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As quantum technologies increasingly impact society and the workforce, there is a growing need to
integrate quantum physics (QP) education into all levels of the curriculum, including secondary education.
However, despite increasing interest, there is little consensus on which topics should be covered and to what
depth. This study addresses this issue by exploring experts’ perspectives on the future of QP education at the
secondary school level.Using an adaptedDelphimethod,we conducted three rounds of surveyswith a diverse
panel of quantum physics and physics education experts. The study aimed to identify themost appropriate QP
concepts for inclusion in secondary school curricula and the instructional level at which they should be taught.
The findings show strong expert support for including foundational QP topics, such as quantum interference,
superposition, and quantum measurement, taught at a conceptual rather than a mathematical level. More
advanced topics related to quantum technologies were widely deemed unsuitable for the secondary school.
These results are consistent with existing national curricula and provide valuable insights into current
perspectives on QP education, reinforcing the importance of core quantum physics concepts in secondary
education. These insights lay the groundwork for further research into the future direction of quantum
education and support the integration of quantum technologies into secondary school curricula.
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I. INTRODUCTION

Although quantum principles underpin many everyday
technologies—from laser pointers to smartphones—public
awareness of quantum physics (QP) and its modern appli-
cation in quantum technology (QT) remains limited [1,2].
While emerging QT advancements, including quantum
computing, quantum sensing, and quantum communication,
already affect the labor market, the growing demand for
people with various levels of quantum expertise is develop-
ing beyond academia [3–5]. This requires a transformation of
QP education at all levels, from secondary schools to
universities. Although the emphasis in secondary education
is pivotal in arousing student interest in futureQTcareers and
promoting societal understanding of quantum concepts
[6–10], developments at this level have lagged behind the
more advanced progress seen in higher education.
At the higher education level, numerous national initia-

tives are already spearheading transformative changes, for
example in the United States, India, and Canada. [11]. At the
international level, the European Quantum Technologies
Education Coordination and Support Action (QTEdu
CSA) [12] brought together partners from 14 countries to
coordinate efforts between academia and industry. The
renewal of the quantum curricula is reflected in recent
developments, such as the pan-European Open Master
(QTOM) [13] and the European Competence Framework
for Quantum Technologies [14], which provide a regularly
updated, comprehensive mapping of competences and skills
in quantum technologies. Meanwhile, projects such as
Quantum Technology Education for Everyone [15] empha-
size the broader societal need for quantum literacy.
In contrast, in secondary education, the introduction ofQP

concepts remains a topic of debate among educators,
researchers, and curriculum developers. A growing body
of physics education research shows that QP education can
engage students with cutting-edge science [16–18], deepen
their scientific literacy [19,20], and attract a more diverse
student body to science, technology, engineering, and
mathematics (STEM) fields [21–23]. However, the lack of
consensus on what QP topics to include in secondary school
curricula, how to teach them, and at what level of abstraction
has resulted in a patchwork of fragmented implementations
across different countries and educational systems [8,24–26].
To address this lack of consensus and inform future

curriculum development, the QTEdu CSA community ini-
tiated the “QCI pilot”: a collaborative effort to develop the
QuantumConcept Inventory [27]. This project has twomain
objectives: to develop an assessment tool for evaluating
secondary school students’ understanding of QP and QT key
concepts and to explore expert perspectives on the future QP
curriculum. In this article, we focus on the latter, by exploring
the perspectives of physics education and QP experts on an
appropriate and desired secondary schoolQP curriculumand
instruction. We aim to obtain a comprehensive and realistic
picture of a potential future QP curriculum in secondary

schools by incorporating input from QP experts, physics
education researchers, and practicing teachers. This study,
therefore, explores the possibilities and challenges of
reforming QP education in secondary schools, which could
contribute to a broader public understanding, including
application-oriented QT and new approaches at several
educational levels. In light of the above, we pose the
following research questions (RQs):

1 RQ1: What topics and concepts should be included
in a secondary school QP curriculum, according to
physics education and QP experts?

2 RQ2: What levels of instruction for the identified
topics are appropriate for secondary school students,
as viewed by physics education and QP experts?

II. THEORETICAL CONSIDERATIONS

A. The European Competence Framework for
Quantum Technologies

The European Competence Framework for Quantum
Technologies (CFQT) is the “reference framework for
planning, mapping and comparing QT-related educational
activities, personal qualification and job requirements”
[5,14,28] developed within the Quantum Flagship. It offers
a structured collection of topics and concepts relevant to
QT, with a focus on competences relevant to the emerging
quantum industry, including recommendations for ups-
killing efforts and degree programs.
Although the QCI being developed is intended to address

the needs in secondary education by outlining relevant
content based on input from physics teachers, education
researchers, and quantum experts, the domains defined in the
CFQT [29,30] provide a useful framework for structuring this
content. The CFQT distinguishes three relevant domains
for secondary education: (i) domain 1—Concepts of QP,
(ii) domain 2—Physical Foundations for Quantum
Technologies, and (iii) domains 3–6 on quantum technolo-
gies, including enabling technologies, hardware, and the three
main QT pillars computing, sensing, and communication.

