One Dimensional (1-D) Bound and Scattering States of a Single Particle Interacting with a Potential Energy
Learning Goals:

Bound/Scattering states are energy eigenstates
· Bound/Scattering states have definite energy

· A scattering state function is not a possible wavefunction. But it is possible to build a wavefunction with “effectively” definite energy with a linear superposition of scattering state wave functions which are very close in energy.
· The energy of a particle cannot be lower than the minimum value of the potential energy. 

Classical bound/scattering states
· A classical bound state is determined by the local potential energy (e.g., whether there are classical turning points on both sides).
· If there are turning points on both sides, the particle is in a classical bound state, otherwise, it is in a classical scattering state.
Quantum Bound State

· The total energy of the particle is less than the potential energy at both 
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· Bound state wave functions are normalizable.

· The probability of finding the particle as 
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 is zero.

· The particle can tunnel into the classically forbidden regions, but the wavefunction decays in those classically forbidden regions.

· The energies corresponding to the bound states are discrete
Quantum Scattering State

· The total energy E of the particle is greater than the potential energy at either plus infinity or at minus infinity or both. That is, 
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· The scattering state wave functions are not normalizable.

· The probability of finding the particle either as 
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, or both, is non-zero.
· The wave function is oscillatory in regions where 
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· A particle which is “effectively” in a scattering state (normalizable linear superposition of the scattering states which are very close in energy) can be launched from one side of a potential energy well or a potential energy barrier. However, the scattering state need not have directional preference.
· The energies corresponding to the scattering states are continuous (no quantization of energy for scattering states since the particle is not confined in a finite space)
Differences between quantum bound and scattering states
· Physically, a particle in a bound state cannot be found at 
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 (probability of finding the particle there is zero). In other words, the particle is “bounded” in a localized region. However, a particle in a scattering state, which are not normalizable, can be found at 
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· Mathematically, a bound state wavefunction rapidly decays as 
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, even though the wavefunction can be non-zero in a classically forbidden region. Scattering state wavefunction is oscillatory even at infinity at least on one side (as 
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1. Which one of the following statements is correct about the bound state and scattering state energy levels?

A. Both bound state and scattering state energy levels are discrete.

B. Both bound state and scattering state energy levels are continuous.

C. Bound state energy levels are discrete and scattering state energy levels are continuous.

D. Bound state energy levels are continuous and scattering state energy levels are discrete.

E. None of the above.

2. Consider the following conversation between Andy and Caroline.

Andy: I don’t understand the answer to the previous question. Why are the bound state energy levels discrete? Why can’t the scattering state energy levels also be discrete?

Caroline: Remember the examples we have learned for quantum systems that only allow bound states, e.g., the infinite square well or the simple harmonic oscillator potential energy. The finite square well potential energy allows both bound states and scattering states. The bound states have discrete energy levels. However, if we increase the width of the finite square well, the two adjacent energy levels become closer but are still discrete. Only if the width increases to infinity, the energy levels will become continuous. The bound states can be considered to be due to confinement of a particle in a potential energy well of finite width and depth. The confinement makes the bound state energy levels are discrete. On the other hand, the energy levels of the scattering states are continuous because there is no such confinement to localize the particle. 

Do you agree or disagree with Caroline? Explain.
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Figure 1: Simple Harmonic Oscillator Potential Energy

3. As shown in Fig.1, a toy car with total energy E is moving without friction in a 1D simple harmonic oscillator potential energy well (e.g., a toy car connected to a spring). Choose all of the following statements that are correct about this classical system.

(I) The car is in a classical bound state.

(II) The car is bound between x=a and x=b, it cannot be found anywhere outside that region.

(III) x=a and x=b are called classical turning points. When the car reaches one of them, it stops momentarily and turns back.

(a) (I) only

(b) (I) and (II) only

(c) (I) and (III) only

(d) (II) and (III) only

(e) All of the above

4. In the preceding problem, suppose we replace the classical toy car with a quantum particle. The particle with total energy E is interacting with a 1D harmonic potential well as shown in Fig. 1. Choose all of the following statements that are correct about this quantum mechanical system.

(I) The particle is in a quantum mechanical bound state.

(II) The particle is bound between x=a and x=b, it cannot be found anywhere outside that region.

(III) There is a finite probability that the particle will be found outside the region between x=a and x=b.

