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Abstract
As the field of quantum information science and engineering (QISE) con-
tinues its rapid growth, there are increasing concerns about the workforce
demands and the necessity of preparing students for quantum-related careers.
Given the interdisciplinary nature of the field, it is necessary to offer diverse
educational opportunities to ensure that students are well-prepared for careers
emerging from the second quantum revolution. In this paper, we present our
findings from a qualitative study involving semi-structured interviews with
university QISE educators, who have taken on the challenges and opportu-
nities in developing QISE courses and curricula for undergraduate and
graduate students from different academic backgrounds. Our findings focus
on common themes across undergraduate and graduate QISE education, as
well as advising and mentoring students to prepare them for research in the
field. The interviewees discussed the various strategies they had implemented,
such as incorporating hands-on lab activities, integration of Python coding
with Qiskit, and including project-based learning experiences. Furthermore,
their reflections on mentorship and advising students emphasized the
importance of recognizing students’ prior preparation, providing targeted
resources, and supportive learning environments. Our findings are meant to
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provide guidance for educators looking to implement effective QISE educa-
tional strategies that address the changing landscape of quantum information
revolution.

Keywords: quantum information revolution, quantum information science
and engineering (QISE), interdisciplinary education, course and curriculum
development, quantum workforce preparation, undergraduate and graduate
QISE education, mentorship and advising students in quantum

1. Introduction and framework

While transistors, lasers, traditional computers and other inventions continue to enrich our
lives, the quantum information revolution is creating excitement across many science and
engineering disciplines [1–5]. This new frontier of quantum information science and engi-
neering (QISE) is enabled by the exquisite coherent control and manipulation of quantum
states of matter using quantum superposition and entanglement that promise transformative
improvements in our ability to compute, communicate and sense. The interdisciplinary
nature of this revolution spans numerous areas of science and technology [6–10] and has led
to rapid advances in quantum computing, communication, and sensing technologies [11–15].
Recent initiatives in the US and Europe, such as the US National Quantum Initiative Act [3]
and the European Commission Flagship kick off [4], in addition to major efforts in China,
Japan, Australia, Canada and other countries, have further accelerated progress in QISE.

The rapid growth in QISE has led to concerns about the growing workforce needs in the
field [16, 17] and preparing students for diverse quantum proficient and quantum adjacent
jobs in this interdisciplinary area [18–21]. For example, in 2021, one conference focused on
brainstorming these issues and emphasized that college educators should consider devel-
oping courses, curricula and degree programs to prepare students for the fast-growing career
opportunities in QISE [19]. To meet the QISE workforce needs, it is critical to inspire and
educate students in this interdisciplinary field. Therefore, educators must urgently engage
students with QISE concepts at appropriate levels via a variety of courses and curricula
[22–28]. A growing number of educational initiatives have been developed to address these
needs, including innovative undergraduate laboratory experiences and instructional tools
[29–35] and creating specialized quantum courses and programs at both secondary and
higher education levels [36–49].

For this work, we use Vygotsky’s framework that emphasizes the Zone of Proximal
Development (ZPD) and the need for providing guided support and scaffolding to build upon
concepts with which students are already familiar [50]. In the interdisciplinary field of QISE,
students come from different disciplines such as chemistry, engineering, computer science,
physics and mathematics, and have different prior knowledge and preparation as a result of
different disciplinary training. For example, only some students may be adept at coding in a
computer language such as Python while others may be adept at linear algebra. Ensuring that
the QISE courses have appropriate instructional design that embraces students’ diverse
backgrounds while successfully addressing the challenges of remaining in students’ ZPD
regardless of their backgrounds is critical. Vygotsky’s framework suggests that instructors
can transform their QISE classes with students from diverse interdisciplinary backgrounds
into communities of practice in which students from different prior preparations have
opportunities to learn from each other. These communities of practice can leverage students’
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varied expertize to enhance learning outcomes for all students while providing tailored
instruction that bridges gaps between students’ prior knowledge and new quantum concepts
and skills to be learned [51]. For example, using guided hands-on activities and collaborative
learning through creation of a common ground across students [52], educators can enhance
learning for students from different disciplines and help them transition from basic quantum
concepts to complex applications. Within this framework, engaging in collaborative projects
and guided exercises before tackling independent projects can pave the way for students to
gradually gain autonomy [53] and help prepare them for a career in QISE.

This paper describes a qualitative research study involving individual interviews with
seven university educators who are passionate about QISE education and are also established
researchers in this area. These educators have embraced the challenges of developing QISE-
related courses and curricula at the undergraduate and graduate levels, and have also
advised/mentored students pursuing research in QISE. Their reflections on the challenges
and opportunities in developing and teaching these interdisciplinary courses and mentoring
students can inspire and aid other educators who are interested in developing their own
QISE-related educational programs. Hence, our study focuses on the following main
research questions:

RQ.1
How do educators in QISE design and implement courses and curricula to effectively teach
and accommodate students from diverse academic backgrounds, and what types of
challenges and opportunities are present in both undergraduate and graduate level courses?

