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Abstract: Stimulated by the European project “QTEdu CSA”, within the flagship “Quantum Tech-
nologies”, a community of researchers active in the fields of quantum technologies and physics
education has designed and implemented an extracurricular course on quantum physics concepts
and quantum technologies applications for high school. The course, which featured eight interactive
lectures, was organized online between March and May 2021 and attended by about 250 students
from all over Italy. In this paper, we describe the main tenets and activities of the course. Moreover,
we report on the effectiveness of the course on students” knowledge of the basic concepts of quan-
tum physics and students’ views about epistemic aspects and applications of quantum technologies.
Results show that the designed activities were effective in improving students” knowledge about
fundamental aspects of quantum mechanics and familiarizing them with quantum technology ap-
plications.
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1. Introduction

Industrial policies in the EU and US in the past six years have fostered a fast and
increasing interest in quantum mechanics as a pivotal area for the development of future
technological and societal advancements [1]. In particular, quantum mechanics is at the
heart of innovations that include intelligent sensors, networking, communication, com-
puting hardware, algorithms, and other facilitating technologies. Such interest has led to
the launch of far-reaching institutional programs such as the National Quantum Initiative
Act [2,3] in the US and the Quantum Flagship in the EU [4]. However, this interest vividly
clashes with physics education research evidence according to which quantum mechanics
is perceived as a difficult and demanding subject area, whose concepts are considered too
abstract and difficult [5-10]. Many studies also show that students hold a variety of mis-
conceptions in quantum mechanics [11-13] due, for instance, about the need to reconsider
the key concepts of classical physics and to bridge physics and chemistry concepts [14—
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16]. In this study, we propose to use quantum technologies as a suitable educational con-
text to introduce foundational aspects of quantum mechanics at the secondary school
level. Our proposal also builds on recent calls by stakeholders in the EU and US to meet
future demand for a well-trained and aptly prepared workforce to be employed in this
promising industry field [1].

Stimulated by the European project “QTEdu CSA”, active within the Quantum Flag-
ship program we have designed and implemented an educational path for high school
extracurricular activities on “Quantum Technologies” aimed at introducing basic con-
cepts of quantum physics in an effective way taking advantage of the context of the second
quantum revolution [17].

The activity is the result of the joint efforts of the Italian communities of researchers
active in the fields of quantum technologies and physics education.

1.1. The Use of Quantum Technologies to Introduce Quantum Mechanics

We decided to use the context of quantum technologies to convey the concepts of
quantum mechanics. Our basic assumption is that quantum technologies may reduce the
students’ perceived abstractness of quantum mechanics, which often comes from limited
access to suitable experimental and mathematical literacies.

The basic idea of the educational path is to describe the logic of quantum physics by
establishing a parallelism with the logic circuits of information theory [18-20]. The axioms
of quantum mechanics describe the preparation of a state, its evolution/manipulation, and
its measurement, which can be interpreted as information input, information processing,
and information output, respectively. This parallelism makes it possible to introduce the
fundamental properties of quantum states (superposition and entanglement) and to in-
troduce the “qubit,” the quantum extension of the classical “bit,” and the elementary
transformation of the qubit in terms of quantum gates. Simulations and descriptions of
experiments with spin and polarization are used to discuss the physical implementation
of qubits. The radical novelty introduced by quantum theory becomes clear from the anal-
ysis of the superposition state, the meaning of probability, and the role of measurement.

1.2. The Educational Path to Quantum Technologies

The activities of our learning path were structured in the following steps: four intro-
ductory lectures (one hour each), an in-depth course of three lectures (one and a half hours
each) on specific aspects of quantum technologies, and a closing lecture (one and a half
hour); see Figure 1.
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Figure 1. Overview of the educational path activities.
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Going into more detail, in the first lecture, starting with the example of the classical
and quantum coin flip, we introduce the concepts of quantum superposition state (qubit)
and the possible transformations on a single qubit described as logic gates (Figure 2).
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Figure 2. First lecture: the quantum coin flip. Schematics of the quantum coin flip “thought” game
interpreted in terms of state preparation, evolution and measurement. One coin is initially prepared
in a given state (T, i.e., Head here). After a number of flips by either the quantum computer (displayed
as a chip) or the human operator, a measurement is performed (here, yielding C, i.e., Tail).