(a) (I) only

(b) (II) only

(c) (III) only

(d) (I) and (II) only

(e) (I) and (III) only

5. A toy car with energy E is initially between x=a and x=b in the potential shown in Figure 2. Choose the statement that is correct about the toy car (classical system).
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Figure 2
(a) It is in a bound state and it will remain between x=a and x=b.

(b) It is in a scattering state and there is a finite probability of finding it at 
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(c) Nothing can be said without knowing the mass and speed explicitly.

(d) Nothing can be said without knowing the exact initial position of the car between x=a and x=b.
(e) It is in a bound state between a<x<b and in a scattering state elsewhere.
6. Consider the following quantum mechanical system: An electron with energy E is interacting with the potential energy well as shown in Figure 2. Choose the statement that is correct about the electron.

(a) It is in a bound state and it will stay between x=a and x=b.

(b) It is in a scattering state and there is a finite probability of finding it at 
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(c) Nothing can be said without knowing the Hamiltonian 
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 explicitly.

(d) Nothing can be said without knowing the initial state (at time t=0) of the electron (i.e.,
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(e) It is in a bound state between x=a & x=b and in a scattering state elsewhere.
7. Summarize at least three differences between the classical and quantum bound states.

8. Choose all of the following statements that are correct.
(I) A quantum mechanical bound state is the same as a classical bound state.
(II) In a quantum mechanical bound state, the particle cannot be found in the classically forbidden region.
(III) In a quantum mechanical bound state, the particle can be found in the classically forbidden region, but its wave function will decay in that region.
(IV) In a quantum mechanical bound state, the particle can be found in the classically forbidden region and it can have an oscillatory wave function in that region.
(a) (II) only
(b) (III) only
(c) (IV) only
(d) (I) and (II) only
(e) (III) and (IV) only
9. Choose all of the following statements that are correct about the infinite square well shown below (V(x)=0 for 0<x<a and V(x)=infinity otherwise.
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Figure 3: Infinite Square Well
(I) It only allows for bound states, because the potential energy 
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(II) The wave function of a bound particle will decay rapidly outside the well, but there is a finite probability that it will be found outside the well.

(III) The wave function of a bound particle will go to zero at the boundaries of the well. The probability of finding it outside the well is exactly zero.

(a) (I) only

(b) (II) only

(c) (III) only

(d) (I) and (II) only

(e) (I) and (III) only

10. Choose all of the following statements that are correct about an electron in a linear superposition of bound states in the infinite square well shown in the preceding problem.

(I) It cannot be found in the classically forbidden regions.

(II) It cannot be found infinitely far away from the potential energy well at 
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(III) It cannot be more localized than the width of the well, e.g., 
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cannot be non-zero only in region 0<x<a/2 and be zero everywhere in the region 
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(a) (II) only

(b) (I) and (II) only

(c) (I) and (III) only

(d) (II) and (III) only

(e) All of the above.

11. Explain why a simple harmonic oscillator (SHO) potential energy will allow both bound and scattering states or only bound states. 

12. Choose all of the following that are correct about an electron interacting with a 1D simple harmonic oscillator potential energy well.
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Figure 4: Harmonic Oscillator Potential Energy
(I) The SHO potential energy well only allows bound states, because the potential energy 
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(II) The wave function of a bound particle with a given energy will decay rapidly in the classically forbidden region, but there is a finite probability that it will be found in that region.

(III) The wave function of a bound particle will discontinuously go to zero at the well boundaries. The probability of finding it outside the well is zero everywhere.

(a) (I) only

(b) (II) only

(c) (III) only

(d) (I) and (II) only

(e) (I) and (III) only

Simulation 1: SHO
As shown in the figure below, a particle with energy 
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 is in a SHO potential energy well. Answer questions (i) to (iii) before starting the simulation.
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(i) Is the wavefunction in the regions 
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 oscillating or decaying? Explain.
(ii) Is the wavefunction in the region 
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 oscillating or decaying? Explain. 
(iii) What is the probability of finding the particle at infinity for the SHO potential energy?
Now double click “bound_state.jar” to open the simulation. On the upper right corner of the window, you can select the type of the potential well. Take “square well” as an example. The upper window shows the energy levels of the system. Green lines are the allowed energy levels. The red line is the energy level being selected. The purple line represents the potential energy well. You can change the height and width of the potential energy well by clicking and dragging the corresponding arrows on the purple line. 
The lower window shows the absolute square of the energy eigenfunction (probability density). The white graph in the lower window corresponds to the selected energy (red line) in the upper window. When you put your mouse on one of the green lines (allowed energy) in the upper channel, that energy level will turn yellow and the corresponding probability density will be shown as a yellow line in the lower window.
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(iv) Now choose the “Harmonic Oscillator” as the potential well in the simulation menu on the sidebar. Observe the shape of the absolute square of the different energy eigenfunctions to check your answers to questions (i), (ii) and (iii). Are these simulation results the same as your predictions? If not, reconcile the difference between your prediction and simulation.
(v) Sketch the absolute square of the first three energy eigenfunctions of the infinite square well below. Summarize the similarities and differences between the shapes of the bound state wavefunctions of an infinite square well and a SHO well. 
13. Which one of the following statements is correct about an electron interacting with a finite square well with energy 
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 as shown in the figure below?
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Fig 5. Finite Square Well
(a) It is in a bound state.