B. Levels of understanding

The concepts of QP, as identified by the CFQT, are
numerous. Not all can be covered in a secondary school
course, nor does it make sense to cover all of them. Existing
approaches to QP education differ not only in terms of the
concepts they emphasize but also in the depth of under-
standing they aim to achieve, including the extent to which
mathematical formalism is used. It is therefore important to
understand on what level a specific concept should be
learned by the students. Based on existing approaches and
considerations from the quantum education community
[31,32], we defined four levels:
• Mathematical—students are able to apply and/or
explain the concept using mathematical calculations.
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• Conceptual—students are able to apply and/or explain
the concept using nonmathematical representations.

• Awareness—students are aware of the phenomenon or
concept.

• Not needed—students do not need to learn this.
The proposed levels correspond to Vermunt’s learning

patterns [33]:
The mathematical level aligns with application-directed

learning. Students at this level can apply QP concepts
through calculations. This level does not necessarily require
expert-level formalism. Alternative quantitative notations
—such as those discussed in Refs. [34,35]—can be used.
For example, students can calculate the probability that a
vertically polarized photon passes through a series of
polarizers without using Dirac notation.
The conceptual level aligns with meaning-directed learn-

ing. At this level, students can construct knowledge and see
relations between different concepts. While mathematics
can be part of this level, it is not required. Nonmathematical
representations, as shown in Ref. [31], can be highly
effective.
The awareness level aligns with reproduction-directed

learning. While rote memorization is generally discour-
aged, a foundational level of awareness is necessary for
some complex or specialized QP concepts (e.g., tunneling).
Students should be aware of the existence and basic
implications of such concepts, even if a deeper under-
standing is not feasible [9]. For example, a general over-
view of various quantum technologies, their importance,
and potential impact is valuable, even without detailed
technical explanations.
The not needed level was created explicitly to exclude

topics that, in the view of instructors, students do not need
to know.
The appropriate level for each concept depends on the

specific learning goals, teaching methods, and overall
approach. We anticipate variations in level assignments
among different experts. Analyzing the distribution of
suggested levels across various QP concepts will help
identify areas of consensus, which can inform the develop-
ment of general educational resources, such as textbooks
and concept inventories.

III. METHODOLOGICAL CONSIDERATIONS

A. Delphi study

Our study followed an adapted Delphi approach.The
Delphi method is a common method in physics education
research to determine estimates and predictions of unclear
needs and requirements [36–40]. For example, the Delphi
method was also used in another QTEdu pilot project on
key quantum concepts for QT outreach [15].
In general, the Delphi method is a technique for gaining

expert consensus for decision making, including applica-
tions in curriculum development [41]. In a typical Delphi

study, the same group of experts answers at least two
questionnaires, where the latter one is based on the
responses to the previous one. In this way, a larger group
of experts can be surveyed than would be possible in a
group discussion, and the answers are given independently
and anonymously, thus reducing group effects. The method
is not very strictly defined, allowing for a variety of
objectives. However, the main characteristics include
(i) feedback of views, (ii) assessment of views, (iii) oppor-
tunity to revise views or narrow them down, and (iv) ano-
nymity [42]. The whole process is guided by researchers
who prepare the questionnaires and evaluate the responses.
In this study, the research team consisted of the authors

of this article plus further members of the former QCI
project [27], a group of 26 researchers from 9 countries
with expertise in physics and physics education research,
several with secondary teaching experience. The first and
last author designed the Delphi rounds, the team gave
feedback on the questionnaires, validated the categories
and items, and analyzed the responses.
This study consisted of three rounds, i.e., three ques-

tionnaires, visualized in Fig. 1. See Supplemental Material
[43] for the complete questionnaires. Each questionnaire
was designed and discussed in the monitoring panel,
leading to decisions about which views from the previous
round would be fed back and in what way. This was done in
order to gain further assessments and to allow for anony-
mous revision of views from the previous round.
Each round of the survey had an individual focus. The

first round was used for a qualitative elaboration of the
experts’ views and mainly included open-ended questions.
Figures from the CFQT were provided to stimulate ideas
and highlight possible topics. In the second round, a long
list of topics was presented for selection by experts. Finally,
the selected topics from round 2 had to be assessed to
determine whether they are relevant for a secondary school
curriculum and how they should be addressed, i.e., the
desired level of instruction (mathematical, conceptual, or
on awareness level). On this basis, we answer our research
questions.