In the second lecture, we introduce the use of the IBM Q-composer [21] to write and
execute quantum circuits on simulators and real quantum computers (Figure 3).
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Figure 3. Second lecture: IBM Q-composer interface for programming quantum computers. Exam-
ple of the quantum coin flip circuit executed on a simulator. In the Q-composer interface, |0) and
| 1) are the kets representing the computational basis. Center of the graphic interface. Top: the row
of symbols represents a number of quantum logic operators (quantum gates) that can be picked up
to compose the quantum circuit. Middle: below the list of operators is the composed circuit: here,
to the 10) state an X-not gate (represented by the plus symbol) is applied, followed by an Hadamard
gate (H symbol) and a measurement operation (gauge symbol). Bottom: representation of the state
vector in terms of probability and in the Bloch sphere representation (left) and of the measurement
probabilities (right). A single measurement yields just one of the possible outcomes (1 in this case).
The left part of the graphical interface shows an output of a repeated measurement yielding a sta-
tistical distribution of the two possible outcomes (in the red circle). The right part of the interface
shows Python code corresponding to the quantum circuit. Credits: IBM Q-composer [21].
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Quantum mechanical applications require measuring the state of the qubits; thus we
introduce the rules of quantum measurement, its epistemological aspects, and its role in
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the implementation of quantum algorithms. The lecture is supported by the QuVis simu-
lator for a series of Stern—Gerlach apparatuses on spin-1/2 particles (Figure 4) [22].
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Figure 4. Third lecture: QuVis simulation of Stern-Gerlach experiment. 1000 spins pass through a z-
magnet, after which a measurement is performed detecting 500 of the spins in a spin-down state (along
z). The remaining spin-up states pass through an x-magnet, after which a measurement is performed
detecting half of the spins in a spin-up state (along x). The remaining 250 spins finally pass through a
second z-magnet. The students are then asked (notified by a question mark) what they do expect
would be the outcome of a measurement, after the latter process. s: =-7/2 and s. = +/1/2 define the spin
down and up z-components, respectively, and 7 is the Planck’s reduced constant.

Particular care was paid to describe the role of non-commuting quantum operation
and the need to describe the spin state of the particle as a superposition state.

In the third lecture, we address two-qubit states and gates to introduce the concept
of entanglement, both from the physical and the algorithmic point of view. The IBM Q-
interface is used for the Bell-state circuit.

The relevance of entangled states for quantum technologies is highlighted through
the description of the BBM92 protocol for secure cryptographic key generation (Figure 5)
and the Schrodinger cat paradox.
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Figure 5. Third lecture: QuVis simulation of BBM92 cryptographic protocol in the presence of an
eavesdropper. Alice and Bob share a source of entangled spin-1/2 particles and measure through Z-
magnet or X-magnet to obtain a secret key. The eavesdropper Eve measures the spin state of the
transiting qubit toward Bob. Eve cannot measure simultaneously along Z and X and therefore can-
not obtain complete information about the spin state of the intercepted qubit. When Eve resends the
qubit to Bob the spin can be different from the original one; for details, see [23].

The fourth lecture is devoted to a general recap of the concepts introduced in the first
three lectures to stress the overall rationale and the links among them. A part of the final
lecture introduces the Einstein-Podolsky-Rosen (EPR) paradox and the violation of Bell’s
inequalities (Figure 6) [24].
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Figure 6. Fourth lecture: recap of the concepts and discussion of theory interpretations. Screenshots
of the slides used during the lecture. Left: What is a quantum object? Right: concept of properties
(top) and entanglement (bottom).

The second phase of our learning path is devoted to specialized lectures in which
quantum technologies are examined from both physical and technological points of view.
Three different paths were designed: quantum computing, quantum communications,
and quantum mechanics foundations, with the latter organized into the three sub-paths:
polarization; time evolution and the measurement paradox; realism and locality.

Finally, in the last phase, the state of art quantum technologies is from the viewpoint
of their social and economic impact by examining the appearance of the targeted concepts
in the media.