(b) It is in a scattering state. 

(c) It is in a bound state between x=0 and x=a and in a scattering state everywhere else.

(d) Such an energy is not possible because energy should be higher outside the well.

(e) It cannot be determined without knowing the wave function 
[image: image40.wmf]Y

.

14. Choose all of the following that are correct about an electron in a bound state interacting with the finite square well shown in Fig 5.

(I) Its wave function decays rapidly outside the boundaries of the well (in the classically forbidden regions).

(II) Its wave function is normalizable.

(III) The probability of finding it is zero as 
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(a) (II) only

(b) (I) and (II) only

(c) (I) and (III) only

(d) (II) and (III) only

(e) All of the above.

15. Choose all of the following statements that are correct about an electron in a bound state interacting with the finite square well shown in Fig 5.

(I) Its wave function is zero outside in the well.

(II) Its energy must be less than zero.

(III) It can only have discrete energies.

(a) (I) only

(b) (II) only

(c) (I) and (II) only

(d) (I) and (III) only

(e) (II) and (III) only

Simulation 2: Bound states in a finite square well.
Use the same program as in simulation 1 and select “square well” as the potential energy well.

(i) Observe the possible energy levels (green lines) of the electron interacting with a finite square well (purple line). Is the energy of the electron lower than the potential energy inside the finite square well? Is the energy of the electron lower than the potential energy outside the finite square well? Explain your observations.

(ii) Predict whether the number of energy levels of the electron would increase or decrease if you increase the depth of the finite square well. Check your prediction with the simulation.

(iii) Predict whether the number of energy levels of the electron would increase or decrease if you increase the width of the finite square well. Check your prediction with the simulation.

16. Which one of the following statements is correct about an electron in a finite square well with energy E as shown in the figure below?
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Fig 6. Finite Square Well
(a) It is in a bound state.

(b) It is in a scattering state. 

(c) Such an energy is not possible because energy should be lower inside the well.

(d) It cannot be determined without knowing the wave function 
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(e) None of the above.
17. Choose all of the following statements that are true about an electron launched from 
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 with energy E > 0 interacting with the finite square well as shown in Figure 7.
[image: image45.png]V=0





Figure 7: Finite Square Well of width a

(I) It will get transmitted to the right with 100% certainty.

(II) In general, there is a non-zero probability of it bouncing off the potential energy well and a non-zero probability of it transmitting through the well.
(III) Its wave function will decay between x=0 and x=a.

(a) (I) only

(b) (II) only

(c) (III) only

(d) (II) and (II) only

(e) None of the above.

Simulation 3: Scattering states of a finite square well
Suppose we send a particle from 
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 toward a finite square well as described in problem 15. Answer questions (i) to (iii) before starting the simulation program. 

(i) Is the probability of finding the particle at 
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 zero or non-zero? Explain. 

(ii) Is the amplitude of the wavefunction the same on both sides of the finite square well? Explain.
(iii) Is the wavefunction inside the well decaying or oscillating? Explain.
Now double click “quantum-tunneling” to open the simulation program. In the upper right corner, you can select the type of potential energy well or potential step. Take “barrier/well” as an example. The default form of the wavefunction is a wave packet. Change the wavefunction form to “plane wave” on the right side of the program window. In the upper window, the green line represents the energy of the incident particle (or wavefunction) and the purple line is the potential energy. You can click and drag the corresponding arrows to change the energy of the incident particle and the depth/width of the potential energy well. If you increase the height of the potential energy above zero, the potential energy function will become a potential energy barrier. 