B. Expert panel

We recruited study participants through personal net-
working and professional contacts—sometimes translating
the surveys into local languages—as well as more broadly
via distribution through the QTEdu newsletter, which
reaches all scholars subscribed to the QTEdu CSA mailing

FIG. 1. Three rounds in our Delphi study with the number of
participants N. Note that participants in each round do not
necessarily overlap.
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list. The respondents constituted the experts’ panel. In
contrast to traditional Delphi studies, we did not maintain a
fixed panel of experts. Instead, we opened the subsequent
questionnaires to participants who had not answered the
previous questionnaire. With this approach, we gained a
broader picture of opinions, especially in the final round of
evaluations. In round 3, most of the participants indicated
that they had not participated in previous rounds. Since our
study did not aim for consensus in a preselected group of
experts, but for a variety of perspectives and views, this
change in the expert panel is appropriate for our approach.
Previous studies on QP secondary school curricula have

typically focused on physics researcherswho teach physics at
the university level, as they are considered experts in the
subject matter of QP [26,38,39,44–46]. However, some of
these studies have found low variability in experts’ opinions,
potentially due to a narrow focusonwhat is feasible to teach in
secondary school classrooms. To achieve a broader and more
inclusive scope of opinions regarding the topics and con-
ceptual levels that should be included in a secondary school
QP curriculum, our expert panel was formed by engaging
participants with diverse perspectives bringing extensive
pedagogical content knowledge based on their experience
and research in teaching QP. Some participants have multiple
areas of expertise (e.g., both physicists and physics education
researchers), offering them a broad perspective on teaching

QP in secondary school. Details on the participants for each
round are provided in the following sections.

IV. STUDY IN ROUND 1

A. Participants and methods

In the first round of the adapted Delphi study, we aimed
to gather insights from the expert panel to identify possible
topics of interest for QP education at the secondary level. A
total of 41 participants from 12 different countries took part
in the survey. The participants brought in expertise from
various fields: 22 had a background in physics education
research, 22 had a background in teaching physics at the
university level, and 13 were teachers at secondary schools.
The majority of respondents came from Italy (12) and
Germany (9), but respondents also came from Austria (1),
Belgium (2), Croatia (3), the Czech Republic (1), Denmark
(2), Hungary (2), Israel (4), the Netherlands (3), Poland (1),
and Slovenia (1). To guide the process, we presented the
experts with three domains of the CFQT, which the mon-
itoring panel identified as particularly relevant for secondary
school students: Concepts of QP, Physical Foundations of
Quantum Technologies, and Quantum Technologies 2.0.
After presenting these domains, the experts were asked to
reply to the following two tasks for each domain:

TABLE I. Expert-identified (N = 41) categories for secondary quantum physics education, categorized by three
CFQT domains (round 1).

Domain Category No. of mentions

Concepts of QP Superposition and interference 28
Quantum measurement and quantum properties 26
Entanglement and nonlocality 16
Heisenberg principle and complementarity 13
Quantization 13
Mathematical formalism 11
Wave-particle duality 9
Qubits 8
Schrödinger equation 8
(Quantum) Optics 5
Miscellaneous 4
Mathematical foundations 3

Physical Foundations
of Quantum Technologies

Solid state physics 24

Atoms and atomic physics 21
Quantum optics 18
Material science and nanostructures 6
Miscellaneous 2

Quantum Technologies 2.0 Quantum computing 34
Quantum sensors and metrology 25
Quantum communication 18
Enabling technologies 14
Hardware for quantum computers and sensors 9
Miscellaneous 7
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1. From your point of view, which concepts from this
domain should secondary school students learn?

2. Illustrate these concepts by providing an example or
a specific context.

B. Results

The concepts and illustrations mentioned by the expert
panel were categorized by the authors, using the CFQT.
As shown in Table I, 12 categories were mentioned for
concepts of QP, five for Physical Foundations of Quantum
Technologies, and six for Quantum Technologies 2.0. For
concepts of QP, two categories were often mentioned: (1)
superposition and interference, which include the topics
quantum states (e.g., qubits and spin states) and interfer-
ence experiments like the double-slit experiment and two-
photon interference; (2) quantum measurement and quan-
tum properties including, for example, the topics
decoherence, the statistical nature of QP, and measurement
dynamics. For Physical Foundations of Quantum
Technologies, the highest scoring categories were as
follows: (1) solid state physics, which includes the topics
material properties, band structures, and superconductivity,
and (2) atoms and atomic physics, covering the topics
atomic models, spectroscopy, and semiconductor basics.
For Quantum Technologies 2.0, the highest scoring cat-
egories were as follows: (1) quantum computing, focusing
on topics such as qubit manipulation, quantum gates, and
programming; (2) quantum sensors and metrology, which
includes the topics atomic clocks and applications of
quantum sensing and imaging. A detailed analysis of the
perspectives of different stakeholders on the concepts and
illustrations from round 1 was previously reported by
Merzel et al. [8].
The topics and the experts illustrations collected in round

1 were used to create the survey of round 2 using the QCFT,
netting 246 distinct topics.