More details on the educational path are included in Appendix A.

1.3. Aims of the Study

This study has a twofold aim: (1) building on the theoretical background described
above, to evaluate whether the designed path helped the students to grasp a basic
knowledge of fundamental quantum physics; (2) building on the potential attractiveness
of the quantum technologies applications, to evaluate whether the designed didactical
pathimproved students’ views about quantum technologies. Thus, we posit the following
research questions:

To what extent was the educational path on quantum technologies effective in im-
proving the students” knowledge about fundamental quantum mechanics concepts?

To what extent was the educational path on quantum technologies effective in im-
proving the students” views about quantum technologies?
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2. Methods and Tools
2.1. Instructional Context

The study was carried out in the context of the Italian plan called Paths for Transver-
sal Competencies and Orientation (PCTO). The PCTO activities are mandatory for stu-
dents and include either career orientation or vocational practice.

The PCTO activities on quantum technologies here reported came about as a follow-
up to the outreach conference on the second quantum revolution organized by the Euro-
pean project QTEdu in November 2020. About 2000 students have registered for the con-
ference and more than 3800 have viewed it on YouTube so far [25]. The conference aimed
at giving a general introduction to the different quantum technologies that emerged from
the first quantum revolution and are emerging from the second one, avoiding overly tech-
nical and explicit physical and mathematical content. Building on the success of the con-
ference, we decided to offer Italian high-school teachers and students the opportunity to
deepen their knowledge on the topic.

The activities described in this study were carried out in spring 2021 for a total time
of about 12 h over a time span of two months, in remote distance modality using the Zoom
platform. Lectures were conducted by alternating presentations with simulations and ex-
ercises. Student engagement was stimulated by interactive questions and clickers to main-
tain attention and check their understanding of the content.

2.2. Sample

The sample consisted of N = 279 Italian high-school students (females: 24.4%; males:
73.8%; prefer not to say: 1.8%) from 16 different schools distributed across Italy. The
course was restricted to students attending the 12th (N = 101, average age: 18.0 + 0.4 s.d.
(standard deviation)) and 13th grades (N = 178; average age: 19.0 + 0.5 s.d.). The great
majority (82%) of the students attended the Liceo Scientifico (mathematically-oriented
high school), about 12% attended an applied science course (natural sciences-oriented
high school), and about 6% attended a technical school.

2.3. Instruments
2.3.1. Quantum Technologies Inventory (QTI)

For the present study, we developed a short questionnaire (QTI) featuring eight items
on the topics addressed during the educational path. The questionnaire was built on our
prior studies [26-29]. The reason for developing such a new instrument is that none of the
current instruments for evaluating students” performance in quantum mechanics focuses
on the central concepts addressed in our educational path about quantum technologies.
Table 1 summarizes the concepts and topics addressed in the questionnaire. The complete
questionnaire is reported in Appendix B.

Table 1. The main topics addressed in the quantum technologies inventory (QTI).

Concept Sub-Topic Item

State Bra-Ket Formalism Q30Q4Q7
State and eigenstate in quantum physics Q1Q2Q3

Logical gate Q1

Qubit Q3

Superposition Q1 Q7

Measurement Statistical nature of the measurement 0Q2Q6Q8

Wave function collapse Q7

Entanglement Formalism Q4

measurement on entangled states Q5
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2.3.2. Views about Quantum Technologies (VAQT)
Five elements were used to measure students’ views about quantum, technologies:

1. Assuming to use ideal measuring instruments, in physics I must describe the results
of measurements probabilistically only if I have incomplete information about the
system;

2. It is possible for physicists to carefully perform the same experiment and get two
very different results that are both correct;

3. Quantum computers will never work, because it is impossible to build an hardware
that is accurate enough;

4.  Scientists say that quantum communication makes it possible to teleport a particle
from one place to another;

5. Scientists say that quantum communication does not make possible the teleportation
of a particle from one place to another, but only the transfer of its characteristics.

The elements 1 and 2 address students’ general epistemic views about quantum me-
chanics, namely ideas about values, assumptions, processes, and formations of knowledge
about quantum mechanics [30]. Elements 3-5 address more specific views about quantum
technologies applications.

