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Abstract

Electron beams were observed to exhibit both wave and particle properties. Electron diffraction and interference was observed confirming electron wave properties, while a charge to mass ratio was determined classically proving particle properties. 

The wave properties of the electron were utilized to analyze graphite crystal lattice spacing, through the discrete diffraction angles generated through Bragg scattering.

Electron particle properties were utilized to determine the charge to mass ratio of an electron by Lorenz force interaction with a static uniform magnetic field.


Both particle and wave properties were observed, consistent with quantum theory and the wave particle duality.
Introduction


Due to their quantum mechanical attributes, particles, such as electrons can act as either waves or particles, depending on the external environment. The wave function of an electron passing through a slit or grid will be diffracted, causing its probability density to diverge in the plane normal to its direction of travel. The electrons wave function will interfere with itself as it diffracts around potential barriers or atoms. An electron will also act classically as a particle with mass, orbiting in a magnetic field at a radius determined by its centripetal acceleration. In different instances, an electron can behave like a particle or a wave. The basis of the wave particle duality states that all particles move like waves, and exchange energy like particles.
The wave nature of a particle allows it to interfere with itself and other particles. Waves are characterized by diffraction, uniform straight line travel in free space, and momentum based on wavelength through the deBroglie relation
[image: image1.wmf]p

h

=

l

.
The most notable example of an electron acting as a wave is the duel slit electron diffraction experiment, where an electron beam acting as a wave, diffracts through two slits simultaneously, interfering with it self and generating a diffraction pattern.

The same diffraction effect for electrons behaving as waves can be utilized to determine the lattice spacing of polycrystalline graphite. A graphite crystal forms a hexagonal unit cell structure, with two distinct crystal lattice spacing constants. An electron beam diffracting off a single continuous crystal will generate a diffraction pattern symmetric to the structure. 
In this experiment, a continuous graphite crystal would exhibit a 6 fold symmetry, generating 6 diffracted electron beams occurring at regular angles, however the graphite sample under analysis is polycrystalline in nature, and will generate two distinct rings, representing the superposition of multiple 6 fold symmetries.

An electron beam of wavelength λ, incident on an ordered crystal will obey Bragg scattering geometry (Figure I1) where d is the lattice spacing. 
[image: image2.png]



Figure I1. Bragg scattering geometry. (Courtesy of the Department of Physics, Georgia Institute of Technology)

For electrons exhibiting wave behavior, the deBroglie relation reduces to 
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. Utilizing λ as a function of electron energy, it is possible to determine the lattice spacing d based off the observed scattering angle 2θ from Bragg’s law
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The calculation of the scattering angle in this experiment is unique to the geometry of the Leybold electron diffraction tube (Figure I2).
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Figure I2. Leybold electron diffraction tube geometry. (Courtesy of the Department of Physics, Georgia Institute of Technology)
The diffraction ring angle 
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 can be utilized in the trigonometric relation (Figure I2) 
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Figure I2. Trigonometric relations. 
to determine the Bragg’s law scattering angle 2θ. The angle θ is then utilized to determine the crystal lattice spacing d.
Classically, electrons are interpreted as particles with a definite momentum that is based on kinetic energy, position, and mass. An electron moving with respect to the reference frame of a time invariant magnetic field will experience a Lorenz force interaction 
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 assuming there is no electric field present. The Lorenz force will do no work, causing a momentum invariant circular trajectory as it travels through the field.

In this experiment the magnetic field will be generated by a Helmholtz coil. A Helmholtz coil generates a solenoidal magnetic field between two coils separated by a distance equal to their radius where
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. Due to coil geometry, both the first and second derivatives of magnetic field along the axis go to 0 exactly in the center of the coil, therefore the resulting magnetic field is nearly constant within the enclosed area allowing circular trajectories.

The resulting uniform magnetic field perpendicular to the electron path will cause the electron beam to orbit in a plane at a radius where the Lorenz force balances the centripetal acceleration 
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. By measuring the orbital radius, the charge to mass ratio of the electron, an attribute of a classical particle, can be calculated from
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Procedures


The effects of the of the wave particle duality are observed as the diffraction of an electron beam by an ordered crystal, a property of waves, and the charge to mass ratio of a classically interpreted electron traversing a static magnetic field. 

