated to 5 keV and focused on the screen, while the beam passes an electrostatic double-slit.



We used a computer program SIMION 8 to design and simulate our experiment and to find optimal voltage for each of the electrodes in the system.


It wasn’t possible for us to make a double-slit of a microscopic size made of the matter, therefore we used three electrodes that work the same way.  The double-slit is shaped by  an electric field. 


Detection of the expected interference pattern is done on a phosphorous screen, which responds to an impact of an electron by photon emmision in the visible part of the spectrum. We observe the screen in the vacuum chamber with high resolution camera and we register the results on a computer.


The whole setup is placed in a vacuum chamber that is able to reach ultra-high vacuum (below 10-7  Pa). This is very important for succesfull experiment because electrones are massive particles of which drift can be influenced by other particles which are present in the air.

DISCUSSION


Even though we were not able to recognize invidual maxima, we can prove the wave-particle duality discussing the shape of the inteference pattern. 

Without any influence to the electron beam the resultant pattern will be a simple circle. After adding the slit the shape of the pattern is changed in a way corresponding to the electron wave or particle properities. If the width of the pattern was bigger than the height electron would be a particle, because that would reflect the shape of the slit. If it was in the opposite way we could claim that electron is a wave, because the electrons interfered each other and the pattern was more spread out horizontally.


Because we are limited by the camera resolution, we need the inteference pattern to be big enough (the inteference maxima have to be). According to the calculations (Tab. 1) we can tell that the distance between invidual maxima (h) is inverse proportional to the size of the slit (d) and direct proportional to the distance between the slit and the detector (L). Unfortunately it's not possible for us to make the double-slit smaller and also in the L distance we're limited by the size of the vacuum chamber.

	Distance from the detector 

(L)
	Distance between maxima (h)
	Wave lenghth

(λ)
	Size of the slit 

(m)

	0,3
	1
	5E-12
	1,5E-12

	0,3
	0,1
	5E-12
	1,5E-11

	0,3
	0,01
	5E-12
	1,5E-10

	0,4
	0,01
	5E-12
	2E-10

	0,3
	0,001
	5E-12
	1,5E-09

	0,4
	0,001
	5E-12
	0,000000002

	0,3
	0,0001
	5E-12
	0,000000015

	0,4
	0,0001
	5E-12
	0,00000002

	0,3
	0,00001
	5E-12
	0,00000015

	0,4
	0,00001
	5E-12
	0,0000002

	0,3
	0,000001
	5E-12
	0,0000015

	0,4
	0,000001
	5E-12
	0,000002


Tab. 1. Slit size calculations

RESULTS
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Fig. 2 Meassured interference pattern


 In line with expectations and previous discoveries in quantum mechanics we meassured inteference pattern which proves that electrons can behave not only as particles but as waves.


We were not able to observe invidual inteference maxima. To make such observation possible we proposed to use a  bigger vacuum chamber, smaller double-slit and more precise detection equipment. Unfortunately in this respect we were limited by the equipment of the laboratory and the budget.
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