2.4. Data Analysis

The QTI items were scored as follows. Correct answers to two items (Q1, Q3) received
2 points, while one option received 1 point. For item Q8, two answer choices received 1
point. Correct answers to the remaining six items received 1 point, while the remaining
options received no credit. The reason for such scoring was that Q1 and Q3 addressed
more complex topics that allowed for a more refined scoring, while Q8 had two correct
answer choices. The total score for the eight items was therefore 10. The five VAQT items
were scored using a 5-point Likert scale.

The QTI was submitted after the teaching activities. The VAQT was submitted before
and after the teaching activities. Pre-post differences in the VAQT items were evaluated
through a t-student test and Cohen’s effect size, d [31].

3. Results

Overall, 176 students responded to the QTI after the didactical path, while 162 com-
pleted the VAQT instrument before and after the out-of-school activities.

The breakdown of the students’ answers to the eight items of the QTI instrument is
given in Table 2. The distribution of the students’ scores is s hown is in Figure 7.

Table 2. Frequencies of N = 176 students’ responses to the QTI. Correct answer choices are in bold-
face. See Appendix B for the complete questionnaire.

Answer Choice Q1 Q2 Q3 Q4 Q5 Q6 Q7 Qs

A 20% 7% 52% 17% 14% 31% 38% 9%
B 36% 30% 15% 40% 18% 10% 22% 5%
C 39%  53% 18% 16% 15% 23% 11% 32%
D 3% 9% 13% 22% 51% 33% 27% 55%

No answer 1% 1% 2% 4% 3% 3% 2% 1%
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Figure 7. Distribution of students’ scores in the quantum technologies inventory (QTI). See text for
details.

The average pre-instruction score in the VAQT items about general epistemic aspects
was 3.04 +.85 s.d., while the average post-instruction score was 3.40 + 0.91 s.d. The differ-
ence is statistically significant (f-test t = 4.68, degrees of freedom df = 160, probability p <
0.001), with a medium effect size (Cohen’s d = 0.37) [31]. The average pre-instruction score
in the VAQT items about quantum technologies applications was 3.43 + 0.74 s.d., while
the average post-instruction score was 3.65 + 0.80 s.d. The difference is statistically signif-
icant (t = 3.35, df =160, p <0.001), with a medium effect size (Cohen’s d = 0.26).

To better understand this trend, we divided the sample into four groups according
to their performance and then calculated the effect size of the difference between the post
and pre-test for the VAQT items for each group. Figures 8 and 9 show the average pre-
instruction and post-instruction scores for each group, while Table 3 gives the correspond-
ing Cohen’s d.

Table 3. Sample subdivision and pre-post effect size for the views about quantum technologies
(VAQT) instrument according to QT performance score.

Group QTI Score Numb(;:; :fligldents Cohen’s d
General. epistemic QT applications
views
Gl 0-3 25 0.23 -0.14
G2 4-5 71 0.36 0.22
G3 67 56 0.49 0.38

G4 8-10 10 0.54 0.96
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Figure 8. Pre-instruction vs. post-instruction average scores of the views about quantum technolo-
gies (VAQT) instrument (general epistemic views) according to the performance in the QTT for four
groups (see Table 3).
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Figure 9. Pre-instruction vs. post-instruction average scores of the VAQT instrument (applications
of quantum technologies) according to the performance in the QTI for four groups (see Table 3).

4. Discussion and Conclusions

The analysis of the students” answers to the QTI shows that, on average, the educa-
tional path was useful to familiarize students with fundamental aspects of quantum me-
chanics. Considering the fact that this was the first time the students tackled central con-
cepts of quantum theory, the educational path was effective in focusing students” atten-
tion on the fundamental concepts of quantum mechanics through the parallelism of infor-
mation theory. About 40% of the students show a good knowledge of the measurement
concept and of the wave function collapse, as measured by the QTI items. Similarly, on
average, about 45% of the students seem to have grasped the concept of entanglement,
which is not included in the national curriculum. Only about one-third of the students
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correctly answered questions about the state and superposition. However, the students
found it difficult to apply formal calculations to states represented as qubits. On such a
basis, we are currently revising our educational path to improve the presentation of the
concepts of state, qubit, and superposition. We also plan to improve the instruments used
to assess the effectiveness of the proposed activities.