V. STUDY IN ROUND 2

A. Participants and methods

In round 2, a total of N = 39 participants took part in the
survey. They reported of being from several areas of
expertise, multiple statements being allowed in the survey.
Among the participants, most (17) had a background in
research education, several were physicists working on QT
(12), some were physics educators at a university (10), and
some physics teachers at secondary schools (10). A small
number were physicists in other fields (9) or other
professions (consultant, general education researcher,
self-employed, trainer). All participants were acquired from
a range of countries, most from Germany (12) or Italy (12),
but also from Belgium (3), Netherlands (3), Austria (2),
France (2), Israel (2), Croatia (1), Finland (1), and Uruguay
(1). About half of them (18) had participated in round 1.

All participants received an online survey of the 246
topics from round 1, where they had to assess whether the
topics were relevant for inclusion in school curricula at
mathematical, conceptual, or awareness levels, as described
in Sec. II B. The scales used to measure the expert rating
were ordinal (1—mathematical, 2—conceptual, 3—aware-
ness, and 4—not at all). In this step, it was possible to select
multiple levels (in case of 1–3) or option 4. The dataset was
then evaluated with retrospect to agreement for each topic,
meaning that all categories were extracted that had a 75%
agreement to be included in any of the three levels.

B. Results

In the end, a total of 114 of 246 topics (the expert panel
added two topics) were agreed to be important for curricula
by more than 75% of respondents. Of those, 69 (about 74%
of the given categories) belonged to the domain concepts of
QP, 26 to the domain Physical Foundations for QT (about
29%), and 17 to the domain Quantum Technologies 2.0
(about 35%). Because several of the 114 categories were
very similar, they were merged into a final set of 105
distinct topics, which are listed in Tables III–V (as detailed
in the Appendix).

C. Interim conclusion

From the results, several interim conclusions can be
drawn. First, the thematic field that most people still agreed
were somehow important to be integrated into school
curricula was that of Basic Quantum Concepts. Only about
a quarter of the topics from the Physical Foundations and
about a third of the topics from Quantum Technologies were
agreed upon to be of importance (albeit using a strict 75%
inclusion agreement rule). As such, it stands to question
which of the new topics indeed have a stable agreement and if
there is a consensus on them. Therefore, a third round was
prepared to better evaluate this aspect with a larger sample
size and more focus on consensus formation.

VI. STUDY IN ROUND 3

A. Participants and methods

In round 3, a total of N = 68 participants contributed to
the survey. They reported being from several areas of
expertise, multiple statements being allowed in the survey.
Of the participants, most (33) had a background in
education research, some were physicists working on
Quantum Technologies (16), a small number were phys-
icists in other fields (9), and quite a few were physics
teachers at high schools (29). This high percentage of
teachers brings strong external validity to our findings, as
they offer grounded perspectives on what is realistically
teachable in the classroom, based both on their students’
needs and their own confidence with the material. All
participants were acquired from a range of countries, most
coming from the Netherlands (23), but also Germany (11),
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Israel (7), Italy (7), Spain (4), Croatia (2), Denmark (2),
Finland (2), Hungary (2). Single participants also came
from Romania, Portugal, Belgium, Slovenia, France,
Pakistan, and the United States. Most of them (51) did
not participate in a previous round of this study.
All participants received an online survey, where they

had to assess if they estimated the topics extracted from
round 2 as relevant for inclusion into school curricula at
mathematical, conceptual, or awareness levels. The scales
used to measure the expert rating were the same as in round
2 (1—mathematical, 2—conceptual, 3—awareness, and 4
—not at all). In this round, however, a measurement of
consensus among the participants was also the aim, and
therefore a statistical evaluation was conducted. This
method allows the degree of consensus among respondents
to be expressed statistically, taking into account both the
distribution of ratings and their distance from the group’s
mean response, giving a more differentiated estimate. As
the scales used to measure the expert rating were Likert-
like, an entropy-based consensus measure for these types of
scales was used, as proposed by Ref. [47]:

