SESSI 04/05/ TUTORIAL 4


Tutorial 4
Wave particle duality， de Brolie postulate, Heisenberg Uncertainty principle
Conceptual Questions

1. What difficulties does the uncertainty principle cause in trying to pick up an electron with a pair of forceps? (Krane, Question 4, pg. 110)

ANS

When the electron is picked up by the forceps, the position of the electron is ``localised’ (or fixed), i.e. x = 0. Uncertainty principle will then render the momentum to be highly uncertainty. In effect, a large p means the electron is ``shaking’’ furiously against the forceps’ tips that tries to hold the electron ``tightly’’. 
2. An electron and a proton both moving at nonrelativistic speeds have the same de Broglie wavelength. Which of the following are also the same for the two particles? 

(a) speed 
(b) kinetic energy 
(c) momentum 


(d) frequency
ANS

(c). According to de Broglie’s postulate, 
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, two particles with the same de Broglie wavelength will have the same momentum p = mv. If the electron and proton have the same momentum, they cannot have the same speed (a) because of the difference in their masses. For the same reason, because K = p2/2m, they cannot have the same kinetic energy (b). Because the particles have different kinetic energies, Equation 
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 tells us that the particles do not have the same frequency (d). 

3. The location of a particle is measured and specified as being exactly at x = 0, with zero uncertainty in the x direction. How does this affect the uncertainty of its velocity component in the y direction? 
(a) It does not affect it. 

(b) It makes it infinite. 

(c) It makes it zero. 

ANS

(a). The uncertainty principle relates uncertainty in position and velocity along the same axis. The zero uncertainty in position along the x axis results in infinite uncertainty in its velocity component in the x direction, but it is unrelated to the y direction. 
4. You use a large potential difference to accelerate particles from rest to a certain kinetic energy.  For a certain potential difference, the particle that will give you the highest resolution when used for the application as a microscope will be a) an electron, b) a proton, c) a neutron, or d) each particle will give you the same resolution under these circumstances. (Serway QQ)
ANS
(b). The equation  = h/(2mqV)1/2 determines the wavelength of a particle.  For a given potential difference and a given charge, the particle with the highest mass will have the smallest wavelength, and can be used for a microscope with the highest resolution.  Although neutrons have the highest mass, their neutral charge would not allow them to be accelerated due to a potential difference.  Therefore, protons would be the best choice.  Protons, because of their large mass, do not scatter significantly off the electrons in an atom but can be used to probe the structure of the nucleus.  

5. Why was the demonstration of electron diffraction by Davisson and Germer and important experiment? (Serway, Q19, pg. 1313)
ANS

The discovery of electron diffraction by Davisson and Germer was a fundamental advance in our understanding of the motion of material particles. Newton’s laws fail to properly describe the motion of an object with small mass. It moves as a wave, not as a classical particle. Proceeding from this recognition, the development of quantum mechanics made possible describing the motion of electrons in atoms; understanding molecular structure and the behavior of matter at the atomic scale, including electronics, photonics, and engineered materials; accounting for the motion of nucleons in nuclei; and studying elementary particles.
6. If matter has wave nature why is this wave-like character not observed in our daily experiences? (Serway, Q21, pg. 1313)
ANS

Any object of macroscopic size—including a grain of dust—has an undetectably small wavelength and does not exhibit quantum behavior.
Problems

1. Beiser, pg. 100, example 3.3
An electron has a de Broglie wavelength of 2.00 pm. Find its kinetic energy and the phase and the group velocity of its de Broglie waves. 

Solution

(a) First calculate the pc of the electron

pc = hc/ = 1.24 keV.nm / 2.00 pm = 620 keV

The rest energy of the electron is E0=511 keV, so the KE of the electron is 

KE = E – E0 = [E02-(pc)2]1/2 – E0 = … 292 keV

(b) The electron’s velocity is to be found from
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2. Find the de Broglie wave lengths of (a) a 46-g ball with a velocity of 30 m/s, and (b) an electron with a velocity of 107 m/s (Beiser, pg. 92)

Solution
(a) Since v << c, we can let m = mo. Hence
 = h/mv = 6.63(10-34 Js/(0.046 kg)(30 m/s)

= 4.8(10-34 m 


The wavelength of the golf ball is so small compared with its dimensions that we would not expect to find any wave aspects in its behaviour.