From the analysis of the students’ responses to the VAQT, it emerges that, on aver-
age, the proposed path was effective in letting students acquire more informed views
about general epistemic aspects of quantum mechanics and quantum technology applica-
tions. Greater gains, as measured by the Cohen’s d effect size, were shown by the students
who performed better on questions about the fundamental concepts of quantum mechan-
ics. Such a result suggests a link between the knowledge of quantum physics concepts and
informed views about epistemic aspects. However, more research is warranted to inves-
tigate such a relationship in more detail.

Limitations of the study include the involvement of a small sample and the remote
distance modality of the didactical activities. Results are also limited by the use of instru-
ments not yet validated. Oral interviews would have improved the reliability of our find-
ings. We plan to revise both instruments and perform a more rigorous study of their va-
lidity and reliability.

Overall, the present study shows that the proposed educational path may be effective
in helping students grasp fundamental quantum concepts, acquire informed views about
how knowledge in quantum mechanics is constructed, and familiarize them with appli-
cations of quantum technologies.

The first implementation of our didactical path is encouraging and may help other
researchers interested in quantum mechanics education to implement similar activities.
While promising, our results also point out that initial motivation toward physics is cru-
cial to grasping the addressed concepts. This evidence calls for a stricter collaboration with
schoolteachers with the aim to share the key ideas and didactical objectives of the activi-
ties. With this in mind, a second run of PCTO activities was performed in spring 2022 with
a very similar program but with fewer students attending. Data analysis is ongoing. More-
over, the same approach to quantum physics, more focused on basic concepts, presenta-
tion of axioms, and quantum technologies was adopted by the outreach project “Italian
Quantum Weeks” (2022-2024) [32] devoted to students and the general public.
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Appendix A. Path Description
Appendix A.1 Plenary Introductory Lectures

e Lecturel
Objective: quantum state, superposition state
Content: qubits, Dirac representation, role of probability in quantum mechanics
1. Classical and quantum coin-flipping game
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2. How to describe a quantum coin: bits and qubits
e  Diracnotation
e  Superposition states
e  Visual representation of qubits (Bloch sphere)
3. Operations on quantum coin: single qubit quantum logic gates
e I NOT, ZH
4. Physical examples of qubits
e  Single photon after a beam splitter (QuVis, MILQ [33])
e  Electronic spin
e Cavity atom
e  Superconducting circuits
Lecture 2
Objective: measurement
Content: representation of quantum measures, role of probability, non-compatible

measurements

1. Introduction to IBM Quantum experience
. again on the logic of H, NOT, Z, X, and exercises on IBMQ
e definition of coefficients of superposition states (probability amplitude),
probability, and measurement
2. Stern—Gerlach experiment
e simulated experiments for sequences of Stern-Gerlach apparatuses per-
formed using QuVis
e discussion on the logical necessity of describing the spin state of the elec-
tron as a superposition state
3. Experiments with QuVis
e  difference between mixtures and superposition states
e sequence of three Stern-Gerlach apparatuses
Lecture 3
Objective: entanglement
Content: separable and entangled states, correlated measurements
1. Introduction
e  two-qubit states (basis elements, normalization)
e  difference between entangled state and separable state
e measurement of single qubits in many-qubit states
e  Bell states: invariance upon basis rotation
e reprise of Stern—Gerlach experiments to discuss the value of reality to be
attributed to the variables
2. IBMQ interlude
e  quantum circuit to generate entangled states
3. Application of entanglement
e  QuVis: cryptographic protocol BBM92
4. Historical contextualization
e  Einstein-Podolsky-Rosen (EPR) paradox (Schrodinger’s cat): locality and
realism
e  Bell’s inequalities: classical correlations vs entanglement
e  QuVis: cryptographic protocol BBM92
Lecture 4
Objective: synthesis of concepts and formalism
Content: axiomatic conceptual framework of quantum mechanics, interpretative

problems

1. Summary of the concepts discussed in the previous lectures
e  highlight the connections among the concepts
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e introduce concepts intentionally not mentioned in the lectures but that the
students will encounter in their course of study: uncertainty principle,
wave function, dualism