The wavefunction of the particle can be observed in the middle window. You can start/stop the time evolution of the wavefunction by clicking the button at the lower middle of the program window. The absolute square of the wavefunction is shown in the bottom window.

(iv) Select the potential energy as “barrier/well” and drag the potential energy height below zero (suggested around -0.75eV) to make it a finite square well. Observe the simulation to check your prediction in (i), (ii) and (iii). Is the simulation result the same as your prediction? Explain.

(v) Observe the simulation and sketch the “probability density” below. Is the absolute square of the wavefunction 
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 at the right side of the well a constant? What about the 
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 on the left side? Explain. 
(vi) Decrease the well depth and make it equal to zero, so that the potential energy is zero everywhere and the electron behaves like a free particle. Predict whether the absolute square of the wavefunction
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on the left and right sides would be constants. Use the simulation to check your prediction. 

(vii) Explain the difference in (v) and (vi). Why is the amplitude of the wavefunction on the left side a constant when the depth of the potential energy well is zero? 
Answer question (viii) without using the simulation.

(viii)  The wavepacket can be considered as a superposition of many plane waves. When the incident wavepacket from 
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 encounters a potential energy well, can you predict whether it will be bounced back? Explain. 

(ix)  Change the wavefunction form to “wave packet” on the right side of the program window. Start the time evolution and observe how the wave packet evolves. Pause the time evolution around t=10 fs. Is the wavefunction at the left side of the potential energy well zero or non-zero? Is this result consistent with your prediction in the previous problem (question viii)? Explain.
18. As shown below, an electron is not sent from one side of the one dimensional finite square well but is still in a scattering state (assume that the energy is very localized around a particular value). Choose all of the following wave functions that are possible scattering state wave functions for this electron.
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(a) (I) only

(b) (II) only

(c) (III) only

(d) (I) and (II) only

(e) (II) and (III) only

19. Explain your reasoning for problem 16. 

20. Consider the following conversation between Sally and Harry.
Harry: How could a particle be in a scattering state without directional preference? I think the particle in a scattering state must be sent from either the left or the right side of the potential energy well.
Sally: The directional preference is not necessary for a scattering state. The scattering state is an energy eigenstate of the system with energy of the particle higher than the potential energy at 
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Harry: But scattering state wave function is not normalizable so how can it represent the state of a particle?

Sally: You are correct. However, we can make a normalizable wave function by using scattering state wave functions with energy in a narrow range and in these situations we can effectively say that a particle is in a scattering state even though it is actually a linear superposition of scattering states with a narrow range of energy and the wave function goes to zero far away from the well at 
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Do you agree or disagree with Sally? Explain.

21. Choose all of the following statements that are correct about an electron with energy E interacting with a potential energy barrier, as shown in the figure below.
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(a) It is in a bound state.

(b) It is in a scattering state. 

(c) Such an energy level is not possible because energy should be higher inside the barrier.

(d) It cannot be determined without knowing the wave function 
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(e) None of the above.
22. Choose all of the following statements that are correct about an electron with energy E interacting with a potential energy barrier, as shown in the figure below.
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(a) It is in a bound state.

(b) It is in a scattering state. 

(c) Such energy is not possible because energy should be lower outside the well.

(d) It cannot be determined without knowing the wave function 
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(e) None of the above.
23. Which of the following statements is correct about the potential energy barrier shown in Figure 8?
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Figure 8
(a) It only allows bound states.
(b) It only allows scattering states.
(c) It allows both bound states and scattering states.
(d) It allows bound states inside the barrier and scattering states outside the barrier.
(e) Nothing can be said without knowing the Hamiltonian 
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24. Consider the conversation below between Sally and Harry:
Sally: Why does the potential energy barrier only allow for scattering states but no bound states? 

Harry: It doesn’t make sense at first, but think of a classical example. A potential energy barrier, i.e., potential energy V(x)>0 (when V(x)=0 at 
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) as shown in Figure 8 means it is a repulsive potential energy. Similarly, a well means it is an attractive potential energy. Imagine an electron moving towards and feeling the repulsive force of another stationary electron. The incoming electron can scatter off the stationary electron, but it won’t ever be bound.

Sally: I see. However, if the potential energy is due to interaction between a proton and an electron, it will correspond to a potential energy well. For example, in a hydrogen atom, the electron is, in general, in a bound state. However, it can go into a scattering state if it absorbs sufficient energy. 