CnsðXÞ ¼ 1þ
Xn

i¼1

pilog2

�
1 − jXi − μXj

dX

�
; (1)

where pi is the probability (relative frequency) of outcome
Xi (which ranges from 1 to 4). Furthermore, μX is the mean
of X and dX ¼ Xmax − Xmin be the width of X. Finally,
jXi − μXj is the absolute deviation of X from the mean.
Using this equation, a consensus of 0 is defined as total
disagreement and 1 as total agreement [48]. For the purpose
of the present study, two inclusion criteria were applied to
evaluate which topics should be included at what level with
consensus. A topic was included only if it satisfied both
criteria:

1. We decided that a sufficient consensus is that thevalue
of CnsðXÞ ≥ 0.75, since it suggests high consensus.

2. A category was included if at most 25% of experts
deemed it as ”not needed” (i.e., answer option 4 in
the rating scale), the same criterion as in round 2.

B. Results

Taking the ratings of all participants across all subjects
into account, we derived the topics presented in Table II by
applying our two established criteria. These final topics
were both agreed upon by the expert panel to hold some
level of importance for curricula and achieved a consensus
level of above 0.75. In the domain of concepts of QP, ten
categories met both criteria. Table III in Appendix displays
all relevant values for the topics that satisfied both criteria.
In the domain ofPhysical Foundations, no topicsmet both

criteria. Table IV in the Appendix provides the relevant
values for the topics that satisfied only one of the criteria.
Similarly, in the domain of Quantum Technologies, no

topics met both criteria either. Table V in the Appendix
presents the relevant values for topics that fulfilled only one
of the criteria. However, it should be noted that, in both
domains, there was no consensus among the expert panel to
exclude all corresponding topics.
The included topics are mainly advised to be taught

conceptually, with only Schrödinger’s cat and photons
falling below a 50% inclusion (the latter barely). Only
for the double-slit, quantum measurements, the statistical
nature of measurements, probability amplitudes, and super-
positions of quantum states more than 25% of the experts
recommend a mathematical inclusion. The collapse of the
wave function and Schrödinger’s cat were also the only
topics deemed important by more than 25% of experts on
the awareness level.

C. Interim conclusion

From the gathered data, only the topics associatedwith the
domain quantum concepts exhibited both sufficiently high
consensus among experts and a recommendation to be
included by more than 75% of the experts surveyed. In
contrast, for both of the other domains, no single topic was
recommended for inclusion in the curricula by a sufficient
number of experts, nor was there a sufficiently high level of
consensus supporting such recommendations. On the

TABLE II. Topics in the domain concepts of QPmatching both inclusion criteria in study round 3 (for details, see body text). For each
category X, the consensus measure Cns(X) is shown. Also, the advised level (mathematical = 1, conceptual = 2, and awareness = 3) of
inclusion is also given. Note that the percentages may not sum to 100%, because experts could choose multiple levels or opt out.

Topic Cns(X) Mathematical (%) Conceptual (%) Awareness (%) Not needed (%)

Collapse of the wave function 0.80 15 59 29 6
Probability amplitudes 0.76 34 56 16 4
Statistical nature of measurement 0.80 26 56 15 0
Superposition of quantum states 0.79 34 51 21 4
Wave interference 0.82 13 53 12 4
Quantum measurement 0.81 37 53 28 7
Double slit 0.76 37 51 15 1
Schrödingers cat 0.81 6 43 37 12
Atomic models 0.83 9 57 25 3
Photons 0.75 24 49 19 0
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contrary, the only topics in these domains that reached a
notable level of consensus were those for which there was
agreement to exclude them from the curricula. Additionally,
most participants agreed that conceptual understanding of the
topics at hand is themost desired result from integrating them
into curricula. In the end, only probability amplitudes,
quantum measurements, the statistical nature of measure-
ments, superposition of states, and the double-slit experiment
are recommended (taking the rather strict criterion of agree-
ment for the level being 75% or above as indicators) to be
included at a mathematical level, meaning only the basic
concepts are recommended to be introducedmathematically.

VII. DISCUSSION

A. Comparison with international curriculum
documents of secondary school QP

In this study, we have investigated what experts and
practitioners in physics education view as desirable topics
for a secondary school quantum curriculum. To contextu-
alize our findings, it is worth examining how these expert
recommendations relate to actual curricula. For this pur-
pose, we compare the results of our current study with the
findings of the curriculum document analysis conducted by
Stadermann et al. [24], which examined 23 secondary
education curricula originating from 15 countries. Their
study provides a valuable benchmark for assessing the
relevance, novelty, and alignment to school reality of our
expert recommendations.
In their curriculum analysis, the authors identified 17

quantum-related content items mentioned in the curriculum
documents. Seven of these items appeared in the majority
of the examined curricula:
• Discrete energy levels (line spectra).
• Interactions between light and matter.
• Wave-particle duality or complementarity.
• Matter waves, quantitative (de Broglie).
• Technical applications.
• Heisenberg’s uncertainty principle.
• Probabilistic or statistical predictions.
The authors referred to these items as the international