2. Interpretative problems in quantum mechanics

e  EPR paradox

e  Bell’s inequalities

Appendix A.2 Specific Paths

¢  Quantum computing (Figure A1)
Objective: basics of quantum computing
Content: quantum gates, quantum algorithms, teleportation, quantum random walk

Porte logiche ad un qubit Porte logiche ad un qubit
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Figure A1. Examples from the specific path “Quantum computing”. Screenshots of the slides used during
the lecture. Top: single-qubit gates. Left middle: two-qubit gates. Left bottom: teleportation protocol.
Right-bottom: one step of the mathematical description of the quantum random walk protocol.

¢  Quantum information (Figure A2)

Objective: basics of quantum information

Content: classical and quantum cryptography, cryptographic protocols, quantum
random number generation for cryptography
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- Quantum random number generator

Un generatore quantistico di numeri casuali si basa su un processo fisico la cui
casualita & garantita dalle leggi della Meccanica Quantistica.

Esempi di tali processi sono:

« Misura di un singolo fotone a valle di un beam splitter: stato di sovrapposizione di cammini
« Misura di un singolo fotone polarizzato a 45° a valle di un beam splitter

« Decadimenti nucleari

wg "
-4_”> -

« Emissione di singoli atomi/molecole

Figure A2. Examples from the specific path “Quantum information”. Left: BB84 protocol imple-
mented on QuVis. Right: example of implementation of a random number generator with single

photons.

¢ Fundamentals: Polarization (Figure A3)

Objective: understand basic principles
Content: state, properties, superposition principle, entanglement
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Figure A3. Examples from the specific path “Fundamentals: Polarization”. Screenshots of the slides used
during the lectures. Top left: summary of the lectures. Top right: examples of polaroid superposition.
Bottom: schematics of the behavior of polarized photons passing through polaroid filters.

¢ Fundamentals: Measurement Paradox (Figure A4)
Objective: evolution of quantum systems and measurement
Content: the laws of quantum mechanics, logic gates, Schrodinger’s cat
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Figure A4. Examples from the specific path “The measurement paradox: Schrédinger's cat and other
fantastic beasts (and where to find them)”. Before comparing system evolution governed by the
Schrédinger equation and evolution in measurement, students are led to use a PhET simulation in
order to elicit qualitative properties of the former.

e  Fundamentals: Realism and Locality (Figure A5)

Objective: discussion of interpretative problems in quantum mechanics
Content: EPR paradox, hidden variable theories, Bell’s inequalities
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Figure A5. Examples from the specific path “Fundamentals: Realism and locality”. Left panel: pic-
torial representation of complementary properties. Right panel: scheme of the EPR paradox experi-
ment and mathematical description of the entangled state and the values of detection probabilities
for complementary measurements.
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Appendix A.3 Final Lecture (Figure A6)

Objective: social and cultural relevance of the second quantum revolution

Content: presentation of the current debate and the implications of the second quan-
tum revolution at national and international levels through newspaper articles and official
documents (e.g., Quantum Manifesto) description of present quantum technologies, de-
scription of new jobs in quantum technologies.
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Figure A6. Examples from the final lecture. Screenshots of the slides used during the lecture. Top left:
timeline of quantum computer technology. Top right and bottom-left: examples of newspaper titles on
quantum computers. Bottom-right: image from the website of the Quantum Technology Flagship.

Appendix B. Quantum-Technologies (QT) Questionnaire

We report in boldface the correct answers (see Table 2). The percentage for each an-
swer choice is also reported. Note: “NR" denotes “'not responded”.