(b) Again v << c, so with m = mo = 9.1(10-31 kg, we have

 = h/mv = 6.63(10-34 Js/(9.1(10-31 kg)(107 m/s)

= 7.3(10-11 m 


The dimensions of atoms are comparable with this figure - the radius of the hydrogen atom, for instance, is 5.3(10-11 m. It is therefore not surprising that the wave character of moving electrons is the key to understanding atomic structure and behaviour.

3. The de Broglie Wavelength (Cutnell, pg. 897)

An electron and a proton have the same kinetic energy and are moving at non-relativistic speeds. Determine the ratio of the de Broglie wavelength of the electron to that of the proton. 
ANS
Using the de Broglie wavelength relation p = h/ and the fact that the magnitude of the momentum is related to the kinetic energy by p = (2mK)1/2, we have

h/p = h/(2mK)1/2

Applying this result to the electron and the proton gives 

e/p = (2mpK)1/2/(2meK)1/2
     = (mp/me)1/2 = (1.67
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As expected, the wavelength for the electron is greater than that for the proton.

4. Find the kinetic energy of a proton whose de Broglie wavelength is 1.000 fm = 1.000(10-15 m, which is roughly the proton diameter (Beiser, pg. 92)

ANS
A relativistic calculation is needed unless pc for the proton is much smaller than the proton rest mass of Eo = 0.938 GeV. 

So we have to first compare the energy of the de Broglie wave to Eo: 

E = pc = 
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 GeV, c.f. Eo = 0.938 GeV. Since the energy of the de Broglie wave is larger than the rest mass of the proton, we have to use the relativistic kinetic energy instead of the classical K = p2/2m expression. 

The total energy of the proton is 
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=1.555 GeV. 

The corresponding kinetic energy is

KE = E - Eo = (1.555 - 0.938) GeV = 0.617 GeV = 617 MeV

5. A hydrogen atom is 5.3(10-11 m in radius. Use the uncertainty principle to estimate the minimum energy an electron can have in this atom. (Beiser, pg 114)

ANS

Here we find that with x = 5.3(10-11 m. 

p 
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An electron whose momentum is of this order of magnitude behaves like a classical particle, an its kinetic energy is

K = p2/2m 
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 (9.9(10-25 Ns)2/2(9.110-31 kg = 5.4(10-19 J, which is 3.4 eV. The kinetic energy of an electron in the lowest energy level of a hydrogen atom is actually 13.6 eV.

6. A measurement established the position of a proton with an accuracy of 
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m. Find the uncertainty in the proton’s position 1.00 s later. Assume v << c. (Beiser, pg. 111)

ANS

Let us call the uncertainty in the proton’s position x0  at the time t = 0. The uncertainty in its momentum at this time is therefore 
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 and the uncertainty in the proton’s velocity is 
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 is inversely proportional to 
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 at t = 1.00 s is 
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m. This is 3.15 km! What has happened is that the original wave group has spread out to a much wider one because the phase velocities of the component wave vary with wave number and a large range of wave numbers must have been present to produce the narrow original wave 

7. Broadening of spectral lines due to uncertainty principle: An excited atom gives up it excess energy by emitting a photon of characteristic frequency. The average period that elapses between the excitation of an atom and the time is radiates is 1.0(10-8 s. Find the inherent uncertainty in the frequency of the photon. (Beiser, pg. 115)

ANS

The photon energy is uncertain by the amount
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 J. The corresponding uncertainty in the frequency of light is 
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Hz. This is the irreducible limit to the accuracy with which we can determine the frequency of the radiation emitted by an atom. As a result, the radiation from a group of excited atoms does not appear with the precise frequency . For a photon whose frequency is, say, 
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