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Supplementary Material
Appendix A
Translated questions of the QP concept test for the Dutch upper secondary physics exam syllabus.
Students in our research answered the test on their own these digital devices. The 20 questions were presented in a random order (without the question number) for each student.

[image: ]Q1 The figure on the right shows a part of the energy level scheme of an atom.
An electron is in an energy state (= level) Em.
When this electron changes to state En light is released. The larger the energy difference between Em and En…
A ... the more photons are emitted.
B ... the brighter the transmitted light (higher intensity).
C ... the longer the wavelength of the emitted light.
D ... the shorter the wavelength of the emitted light.
E More than one of the above answers are correct. 
F I don’t know.
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Q2 The figure on the right shows the energy level diagram of a hydrogen atom. The atom is in its ground state.
Can this atom absorb a photon with 3.3 eV of energy? 
A Yes
B No
C I don’t know


Q[image: ]3 The figure on the right shows the energy level diagram of a hydrogen atom. The atom is in its ground state.
Can this atom absorb a photon with 13.1 eV of energy? 
A Yes
B No
C I don’t know



[image: ]
Q4 The figure on the right shows the energy level diagram of a hydrogen atom. The atom is in its ground state.
Can this atom absorb a photon with 13.8 eV of energy?
A Yes
B No
C I don’t know




Q5 [image: ]When laser light is passed through a narrow slit, the light diffracts, see figure.
Why does diffraction occur? Choose the best answer.

A The slit is very narrow; its width is close to the wavelength of the light. The narrower the gap, the more diffraction of the light waves is visible.
B Because the photons pass through a narrow space, their lateral position is determined accurately. The spread of the lateral momentum of the photons is therefore large so that they end up in different places.
C Depending on which model (‘light as a wave phenomenon’ or ‘light consisting of photons’) is used, both A and B can be reasonable explanations for the diffraction of light.
D None of the above answers is correct.  
E I don’t know.

[image: ]
Q6 Laser light (monochromatic, with wavelength λ) passes through a pair of vertical slits. An interference pattern appears on a screen behind it, see figure. A specific spot on the screen is marked with a cross.

What can you say about the location of this spot?
A This spot is as far away from the right as from the left slit.
B This spot is ½ λ further away from the left slit than from the right slit.
C This spot is exactly one wavelength further away from the left slit than from the right slit.
D This spot is exactly 2λ further away from the left slit than from the right slit.
E I don’t know. 

Q7 Three electrons move in the same direction. The image shows the de Broglie waves associated with these three electrons.
[image: ]How do the velocities of the electrons (I, II and III) relate to each other?
A vII > vI > vIII
B vI = vII > vIII
C vII > vI = vIII
D vIII > vII = vI
E vI = vII = vIII
F I don’t know. 


Q8 An electron and a proton move at the same speed. What can you say about their de Broglie wavelength?
A p > e 
B p < e
C p = e
D You cannot say anything about their de Broglie wavelength.
E I don’t know.



Q9 [image: http://www.blacklightpower.com/wp-content/uploads/theory/DoubleSlit/DiffractionPattern.jpg]A researcher carries out the double-slit experiment. First, she sends electrons through the double slit and looks where they end up on the screen. An interference pattern occurs, as shown below.
What will change in the interference pattern if the electrons have a higher velocity?

A Nothing.
B The minima/maxima come closer together.
C The minima/maxima are further apart.
D The interference pattern disappears; two maxima arise directly behind the gaps.
E I don’t know.

Q10 A researcher carries out the double-slit experiment. First, she sends electrons through the double slit and looks where they end up on the screen. An interference pattern occurs, as shown below.
[image: http://www.blacklightpower.com/wp-content/uploads/theory/DoubleSlit/DiffractionPattern.jpg]What will change in the interference pattern if the researcher does not use electrons but particles with a slightly larger mass and equal speed?
A Nothing.
B The minima/maxima come closer together.
C The minima/maxima are further apart.
D The interference pattern disappears; two maxima arise directly behind the gaps.
E I don’t know. 

Q11 A researcher carries out the double-slit experiment. First, she sends electrons through the double slit and looks where they end up on the screen. An interference pattern occurs, as shown below.
[image: http://www.blacklightpower.com/wp-content/uploads/theory/DoubleSlit/DiffractionPattern.jpg]
What will change in the eventual interference pattern if the researcher then lets the electrons go through the double-slit one by one?
A Nothing.
B The minima/maxima come closer together.
C The minima/maxima are further apart.
D The interference pattern disappears; two maxima arise directly behind the gaps.
E I don’t know.

Q12 Why can we use the photoelectric effect as an argument for the particle character of light?
A Because the speed of the emitted electrons depends on the total intensity of the light and not on the wavelength.
B Because the number of electrons that are released depends on the total intensity of the light and not the wavelength.
C Because a minimum amount of light energy is required to release electrons from a metal.
D Because it depends on the frequency of the light if electrons are released or not.
E Because it depends on the total intensity (=power) of the light if electrons are emitted or not.
F I don’t know.



Q13 The uncertainty relationship of Heisenberg is described by the following inequality:

What does ∆ represent in this comparison?
A The measurement error in x and p.
B The spread in the possible measurement values of x and p.
C The change of x and p.
D I don’t know.

Q14 Heisenberg’s uncertainty relationship is mainly used for small objects such as electrons and protons. Why is the uncertainty relationship not used for larger objects, such as cars and tennis balls?
A The uncertainty relationship does not apply to large objects, because we can precisely measure the position and speed with our measuring equipment on this scale.
B The uncertainty relationship does not apply to large objects because they behave according to Newton's laws.
C The uncertainty relationship also applies to large objects, but the uncertainties are so small that we cannot perceive them.
D I don’t know.

Q15 Below you see a quantum model of two identical particles in a one-dimensional energy well. The scale in both figures is the same.
[image: ]What can you say about the energy state of these particles?
A The energy state is the same for both particles.
B The energy of the particle in the left diagram is higher.
C The energy of the particle in the right diagram is higher
D We don’t have enough information to say anything about the energy of the particles.
E I don’t know

Q16 Consider the quantum model of a particle in a one-dimensional energy well; what is a measure of the energy of this particle?
A The amplitude of the wave function.
B The area under the graph.
C The level of the equilibrium state.
D The number of nodes and antinodes.
E I don’t know.

Q17 Consider the quantum model of an atom. 
An electron in the atom is excited and goes from energy level E1 to E2. Below are 3 statements for this situation. Which statement is true?
A The electron has in E1 a smaller distance to the nucleus than in E2.
B The electron travels in both energy levels along a sinusoidal orbit.
C There is a chance that the electron can be found in the same location before and after the excitation.
D I don’t know.


Q18 [image: ]A particle with a certain amount of energy has a small chance to tunnel through a barrier. Then the barrier is made higher.
What is the effect of raising the barrier?
A The energy of the transmitted particle becomes smaller.
B The chance of tunnelling decreases.
C Statements A and B are both true.
D None of the above answers is correct.
E I don’t know.

Q19 [image: ]A particle with a certain amount of energy has a small chance to tunnel through a barrier. Then the barrier is made wider.
What is the effect of widening the barrier?
A The energy of the transmitted particle becomes smaller.
B The chance of tunnelling decreases.
C Statements A and B are both true.
D None of the above answers is correct.
E I don’t know. 

Q20 An electron tunnels through a barrier. What can you say about the total energy of this electron after it has tunnelled?
A It is larger than the total energy before tunnelling.
B It is equal to the total energy before tunnelling.
C It is smaller than the energy before for tunnelling.
D I don’t know.
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