Harry: You are correct. Similarly, an electron can interact with a proton via the Coulomb interaction which is attractive but if it is not close enough to the proton it will not be in a bound state.
Sally: Yes. In that case the electron will be in a scattering state.

Do you agree or disagree with Harry and Sally? Explain.

Simulation 4: scattering state of finite barrier

Suppose we send a particle from 
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 toward a finite square barrier shown in Figure 8. Answer questions (i) and (ii) before starting the simulation program.
(i) When the energy of the incident electron is lower than the potential energy barrier, will the wavefunction have a non-zero value beyond the potential energy barrier? What is the shape of wavefunction inside the barrier?

(ii) When the energy of the incident electron is higher than the potential energy barrier, will the wavefunction have a non-zero value beyond the potential barrier? What is the shape of wavefunction inside the barrier? 

(iii) Use the same simulation program as in simulation 3. Select the potential energy as “barrier/well” and drag the potential energy height above zero (better around +0.75) to make it a finite square barrier. Drag the energy level of the particle below the highest point of the barrier. Start the time evolution and observe the simulation. Is the simulation result consistent with your prediction in question (i)? Explain.
(iv) Change the energy level height for the particle but keep it below the highest point of the barrier. Compare the wavefunction and probability density for different heights of the particle energy levels. Describe the similarities and differences below.

(v) Drag the energy level of the particle above the highest point of the barrier. Start the time evolution and observe the simulation. Is the simulation result consistent with your prediction in question (ii)? Explain.

(vi) Change the energy level height of the particle but keep it above the highest point of the barrier. Compare the wavefunction and probability density for different heights of particle energy levels. Describe the similarities and differences below.

(vii) If the energy of the incident electron is higher than the potential energy barrier, will there be a reflected component to the wavefunction due to reflection by the potential barrier? Explain. How does the wavefunction and probability density shown in the simulation support your statement? 
Answer question (viii) before using the simulation.

(viii)  Suppose the incident wave function is in the form of a wave packet. When the incident wavepacket from 
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 encounters a potential energy well, can you predict whether there will be a reflected component to the wavefnction due to reflection by the well? Explain.

(ix) Change the wavefunction form to “wave packet” on the right side of the program window. Start the time evolution and observe how the wave packet evolves. Pause the time evolution around t=10 fs. Is the wavefunction at the left side of the potential energy well zero or non-zero? Is this result consistent with your prediction in the preceding problem (question viii)? Explain.

25. Sally makes a concatenated chain of 100 gold atoms in vacuum. Ignore the interaction of the electrons with each other and with the gold nuclei. Assume that only the valence electrons are important for the chemical properties. Each gold atom has one valence electron and all valence electrons inside the chain are free with motion confined along the chain in one dimension. The probability of valence electrons leaking from the gold chain into vacuum is small. Which one of the following models best describes this system of 100 atoms?
(a) Hydrogen atom.

(b) A single 1-D finite square well which can be approximated as an infinite square well.

(c) A single 1-D simple harmonic oscillator.

(d) A single 1-D delta function potential well.

26. Sally makes a concatenated chain of 300 gold atoms. All assumptions in question 23 hold. Choose all of the following statements that correctly compare or contrast the model for this system with the one in question 23. Assume it is approximately a 1D infinite square well.
(I) The depth of the well is the same because the same type of atom is used.

(II) The width of the well is larger because there are more atoms in the chain.

(III) The energy levels are given by 
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, so the energy levels will be closer together, since the well is wider.

(a) (I) only

(b) (II) only

(c) (I) and (II) only

(d) (II) and (III) only

(e) All of the above.

27. Sally makes a concatenated chain of 108 gold atoms so that the end effects are negligible and the chain can be considered infinitely long. Assume that all valence electrons inside the chain are free to move along the chain in one dimension. Which one of the following models most appropriately describes this system?
(a) Free particle in one dimension.

(b) A single 1-D delta function potential well.

(c) A single 1-D finite square well.

(d) A single 1-D simple harmonic oscillator.

28. Sally makes a one dimensional concatenated chain consisting of insulating atoms of type A and metal atoms of type B as shown in Figure 9, so that 100 atoms of type B are enclosed between 106 atoms of type A on each side. Assume that each valence electron in type B atom is free to move inside the chain of type B atoms, but encounters a finite constant potential energy barrier in the A region. Atoms of type A do not have free electrons. Which one of the following models most appropriately describes this system?
(a) A single 1-D infinite square well.

(b) A single 1-D finite square well.