Q1. A quantum state prepared in a |0) state undergoes a transformation (logic gate, beam
splitter, magnetic field acting on the spin) but no measurement is made on the system. Will
the resulting state after the transformation (final state) be uniquely determined? (NR = 1%):

(a) Yes. Knowing how the transformation changes the initial state, the final state is
uniquely determined (20%)

(b) No. You could get different states because the transformation might not end up on a
well-defined state |0) or |1) but on an intermediate state (36%)

(c) No, because I can obtain states with different probability defined by the superposi-
tion coefficients (39%)

(d) Yes, the state remains the same regardless the transformation (3%)

Q2. To “know” the state of a quantum system implies that we are able to predict: (NR
=1%):
(a) the outcome of any measure on the system with certainty (7%)
(b) the outcome of a single measurement of any observable within the limits set by the
uncertainty principle (30%)
(c) the probability of different outcomes of any given measure on the system (53%)
(d) the state a system after any measurement process with certainty (9%)
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Q3. A single qubit is on a superposition state |Q) = al0) + bl1) and no measurement
is performed. That means (NR = 2%):

(a) The state of the single qubit 1Q) is |0) with probability p0 = lal2 or |1) with proba-
bility p1 = 1b12 (52%)

(b) The state of the single qubit 1Q) is different from both 10) and 1) (15%)

(c) The state of the single qubit 1Q) is both 10) and 1) (18%)

(d) The state of the single qubit 1Q) oscillates between 10) and 1) (13%)

Q4. Considering these two-qubit states |W1) = 1/N2(10)11) + [1)10)) and 1W2) =
1/42(10)10)-11)10)). We can then say that (NR = 4%):

(a) ['W1)isseparable (can be factorized), |'\W2) is entangled (17%)
(b) 1W2)is separable (can be factorized), |'\W1) is entangled (40%)
(c) Both states are separable (can be factorized) (16%)

(d) Both states are entangled states (22%)

Q5. Consider a system made of two parts A and B (e.g., two electrons and two photons),
that is in an entangled state (e.g., of spin or polarization). Having performed a spin or polari-
zation measurement on A and noted the result, we can deduce that (NR = 3%):

(a) The same measurement made on system B gives the same result (14%)

(b) The same measurement made on system B gives the opposite result (19%)

(c) We will be able to predict with certainty the outcome of any measurement made on
system B (15%)

(d) We will be able to predict with certainty the outcome of the same measurement made
on system B (51%)

Q6. Consider the following two probabilistic predictions. Prediction 1) In the classic
coin toss, the outcome “head” has probability 1/2 to occur. Prediction 2) The interaction of a
quantum system with a measurement device can only result in two outcomes (e.g., spin | |)
or | 1), vertical or horizontal polarization), each with probability 1/2. Why is it that in both
cases the only predictions we are capable of making are probabilistic? (NR = 3%):

(a) In prediction (1), we do not know the initial conditions precisely enough. In predic-
tion (2) even if the initial conditions are known, the outcome of the interaction is in-
herently uncertain. (31%)

(b) In both predictions, we do not know the initial conditions precisely enough (10%)

(c) In prediction (1), we do not know the initial conditions precisely enough. In predic-
tion (2) even if the initial conditions are known, we do not know how the interaction
works precisely enough (23%)

(d) To be able to make non-probabilistic predictions, in both cases we would need to
have perfect control of the experiment, which is not currently possible (33%)

Q7. Assume that a spin measurement is made on the electron in the spin state | W) =
TN2(17)z + 1])2) along the Z direction is 1, i.e., sz =+ /2. What can I say about its spin
along Z before measurement? (NR = 2%):

(a) it had no defined value (38%)

(b) it was 1 already, but the experimenter didn’t know (22%)
(c) itwas zero (11%)

(d) itwas | the 50% of the time and 1 the 50% of the time (27%)

Q8. Regarding the predictability of the outcome of a measurement in quantum me-
chanics, which of the following statements is correct? More than one correct answer is
possible (NR = 0.5%):

(a) the outcome of a measurement is always unpredictable (9%)
(b) the outcome of a measurement is always predictable (5%)
(c) theoutcome of a measurement is predictable with certainty when the process of prep-

aration and of measure are related to the same observable of the system (32%)



Physics 2022, 4, 4 1166

(d) the outcome of the measurement process is always predictable only in terms of the
probability of outcomes and never with certainty (54%)
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