“core curriculum” for QP at the secondary school level.
The topics matching both inclusion criteria in the third

round of our study do not identically match the names of
the content items in the core curriculum [24]. However, our
findings show several notable alignments with the topics
currently present in the curricula. For example, the topic
“discrete energy levels and line spectra” in the core
curriculum relates to the category “atomic models” in
our expert recommendations. Similarly, the item “wave-
particle duality or complementarity” (curricula) is often
explained through “photons” (experts) in the context of the
“double-slit experiment” (experts), which demonstrates
behavior comparable to “wave interference” (experts)
[49–52]. Additionally, “probabilistic or statistical

predictions” (curricula) are related to the expert-recom-
mended concepts of “probability amplitudes,” “collapse of
the wave function,” “statistical nature of measurement,” and
“quantum measurement” [53].
A comparison between Table II and the core curriculum

shows consensus between our expert recommendations for
desired QP curricula and the core topics frequently found in
secondary school curricula. Notably, Schrödinger’s cat is
the only topic that does not appear in most of the curricula
analyzed in 2019. In that analysis, Schrödinger’s cat would
likely fall under the common extension to the core
curriculum labeled as “philosophical consequences.”
While the depth of mathematical content was not explicitly
analyzed, examples from the curriculum documents, pro-
vided as Supplementary Material [43], suggest that—
consistent with our experts’ recommendations—secondary
school students are expected to develop a conceptual
understanding of QP [24].
To summarize the comparison, we can conclude that,

with the exception of Schrödinger’s cat, the quantum
concepts recommended by our experts (see Table II) all
happen to fall within the existing QP curricula implemented
in many countries.

B. Comparison to the competence framework

In the refined 2024 version, the CFQT distinguishes
three domains—(1) Quantum Concepts, (2) QT Hardware
& Software Engineering, and (3) QT Applications &
Strategies—and also specifies proficiency levels. Level
A represents beginners, level B corresponds to intermediate
proficiency comparable to the bachelor level, and level C
denotes advanced proficiency, reflecting greater experience
at the master’s or Ph.D. level [14].
The results of round 3 show consensus only for topics

that belong to a specific part of domain 1, namely
subdomain 1.1 Basic Quantum Concepts. These topics
are not specific to QT but can be introduced in the context
of QTand prepare for further education that may be specific
to QT.
The Delphi study results further show consensus that the

topics should be addressed at the conceptual level. This
level corresponds to a position between the proficiency
levels A1 (awareness) and A2 (literacy) of the CFQT. Level
A1 focuses on general awareness, the ability to reproduce
basic quantum concepts and terminology, while level A2
focuses on describing and relating quantum concepts,
including elements of mathematical formalism. Figure 2
visualizes this proficiency levels in the proficiency triangle
with the description of the proficiency level covered,
specifying knowledge (K) and skills (S).
The monitoring panel, responsible for designing the

study and guiding its development, held a meeting to
discuss the results and their implications.
The main result of this study is the list of quantum

concepts to teach to secondary school students. The panel
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considers this recommendation a necessary step toward
fundamentally incorporating QP in secondary school
teaching and curricula in different countries. It is also an
important starting point for teachers to plan QP teaching
within the limits of current curricula. Instead of waiting for
curricula to change, the panel encourages teachers already
now to build QP teaching within the given time limits by
following the list of quantum concepts provided in this
study. They propose a modular incorporation of quantum
concepts: within shorter teaching hours to achieve an
awareness level, with more time available (e.g., 6 h) to carry
out conceptual teaching, and even deepen students’ under-
standing on the mathematical level if teaching hours allow it
(e.g., 20 h). Some inspiration on how to teach quantum
concepts can be drawn from already existing secondary
school teaching practices: for example, the use of quantum
games and interactive tools [54] or teaching quantum
concepts by linking them to nature of science [49].
However, the panel emphasizes that the results of this

study should not be seen as the limitation to teach only
basic quantum concepts to secondary school students in the
future. Rather, these results reflect the current state of QP
education development. Since didactic approaches on how

to include quantum technologies in secondary school
teaching are still largely unexplored, experts tend to choose
familiar approaches to QP teaching. Therefore, the panel
considers the results of this study as a call to bring to light
why and how quantum technologies should be a part of
secondary school curricula. Accordingly, the incorporation
of mathematical QP in secondary school teaching should be
further explored. To summarize, the results of this study
shouldbe applied toQP teaching in secondary schoolswithin
the current curricula, and for the future, we set the direction
toward curricula incorporating quantum technologies and
giving enough time for mathematical-level teaching.