(c) A single 1-D simple harmonic oscillator.

(d) A single 1-D delta function well.

(e) None of the above.
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Figure 9: The ABA chain Sally made in question 26
Part II Drawing bound and scattering state wave functions

Note: The wave function of an electron is delocalized and the probability of finding the electron upon measurement of its position can be nonzero in several regions simultaneously. However, for the purposes of qualitatively sketching the high n (principle quantum number) bound state wave functions and scattering wave functions, we can use a semi-classical approximation. In this approximation, we think of the electron as a particle and we use the total energy E=K+V(x) to find the kinetic energy K and the magnitude of momentum p of the particle for different positions x. Then we use the de Broglie relation to find the particle’s wavelength in different regions. We also use a semi-classical argument to infer whether the peak value of the wave function should be higher or lower in different regions if the particle has different kinetic energies in those regions.

All of the questions below refer to stationary state wavefunctions.

An electron with energy E interacts with a finite square well as shown in Figure 1. Answer questions 1-5.

1. Choose all of the following statements that are correct about the wave function of the electron. 
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                 Figure 1.

A. It will be decaying in region (ii) and oscillatory elsewhere.

B. It will be oscillatory in region (ii) and exponentially decaying elsewhere.

C. It will be oscillatory in all three regions.

D. In order to determine the shape (oscillatory or decaying) of the wave function, the exact values of the total energy and potential energy need to be given.

E. None of the above.

2. As shown in Figure 1, E is the total energy of the particle. Choose all of the following statements that are correct using semi-classical (or classical) reasoning.
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 in region (ii).

A. (II) only

B. (I) and (II) only

C. (I) and (III) only

D. (II) an (III) only

E. All of the above.
3. Using a semi-classical reasoning, let’s consider the momentum of the electron in different regions. The magnitude of momentum of the electron in regions (i), (ii) and (iii) are 
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 respectively. Which ordering of their magnitudes is correct? (Hint: consider the relation between kinetic energy and momentum.)
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4. The de Broglie relation that relates the wavelength of a particle to its momentum is given by
A. 
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5. The de Broglie wavelengths of the electron in regions (i), (ii) and (iii) are 
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 respectively. Which ordering of their magnitudes is correct?
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Summary:
So far, we know that a “classical particle” with the energy shown in Figure 1 can be found in all regions and the wavefunction of the quantum mechanical particle with that energy will be oscillatory in all regions. The magnitude of the momentum p and kinetic energy K are directly related by 
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 and the deBroglie wavelength and the magnitude of momentum are inversely proportional, 
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. So we can determine the relative wavelengths of the wave function of the electron in different “classically allowed” regions. Now we will discuss how to use semi-classical arguments to estimate the maximum or peak value of the wave function in different regions. 

6. In a classically allowed region, the stationary state wavefunction will have more oscillations for higher energy levels (or as the principal quantum number “n” increases). When the energy level is high, we can use a semi-classical model and treat the electron as a particle to sketch the wavefunction qualitatively. Consider the following conversation between Peter and Mary Jane about how to find the peak of the absolute value of the wavefunction 
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for a stationary state with many oscillations:


MJ: The greater the momentum of a particle, the greater is its speed.


Peter: Right.


MJ: The faster the particle, the less time it spends at a given position.


Peter: I’m still with you. I know that for a simple pendulum, the bob spends least time at the lowest point since it has the highest speed there.


MJ: Correct. When the particle moves faster at a particular point, the probability of finding the particle there would be smaller. The probability density for finding the particle is related to the square of the wave function, 
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. Thus, the faster is the particle in a region, the smaller is the peak value of the wave function in that region. Are you still following?


Peter: Yes.


MJ: Then, knowing the relative momentum of the particle in different regions, we know the wavelength and the peak value of 
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 in a qualitative fashion. We can draw the wave function. If the wavefunction is in the form 
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, the peak value of 
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Do you agree with MJ’s reasoning? Explain

7. Based on your answers to question 5 and 6, sketch the scattering state wavefunction of an electron interacting with a finite square well assuming no directional preference for the particle (the particle is NOT launched from left or right). The wavelength and peak value of the wavefunction in the three regions should be explicitly addressed in the figure.
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Sim1

Answer questions (I)-(III) before using the simulation.

(I) Is the wavelength of the wavefunction the same in the regions inside and outside the well? Explain.

(II) Is the peak value of the wavefunction the same inside and outside the well if the wavefunction is symmetric about the center of the well (the particle is NOT launched from left or right)? Explain.

