Test 2
Name _________________
October 13, 2021
This test consists of three parts. Please note that in parts II and III, you can skip one question of
those offered. The equations below may be helpful with some problems.
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Part I: Multiple Choice [20 points]
For each question, choose the best answer (2 points each).
1. The frequency of a photon with energy E is given by
A) E h
B) h E
C) hE
D) E 

E)  E

2. If a wave function looks like ψ = a + bi , where a and b are real numbers, which of the
following would be the probability density?
A) a + b

B)

( a + bi )

2

C)

a 2 + b2

D) a 2 + b 2

E) a − bi

3. If you have an electron (mass m) and an anti-electron (also mass m) circling each other, what
would be the reduced mass µ for the two objects?
m
2
1
1
A) 2m
B)
C)
D)
E)
m
m
2
2m
4. By studying the motion of tiny oil drops in a strong electric field, Millikan was able to
A) Find the mass of the electron
B) Demonstrate that electrons are negatively charged
C) Measure the velocity to mass ratio of the electrons
D) Show that the mass and positive charge of an atom was concentrated in the nucleus
E) Demonstrate (and measure) that charges are integer multiples of the fundamental charge e

5. The Franck-Hertz experiment, which demonstrated that electrons collide elastically (no
energy loss) with atoms until they reach a certain threshold of energy, demonstrated that
which of the predictions of the Bohr model was correct?
A) Atoms have discrete energy levels
B) Electrons actually do orbit in circular orbits
C) The angular momentum is always an integer multiple of 
D) The size of an atom is proportional to n2, where n is the level number
E) Atoms have wave-like properties
6. The Bohr model of the atom predicts a hydrogen atom is about 0.1 nm in diameter. How
does this compare with the actual size of a hydrogen atom?
A) It is too large by about a factor of 100 or more
B) It is too large by about a factor of 10
C) It is about right
D) It is too small by about a factor of 10
E) It is too small by about a factor of 100
7. For hydrogen-like atoms, you can get the energy of all states from the formula
E = − (13.60 eV ) Z 2 n 2 . For complicated atoms with many electrons, this formula almost
works for the lowest levels (n = 1 or 2), but you have to modify it slightly. What
modification is necessary?
A) You have to increase the n value because the lower level n values have all been filled
B) You have to take into account the reduced mass formula because the nucleus moves a lot
C) You have to reduce the Z value, because the nuclear charge Ze is screened a little bit by
the other electrons
D) The value of n must be multiplied by Z to take into account the increased nuclear charge
E) None; the formula still works quite well without modification
8. Which of the following is the normalization condition for a wave function for a particle in
one dimension ψ ( x ) ?
A) ψ = 1

2

B) ψ = 1

C)

∫ψ dx = 1

D)

∫ψ

2

dx = 1

E)

∫ψ

2

dx = 1

9. If you want to actually measure the size of a nucleus by scattering α-particles off of atoms, it
helps to make the energy E _______ and the nuclear charge Ze ______ .
A) Small, large B) Large, large C) Small, small D) Large, small E) Even, odd
10. Waves are most likely to diffract when they pass through a slit if
A) The wavelength is smaller than the slit size
B) The wavelength is bigger than the slit size
C) The group velocity is greater than the phase velocity
D) The group velocity is smaller than the phase velocity
E) Waves do not diffract; this is a particle property, not a wave property

Part II: Short essay [20 points]
Choose two of the following three questions and write a short essay (2-3 sentences).
Each question is worth 10 points.
11. When you shine a light on a metal, sometimes electrons pop off, and sometimes they do not.
Explain qualitatively why this happens, and also explain how the energy of the ejected
electrons depends on the frequency of the light emitted. A formula would be a good idea.

12. Explain qualitatively what the difference between the group velocity and phase velocity of a
wave is. Also, give formulas for them if we have the angular frequency ω as a function of
wave number, k.

13. The harmonic oscillator will have zero potential energy if the particle is at the center x = 0,
and it will have zero kinetic energy if it has no momentum, p = 0. Hence the minimum
energy of the harmonic oscillator is zero. Explain from a quantum mechanical viewpoint
what is wrong with this argument.

Part III: Calculation: [60 points]
Choose three of the following four questions. Each question is worth 20 points.
14. At a time called “matter-radiation equality,” the universe was filled with electromagnetic
black body radiation with an energy density of U = 5.56 J/m3 .
a) What was the temperature in Kelvin at this time?
b) What was the wavelength at which this thermal spectrum peaked at this time?
c) What was the energy of a single photon, in eV, at the wavelength found in part (b)?
15. An X-ray scatters from electrons at rest. It is found for those X-rays scattering at a 90° angle,
the scattered photons have a wavelength of=
= 8.98 ×10−12 m.
λ ′ 8.98 pm
a) What is the wavelength of the incoming X-rays?
b) What would be the wavelength of X-rays scattered at 180°?
c) At what angle θ would the scattered wavelength be=
= 8.26 ×10−12 m ?
λ ′ 8.26 pm
16. A silicon (Z = 14) atom has a single electron in level n = 8. The electron then shifts to n = 7.
a) What are the energies of the initial and final states?
b) When the atom transitions, would it emit or absorb a photon? Find the energy of the
corresponding photon.
c) A nearby hydrogen atom in the ground state (n = 1) absorbs a photon with the energy
from part (b). What level n will this atom end up in?
17. A particle in the range −3a < x < 3a has a
wave function as sketched at right. Note
that the horizontal axis is labeled in terms
of x/a, so that, for example, the value 0.5
corresponds to x = 0.5a.
a) In the allowed region, where is it
impossible for the particle to be?
b) In the allowed region, where is the
particle most likely to be?
c) In the region 0 < x < a , the wave
x−a
function is given by ψ ( x ) =
. What is the probability the particle is in this region?
2a 3
d) Based on the fact that the particle is in the region −3a < x < 3a , estimate the position
uncertainty ∆x (you can use Carlson’s rule). Use this to get an approximate lower limit
on the momentum uncertainty ∆p .