C. Limitations

While our study provides valuable information on the
development of a QP curriculum for secondary education,
several limitations should be acknowledged:
• Deviation from the traditional Delphi method: Our
study deviated from the traditional Delphi method in
important ways. Although conventional Delphi stud-
ies usually maintain a fixed panel of experts through-
out all rounds to promote consensus, we allowed new
participants to join in later rounds and several experts
left between rounds. This approach broadened the
range of perspectives but may have weakened the
consistency of feedback.

• Control of participants and online survey format: The
online survey format limited our ability to control
participants, in particular control over multiple par-
ticipation. Although we aimed to recruit individuals
with expertise in QP, physics education, and student
learning, we could not ensure balanced representation
or consistent participation in each round. The volun-
tary nature of our survey may have selectively
attracted respondents with a specific interest in quan-
tum education, potentially introducing further bias,
which may limit the generalizability of our results.

• Rapid evolution of the QT context: QT is evolving
rapidly, which may influence the perceived relevance
of certain topics over time. Concepts perceived as less
important at the time of this study may become central
in the near future and vice versa. These temporal
factors underscore the importance of periodically
revisiting curriculum recommendations to maintain
alignment with emerging technological and pedagogi-
cal developments. As our findings capture expert
opinion at a particular point in time, follow-up
research may be required to confirm their continuing
relevance.

• Consensus criteria and interpretation: We use both
percentage-based thresholds and entropy-based met-
rics to assess consensus on inclusion of quantum
topics in secondary school curricula. However, the
notion of “curriculum inclusion” can vary consider-
ably depending on the experts’ national education

FIG. 2. Proficiency triangle coverage for A2 literacy in quan-
tum concepts with proficiency level descriptions for A1 and A2,
extracted from the CFQT [14].
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systems, curriculum guidelines, and teaching experi-
ence. In addition, differences in the stringency of
curriculum enforcement between countries may shape
experts’ priorities, further influencing the results.

• Limitations on quality and stakeholder representa-
tion: Although the first study round allowed for open-
format responses, subsequent rounds included more
quantitative assessments, potentially limiting the rich-
ness of qualitative insights. Although the expert panel
included educators who understand student learning,
secondary students themselves were not directly in-
volved, despite being the primary beneficiaries of any
future curriculum. Furthermore, since members of the
monitoring panel were involved in the design of the
questionnaires and data analysis, background may
have unintentionally biased the direction and focus of
the study.

• Language and cultural considerations: Given the
international scope of this research, language barriers
and cultural nuances in educational practices may
have affected participants’ interpretation of questions
or their responses. These differences could limit the
consistency and comparability of the data with future
investigations in the same direction.

VIII. CONCLUSION

In conclusion, this study provides critical insights into
the integration of QP into secondary school curricula.
Drawing on the perspectives of both physics education
and QP experts, it identifies which topics are most suitable
for inclusion at this level and examines the appropriate
depth and instructional level for each topic.
Using an adapted Delphi study design in three rounds,

we gathered feedback from 41 experts in round 1, 39 in
round 2, and 68 in round 3. Participants from various
countries and backgrounds in QP and physics education
provided insight into which QP topics they believe are
essential for secondary school students. The study revealed
that experts strongly supported the inclusion of founda-
tional topics in the domain of concepts of QP, such as wave
interference, superposition, quantum states, probability
amplitudes, quantum measurement, and atomic models.
In contrast, topics related to the Physical Foundations of
Quantum Technologies were less favored, with many
experts suggesting their exclusion or deeming them less
relevant for secondary education. Regarding instructional

levels, the study revealed a preference for a conceptual
approach to teaching QP over a mathematical one. Experts
emphasized that secondary school curricula should priori-
tize developing a conceptual understanding and awareness
of QP, rather than focusing on a mathematical level.
A comparison of the outcomes of this study with