(III) If the wavefunction has a directional preference, e.g., the particle is incident from the left of the well, is the peak value of the wavefunction the same in the three regions as shown in your figure of question 7? If there is a difference between this case and that in the figure you drew in question 7, explain why there is any difference. In that case, draw a qualitative sketch for the case where the particle is launched from the left.
(IV) Double click the “quantum-tunneling.jar” to open the simulation program. Select “barrier/well” as the potential. Change the depth of potential well to around -0.75eV and increase the width of potential well to 3 units by dragging the corresponding arrows. Select “plane wave” as the wavefunction form. The incident electron is launched from the left by default. Change the energy of the incident electron to around +0.5eV. Observe the shape of the wavefunction. Is the simulation result the same as your prediction in questions (III)? 

(V) In the simulation in step (IV), is the magnitude of the wavefunction 
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 has the same peak value in different regions? If not, why not? Explain.

8. Which one of the following figures best represents the scattering state wavefunction of an electron in a finite square well if there is no directional preference (no preference for direction from which the particle wave is launched)? 

[image: image100.png]


              [image: image101.png]



           (A)                                            (B)
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                 (C)                                      (D)
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9. Consider the following conversation between Andy and Caroline.  

Caroline: Now I understand why the graph in question 7 is different from my simulation result. 

Andy: Yes. In the simulation the wavefunction is asymmetric. However, in question 7 the peaks of the wavefunction on the left and right sides of the well are the same. In the simulation program, the incident particle is sent from the left hand side of the well (
[image: image105.wmf]-¥
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). The wavefunction partly reflects and partly transmits at the boundaries of the well. Therefore, the peak of the wavefunction on the right side of the well is smaller than the left side. On the other hand, in question 8, there is no directional preference. In other words, the particle is neither sent from the left nor the right. 

Caroline: Is it possible to have a particle in a scattering state with no directional preference?

Andy: Yes. Here is an example. Just imagine a particle initially in a bound state being excited by absorption of energy. With sufficient energy the particle may end up in a scattering state without a directional preference. 

Caroline: What is the drawing in choice (D) in question (8) not correct? That is also symmetric and continuous.
Andy: Yes, but the wave function does not go to zero in the middle region. In the middle region it does not cross the x-axis at any point, but it should, similar to the sine function in the other regions.
Do you agree or disagree with Andy? Explain.

10. An electron with energy E is interacting with the finite square well shown below. Choose all of the following statements that are correct about the stationary state wave function of the electron: 
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                                Figure 2

(I) It will be decaying in region (i) and will go to zero far away from the well.

(II) It will be oscillatory in region (ii).

(III) The wavelength is well-defined in region (iii).

A. (I) only

B. (II) only

C. (III) only

D. (I) and (II) only

E. (II) and (III) only
11. Sketch a bound state wavefunction of an electron with an energy E interacting with a finite square well as shown below. 
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12. In question 11, if the energy of the electron is higher but still less than zero, how will the wavelength of the wavefunction inside the well change? Explain.

Now let’s consider the wavefunction of an electron encountering a potential energy barrier.

An electron with energy E is interacting with the potential energy barrier shown in Figure 3. Answer questions 13-15.
13. Choose all of the following statements that are correct about the electron using semi-classical reasoning (considering electron as a particle).
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Figure 3

(I) Its kinetic energies 
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 in regions (i) and (iii) are the same.

(II) Its momenta 
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(III) Its wavelengths 
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 in regions (i) and (iii) are the same.

(a) (I) only

(b) (II) only

(c) (I) and (II) only

(d) (II) and (III) only

(e) All of the above

14. What can be said about the peak of the magnitude of wavefunction 
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 in regions (i) and (iii) in Figure 3. Assume the incident particle is launched from the left side (
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D. The wave function is decaying. Peak values make sense only for the oscillatory part of the wave function. 
E. There is not enough information. The total energy and potential energy need to be known exactly.
15. Choose the figure that best represents the wave function of the electron interacting with the potential energy shown in Figure 3. Assume the incident particle is launched from the left side (
[image: image121.wmf]-¥
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) of the potential energy barrier.
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(C)                                          (D)
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Sim 2

(I) Double click “quantum-tunneling.jar” to open the simulation program. Select “barrier/well” as the potential. Change the height of the potential energy barrier to around +0.5eV by dragging the corresponding arrows and keep the width of the potential well around 1 unit. Select “plane wave” as the wavefunction form. The incident electron is launched from the left by default. Change the energy of the incident electron to around +0.4eV. Observe the shape of the wavefunction. Is the simulation result similar to your prediction in the previous problem (question15)? Explain.

