Secondary school students’ views of nature of science in quantum physics
Supplementary Material
Appendix B
[bookmark: _GoBack]INTERVIEW PROTOCOL (NOS in the context of QP)

Phase 1: Introduction
DEMOGRAPHICS AND BACKGROUND INFORMATION

Name of teacher, school, date of QP course
Do you think physics, in general, is easy or difficult? Why?
Do you think that QP is interesting or not? Why?
Do you think QP is easy or difficult? Why?
Do you know anything about the philosophy of science? If yes, how do you know it?


Phase 2: Conceptual understanding
2 a) CONCEPTIONS OF ELECTRONS AND ATOMS
What are the properties of an electron? Tell me as many as possible.
Possible follow up question: 
· Can you draw it?
· Is this an electron in an atom or a free electron?
· Is there anything else you know about electrons?

How do scientists describe an atom?
Possible follow up questions: 
· Can you draw it? 
· What does your drawing represent? 
· Do different models exist?
· Is this a complete model?

2 b) DOUBLE SLIT EXPERIMENT

Describe the setup for the double-slit experiment. 
Possible follow up questions: 
· What is observed? 
· Can the experiment be run with both light and electrons? 
· What is observed when only single quanta at a time pass through?
· What happens if you block one of the slits?
· How do you explain the fringe pattern? 

2 c) STUDENTS’ CONCEPTION OF WAVE-PARTICLE DUALITY 

Watch the double-slit experiment simulation[footnoteRef:1] on the computer: [1:  https://phet.colorado.edu/en/simulation/quantum-wave-interference] 
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Figure S1 Simulation of double-slit experiment with single electrons. A:Electron just released; B:Electron passes double slit; C: Electron is detected as one spot on the screen. 
The interviewer explains that other students made the following statements when they discussed the Quantum Wave Interference simulation (as depicted in Fig.1).
The interviewer asks students to read each statement one at a time, and respond before moving on to the next statement. 

Student 1: The area of the probability density is so large because we don't know the true position of the electron. Since only a single dot at a time appears on the detecting screen, the electron must have been a tiny particle, travelling somewhere inside that blob, so that the electron went through one slit or the other on its way to the point where it was detected.

Student 2: The blob represents the electron itself since an electron is described by a wave packet that will spread out over time. The electron acts as a wave and will go through both slits and interfere with itself. That's why a distinct interference pattern will show up on the screen after shooting many electrons.

Student 3: Quantum physics is only about predicting the outcomes of measurements, so we really can't know anything about what the electron is doing between being emitted from the gun and being detected on the screen.

Possible follow up questions if the student responses are not consistent with his/her earlier descriptions of electrons:
· Are you aware of the inconsistencies with your previous statements? 
· Can you explain this?

Phase 3: NOS views
STUDENTS’ NOS VIEWS IN THE CONTEXT OF QP

Introduction, to make sure that the main question about QP interpretations makes sense for the interviewed student or if the student first needs more information
· Do you know different interpretations of quantum physics? 
· Can you name any of them or describe their features? 
If the student is unfamiliar with interpretations of QP. Explain briefly the main features (see table S1) of the following three interpretations: Copenhagen, Pilot Wave, Many Worlds for the context of the double-slit experiment. (Table S1 is not intended for students, and they are certainly not expected to understand it in detail, but they should realize that there are different interpretations.)


	Name of the interpretation (proponents)
	Completeness of quantum theory and relation to reality
	The role of measurement and relation to reality

	Copenhagen Interpretation (Bohr, Heisenberg, Dirac) 
	The state of a system is entirely described by the mathematical QP formalism, which is only an instrument to calculate possible outcomes of an experiment. It does not describe any real physical quantity.
	As long as we do not make any measurement, a quantum particle exists in a superposition of all possible outcomes. By measuring, we determine (create) a specific outcome.  Before measuring it does not make sense to talk about the position of a particle, it does not have one.

	Pilot wave interpretation (de Broglie, Bohm, Bell)
	Quantum theory is not complete. To describe the state of a quantum entity completely, we need extra variables and equations. If we would know these additional variables, we could calculate the exact outcome of each experiment.
	A quantum particle always has a well-defined (but unknown) position. Its motion is guided by a pilot wave which can be described by the mathematical formalism of QP. Measurement is just a way to make the existing position visible.

	Many worlds interpretation (Everett, DeWitt)
	Quantum theory is complete and describes the state of a quantum entity in many parallel universes (many worlds) simultaneously of which we only see one. These multiple universes exist whenever the theory allows more than one possible state of a system.
	As in this interpretation, reality continuously extends into many parallel universes. A quantum particle always has a defined position, which can be different in each universe. We can see only one branch of reality; thus, the concrete outcome of a position measurement cannot be considered as reality but is just a delusion in the limited mind of an observer.  


Table S1 Information for students about some features of three QP interpretations 
Main question: Ask students to read each statement one at a time, and respond before moving on to the next statement. 
Student 1: QP does not need an interpretation. As long as we can calculate with it and can build devices that work with it, we don’t need an interpretation of QP. Interpretations are not science and physicists should not waste their time on it.

Student 2: Physicists should come to an agreement about which interpretation they want to use as they did for international measurement standards. If everybody sticks to his/her own interpretation, we only get a lot of useless discussions.

Student 3: At this moment, we cannot explain why electrons behave the way they do. But if scientists want to find out, they need a lot of creativity to find an explanation. That is how the interpretations are developed. That is part of science.

Possible follow up questions if the student did not cover the NOS aspects in the answer:
· How is it possible that different physicists have different ideas about what an electron is? 
· Why do physicists have different interpretations?
· Is there a right interpretation?
· How can physicists find out which interpretation is the right one?
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