Stadermann et al. [24], highlights a strong alignment
between expert-endorsed topics and those already present
in many national curricula. Core topics such as discrete
energy levels, wave-particle duality, interactions between
light and matter, and Heisenberg’s uncertainty principle
appear consistently in curricula. The study also aligns with
the CFQT [14], showing that the recommended topics fit
within the domain concepts of QP.
A key limitation of the study is that expert recommen-

dations largely reflect the current state of QP education and
their recommendations for topics to include are based on
what they know about QP in education at this moment in
time. As quantum education evolves, recommendations
may change accordingly. This study therefore gives an
overview of relevant topics to focus on in quantum
education research but does not aim to limit them.
Given the growing impact of QT on society, a forward-

looking approach is needed to prepare students for future
technological and scientific developments in QT.
Proactively integrating QT into the curriculum through a
modular approach—introducing QP at different levels
depending on the curriculum—could allow small-scale
adoption of QT in secondary education. Further research
into areas where consensus has not been reached—such as
Dirac notation, the Schrödinger equation, quantum key
distribution, and quantum teleportation—would be particu-
larly valuable to guide these developments. Eventually, this
will contribute to addressing the possibilities and chal-
lenges of reforming QP education in secondary schools,
promoting broader public understanding of QT.
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APPENDIX

TABLE III. Round 3: Topics of quantum concepts for secondary school in sequence as given to the experts in the
field of Quantum Concepts. In bold font, there are topics matching both inclusion criteria, in italic font, those that
match one (consensus regarding levels), and in normal font, those that do not meet any.

Topic Cns(X) Include (%)

Eigenvectors, eigenvalues 0.46 46
Inner products 0.40 50
Matrix algebra 0.49 41
Dirac notation 0.47 44
Operators 0.58 47
Collapse of the wave function 0.80 81
Probability amplitudes 0.76 78
Statistical nature of measurement 0.80 81
Polarized light 0.82 69
Spin-1/2 particle (two level system) 0.77 74
Nondeterminism 0.77 68
Decoherence and coupling to the environment 0.80 57
Electron spin state (Stern-Gerlach) 0.79 63
Superposition of quantum states 0.79 78
Difference between classical and quantum superposition 0.80 74
Quantum eraser 0.76 37
Delayed-choice-experiments 0.79 37
Wave interference 0.82 75
Interference of very large molecules 0.83 47
Quantum versus classical probability 0.82 74
Quantum measurement 0.81 75
Wave packets 0.82 60
Interference of classical light 0.81 71
EPR paradox 0.75 51
Quantum teleportation 0.87 46
Historical development of QP 0.84 68
Entanglement 0.75 71
Quantum correlations 0.72 50
Hidden variables 0.84 35
Double slit 0.76 78
Mach-Zehnder interferometer 0.72 59
Photoelectric effect 0.76 69
Schrödingers cat 0.81 75
Matter wave interference 0.80 65
Interference with single quantum objects 0.78 62
Particle in a box (1D infinite potential well) 0.81 46
Measuring h 0.81 44
Colour 0.72 46
Quantization of energy 0.76 71
Spin 0.81 71
Electrons 0.75 72
Franck-Hertz experiment 0,76 40
Atomic models 0.83 76
Quantization of the radiation field 0.84 47
Stern-Gerlach experiment 0.81 53
Bound states 0.74 46
Double well 0.81 24
Quantum harmonic oscillator 0.84 28
Quantum tunnelling 0.87 60

(Table continued)
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TABLE III. (Continued)

Topic Cns(X) Include (%)

Atomic orbitals 0.87 62
Photon statistics (differences classical vs quantum light) 0.78 40
Spontaneous and stimulated emission 0.83 54
Photons 0.75 75
Qubits 0.77 63
Bloch sphere 0.80 29
Complementarity 0.76 40
Uncertainty principle 0.76 66
Uncertainty of energy and time 0.78 57
Complementarity: double/single slit and Stern-Gerlach experiment 0. 83 44
The role of modeling in (quantum) physics 0.75 57
Paradigm change caused by QP 0.80 63
Many-world interpretation 0.86 37

TABLE IV. Round 3: Topics of quantum concepts for secondary school in sequence as given to the experts in the
field of Physical Foundations. For none of these, no consensus was reached and all were chosen to be included by
less than 75%.

Topic Cns(X) Include (%)

Excitation and emission in the Bohr model 0.67 53
Quantum numbers (n. l. m. s) 0.65 51
Hydrogen atom 0.71 60
Spectra of light/stars 0.73 59
Spectroscopy 0.68 56
Ions 0.65 51
Laser 0.74 65
Conductivity 0.66 51
Semiconductors 0.70 56
Photovoltaic solar cells 0.70 56
CCD camera 0.66 43
Electronic properties of materials 0.66 53
LED 0.72 56
NMR: magnetic fields 0.66 46
Band structure 0.64 46
Superconductivity (e.g., Meißner-Ochsenfeld-effect) 0.62 28
Atomic force microscope 0.67 32
Quantum dots 0.64 28
2D electron gas 0.65 16
Nanostructures 0.65 26
Nanowires 0.65 15
Carbon based nanostructures 0.65 19
Topological effects 0.64 9
Surface tension 0.63 19
Fermions/bosons 0.65 47
Pair production 0.62 38
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