(II) In the simulation, is the peak of the magnitude of wavefunction 
[image: image127.wmf])
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 a constant? If not, why not?

Answer questions (III) and (IV) before using the simulations:

(III) If you increase the height of the potential energy barrier but keep the total energy of the particle unchanged, will the wavelength of the stationary state wavefunction on the left side of the barrier change? Will the peak of the amplitude of the wavefunction on the right side of the barrier change? Explain. 

(IV) If you decrease the total energy of the particle but keep the height of the potential energy barrier unchanged, will the wavelength of the wavefunction on the left side of the barrier change? Will the peak of the amplitude of the wavefunction on the right side of the barrier change? Explain.

(V) Use the simulation to check your answers to questions (III) and (IV). Is the simulation result consistent with your prediction? Explain.

16. Consider the following conversation between Andy and Caroline.

Caroline: In the simulation, why does the wavelength change with the total energy of the particle rather than the height of the barrier? Doesn’t decreasing the energy equal increasing the barrier height?

Andy: The wavelength in each of the piecewise continuous regions depends on the kinetic energy K=E-V. When you increase the height of the barrier, you only change V in the region 0<x<a, i.e., within the barrier. The kinetic energy in regions (i) and (iii) is not changed so the wavelength in these regions remains the same.

Caroline: How about the peak value of the wavefunction? If there is no directional preference, can we have the same peak value of the wavefunction on the left and right sides of the barrier? 

Andy: Yes. In fact we can consider two stationary state wavefunctions which have the same energy, one for the particle launched from the left, 
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, and the other from the right, 
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. Note that these are different wavefunctions that have the same energy (such wave functions are called degenerate). In other words, there is degeneracy in the scattering states of the potential energy barrier shown. The superposition of two degenerate stationary states corresponding to the particle launched from left and right is still a stationary state. For example, 
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. Therefore, as sketched in the figure below, we can build a symmetric wavefunction by taking superposition of two scattering state wavefunctions corresponding to particles launched from the left and right sides. 
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Do you agree or disagree with Andy? Explain.

17. If the energy of the particle is higher than the height of the potential energy barrier (
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) as shown in Figure 4, is the qualitative shape of the wavefunction of the particle the same as your choice in question 16? Sketch the wavefunction qualitatively below. The wavelength and peak value of the wavefunction in different regions should be explicitly addressed. Assume that the incident particle is launched from 
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Figure 4
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Sim 3 

(I) Use the same simulation setting as in Sim 2. Increase the incident particle energy to around +0.75eV. Observe the wavelength and the peak value of the wavefunction. Is the simulation result consistent with the graph you drew earlier? Explain. 

(II) Increase the width of the potential energy barrier to about 3 units in the simulation. What is the shape of wavefunction in region (ii) as shown in figure 4? Is it decaying or oscillating? Explain.

An electron with energy E is in the triangular potential energy well shown below (Figure 5). Answer the following questions that will lead you through the drawing of a stationary state wave function with a high principal quantum number n (high energy). 
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Figure 5.
18. Write down the range of x for all of the regions that are classically forbidden for this electron. (Hint: Think of classical turning points).
19. In which region(s) (i, ii and/or iii) could the particle be found? Explain.

20. Assuming the particle to be semi-classical, the kinetic energy K=E-V(x) is positive (greater than zero) in the region(s) _________.
21. In the region that the wave function is oscillatory, is the kinetic energy K=E-V(x) constant, increasing, or decreasing, as 
[image: image138.wmf]x

 increases?
22. Based on your answer to the previous question, in the region that the wave function is oscillatory, is the momentum p constant, increasing, or decreasing as 
[image: image139.wmf]x

 increases?
23. Write down the de Broglie relation that relates the momentum of a particle to its de Broglie wavelength.
24. Using your answers to the previous two questions, what can you say about the wavelength of the oscillatory wave function? Does it increase or decrease with increasing
[image: image140.wmf]x

?
25. We had shown earlier that the peak value of the wave function is related to the momentum. How does the peak value of the oscillatory wave function change with 
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? Does it increase or decrease with increasing 
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?
26. Approximately sketch the stationary state wave function of the electron shown in Figure 5.
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