Electron diffraction is used to prove the wave nature of an electron beam by observing the discrete nature of the resulting electron diffraction patterns. The resulting patterns are used to compute crystal lattice spacing of a graphite sample. A Leybold electron diffraction tube (Figure P1) is used to generate discrete diffraction rings by projecting a variable energy electron beam through a polycrystalline graphite target onto a phosphorescent screen.
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Figure P1. Leybold electron diffraction tube. (Courtesy of the Department of Physics, Georgia Institute of Technology)

The Leybold diffraction tube allows variable intensity electron beam current from a thermionic filament that can be adjusted by varying filament voltage in the 0-7V range. The variable voltage controls filament temperature, allowing a variable thermionic emission rate based on thermal excitation of electrons in the filament material. Although the potential drop across the filament induces an electron energy spread, this is considered negligible when compared to the energy imparted by the main accelerating voltage. For the purpose of this experiment, the filament voltage was set at 4V, allowing generation of a highly visible diffraction pattern, while restricting the beam to less then 0.2mA, thereby remaining within equipment parameters.


Emitted electrons are extracted from the proximity of the thermionic filament by an electric field generated by the focus lens at a constant 25V bias. The focus lens allows a low energy electron beam to be extracted from the filament and directed into the main accelerating electric field produced by the accelerating electrode.

The accelerating electrode is biased at a variable potential between 2-5kV, imparting the majority of the acceleration energy on the electron. The accelerating electrode contains the polycrystalline graphite diffraction crystal that generates the resulting diffraction pattern. Data is acquired as the acceleration voltage is increased in 200V steps, causing the effective wavelength of an electron to be reduced generating a varying diffraction angle. The diameters of the diffracted rings are calculated from the distance between the un-diffracted beam location and the center of the ring, as measured with a cardboard scale wrapped around the tube front. 

Wave nature of the accelerated electrons is observed as the discrete locations of the diffracted rings as a function of electron wavelength. The diffraction angle is determined by the graphite lattice spacing and the electron wavelength. By plotting sin(θ) as a function of acceleration voltage, it is possible to determine the lattice spacing in the polycrystalline graphite sample using Bragg’s law. The inverse of the rate of change of a least squares fit for sin(θ) vs 1/sqrt(V) is used to calculate the lattice spacing of the polycrystalline graphite sample.
The particle nature of the electron is observed by its classical behavior when traveling through a magnetic field. The charge to mass ratio of an electron interpreted as a particle is calculated by classically interpreting the balance between centripetal acceleration and Lorenz force in the cyclotron motion equation.
A Klinger e/m tube (Figure P2) is subjected to a magnetic field and the corresponding electron orbit radius is utilized to calculate the e/m ratio. 
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Figure P2. e/m tube and Helmholtz coil. (Courtesy of the Department of Physics, Georgia Institute of Technology)

Electrons are emitted by a thermionic filament and accelerated across a variable potential between 50-300V. The electron beam is aligned perpendicular to a traverse magnetic field produced by a Helmholtz coil. A Helmholtz coil is utilized to generate a nearly spatially invariant magnetic field of variable intensity perpendicular to electron trajectory. For this experiment the Helmholtz coil utilized contains 130 turns per coil at a radius of 15cm. The electron beam experiences a Lorenz force, bending the beam into a planer orbit of a radius determined by the electrons mass and velocity along with the magnetic field strength. The radius of this orbit is measured with a heads up display (HUD) and used to calculate the electrons e/m ratio.
The HUD consists of a semi-reflective glass panel positioned between the Klinger e/m tube and a rotatable lit scale marked in millimeter increments. When the glass plate is positioned exactly between the electron orbit and the lit scale, a virtual image of the scale is visible through the HUD superimposed on the orbital plane, allowing measurement of electron orbit radius. The glass plate is positioned as close to the e/m tube as possible to provide better resolution of scale divisions. This distance from the tube center to the glass plate is measured with digital calipers and is used to position the lit scale, thereby calibrating the HUD.
Measurements exceeding the maximum distance of the scale can be acquired by aligning the rotational axis of the HUD with the center of the electron orbit. At this position the distance between the electron orbit and the end of the scale will not change when the HUD is rotated, allowing confirmation of the orbital center. The scale can then aligned horizontally and translated with respect to a fixed reference point until the end of the scale is positioned on the electron orbit. The total orbital radius is the sum of the translation and the scale maximum.
Orbit radius is acquired for electron energies between 50 and 300V at 50V increments. At each electron energy, coil current is varied in 4 steps between 0.6-1.6A providing a wide spread of electron energies and magnetic field strengths. Electron e/m ratios are calculated classically and averaged, increasing measurement accuracy and reducing the effects of experimental error.

Results
Electron diffraction rings occurred on discrete bands (Figure R1), confirming the wave nature of the electron interaction with the graphite atoms.
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Figure R1. S1 and S2 diffraction rings.

A plot of diffraction angle vs 1/SQRT(V) behaves linearly (Figure R2) according to the deBroglie relation, validating data for consistency. Lattice spacing was calculated from acquired data for S1 and S2 diffraction rings (Table A1, Appendix A), and was found to be D1=1.15A and D2=2.01A.
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Figure R2. Diffraction angle as a function of 1/SQRT(V).
Electron beams assumed a curved path when traveling perpendicular to a magnetic field (Figure R3). Increasing coil current increases magnetic field and decreases cyclotron radius. Electron beam shows all classical attributes of particles having a definite mass and 
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Figure R3. Electron beam trajectory subjected to an increasing traverse magnetic field.
charge. The charge to mass ratio was calculated to be 
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 and was found to be invariant of electron beam velocity or magnetic field.
Discussion


Electron beams were observed to have both, wave and particle properties. Electrons were observed diffracting off carbon atoms in a polycrystalline graphite target. Diffraction angles were consistent with wave diffraction of an electron with wavelength λ=h/p , given by the deBroglie relation.  It was shown that the sin of the diffraction angle was linearly related the inverse square root of accelerating voltage, consisting with a wave governed by Braggs law.

Crystal lattice constants were calculated using Figure I2 in conjunction with Braggs scattering law. The crystal lattice distances were found to be D1=1.15A and D2=2.01A within 4.54% and 3.37% of the published values of D1=1.10A and D2=2.08A respectively.  The bond length was found to be a=1.64A from the relation
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, yielding a result within 6.49% of the theoretical value of a=1.54A. The wave nature of the electron beam was observed as the discrete diffraction patterns generated by electrons interfering with each other as they diffracting around the carbon atoms in the crystal lattice.

The particle nature of the electron was observed by projecting an electron beam into a uniform perpendicular magnetic field generated with a Helmholtz coil. The utilization of a Helmholtz coil to generate a nearly spatially invariant magnetic field perpendicular to electron trajectory is critical for accurate measurements of electron orbital radius. For the purposes of this experiment, electrons were assumed to be non-relativistic and em-radiation from an electron in a macroscopic circular orbit was assumed to be negligible.
 The electron exhibited the distinct classical particle properties of mass and charge as well as centripetal acceleration. The electron beam assumed the orbital radius where the Lorenz force was balanced by its centripetal acceleration, allowing computation of the charge to mass ratio based on orbital radius measurements.

The charge to mass ratio of the electron was found to be 
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 C/kG, within 13.2% of the published value of 
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 C/kG. Measurements of increased accuracy were impeded by the divergence of the electron beam, causing a radius spread with corresponding uncertainty.

It was observed that electrons traveling through a magnetic field interact classically as particles governed by the Lorenz force law. The mass to charge ratio was found to be invariant of electron velocity and applied magnetic field, a property of classical particles. 
Conclusion

The observation of both wave and particle nature of electrons confirms the wave particle duality. Further the application of wave properties can be implemented to obtain accurate measurements of crystal lattice structure, while particle properties can be used to determine fundamental properties of the electron. 
Electrons were observed diffracting of a graphite crystal lattice at discrete angles, consistent with the properties of a wave. The computation of a charge to mass ratio confirmed that electrons also have properties consistent with classical particles. Both wave and particle natures were determined to be present in electron interaction.
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Appendix A: Experimental Data




















Table A1: Electron Diffraction Angle
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Table A2: Electron e/m Ratio
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