RQ.2
What insights do these educators provide for advising and mentoring students in QISE and
preparing them for research in interdisciplinary lab/research environments?

2. Methodology

2.1. Participants and interview process

Eighteen individuals conducting research in quantum-related fields (with implications for
QISE) were initially contacted either via email or in person to request an interview. Five
declined to participate due to personal reasons. Thus, interviews were conducted with the
remaining thirteen educators on various topics related to the quantum information revolution,
a portion of which was focused on broadening opportunities [54], countering misinformation
in the field [55] and current state and future research prospects [56]. The interviews were
conducted online via Zoom, and each interview lasted for 1–1.5 h. The interviews were
automatically transcribed by Zoom and transcription errors were reviewed and corrected
manually by referring to the original interview recordings. In the quotations from educators,
we have removed repeated and filler words, such as ‘like’, ‘you know’, etc, for clarity.

All the interviewees were leading quantum researchers and had experience teaching
quantum-focused courses at the university level. One of the authors knew all but three of the
interviewees and approached them about this educational research study. The three educators
interviewed, whom we did not know personally, were approached because we knew about
their prominent efforts in QISE education. Six of the educators were from the same higher
education institution (not all necessarily from the same department) whereas the other seven
were recruited from seven different institutions. Three of the educators were faculty
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members at non-US institutions, however, all institutions are in countries with majority
White populations.

The interviews used semi-structured think-aloud protocol [57] in which educators were
asked many questions that prompted them to reflect upon various issues related to QISE. The
style of the interviews was conversational, and the interviewer asked follow-up questions
after the educators had discussed their thoughts based upon the initial prompt. Here we only
discuss the portion of the interviews that focused on the following questions (with additional
follow-ups as noted) related to our research inquiry on QISE education and workforce
development:

1. Considering QISE is an interdisciplinary field, what are your thoughts on how to educate
students from different disciplines about QISE? Have you taught any courses in this area
with students from different majors? If so, what type of course was it and what
considerations did you have to help students with diverse backgrounds? Were you and
students satisfied with the course? Any after thoughts? (Educators were also asked about
assessment issues in their courses.)

2. How do you train students for the work they do in your lab/research group? What are
their backgrounds?

Here we focus on the reflections of seven out of the thirteen educators. We used a
purposive sampling strategy to select responses which were most aligned with our research
questions mentioned in the previous section [58]. Two main considerations guided our
selection: first, we prioritized pedagogical breadth, meaning that we included educators who
either described courses and or programs serving students from interdisciplinary back-
grounds, or those who explicitly reflected on how to structure such interdisciplinarity in
teaching and mentoring. Second, we focused on interviews that provided sufficient details for
our analytic approach, particularly in terms of developing courses and curricula and advising
in QISE. Following these criteria, six interviewees were excluded from our results. Among
these educators, half of them exclusively taught quantum mechanics courses to physics
major students and did not engage with interdisciplinarity. The remaining educators focused
primarily on quantum optics and provided little detail relevant to our research questions.
While still valuable, insights from these interviews, which go beyond the scope of our
current research questions, will be analyzed in separate research work.

Overall, our final sample of seven educators discussed their reflections on teaching
undergraduate/(post)graduate level courses broadly focused on QISE, and their detailed
reflections can be very valuable for other educators interested in interdisciplinary QISE
courses and curriculum development. Out of these seven educators, four were in physics
departments (whom we refer to as educators PH1 through PH4), two were in electrical
engineering departments (educators EE1 and EE2) and one was in school of computing and
information (educator CI1). All seven educators had their PhD degrees in physics or applied
physics, even though they now serve as faculty members in other departments. They were all
tenure-track faculty at different stages in their academic career, ranging from assistant
professor to full professor.

Four educators were experimentalists, and three were theorists. These educators were
established researchers and were involved in research focusing on superconducting qubits,
spin qubits, NV center qubits, photonics and quantum spectroscopy, and quantum networks
and communication. The following specifies the research specializations of each of the seven
educators: Educator EE1 conducts experimental research in quantum communications and
computation. Educator EE2 conducts experimental research in quantum information using
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semi-conducting qubits. Educator PH1 conducts experimental research in quantum com-
puting with superconducting qubits. Educator PH2 conducts experimental research in
quantum sensing and computing. Educator PH3 is a theoretical physicist doing research in
quantum optics with a focus on quantum technologies. Educator PH4 conducts theoretical
research in topological and super-conducting quantum computing. Educator CI1 conducts
theoretical research in photonics quantum computation and quantum communication
networks.

All seven educators (EE1, EE2, PH1, PH2, PH3, PH4, CI1) discussed undergraduate level
QISE courses they had already taught, were planning to teach soon and/or undergraduate
level QISE degree programs they had developed. The undergraduate courses and curricula
ranged from mandatory for undergraduates who were in electrical engineering on a quantum
computing track, to elective courses for undergraduates across disciplines interested in QISE.

Three out of the seven educators (PH1, EE1 and CI1) discussed graduate level (this word
is synonymous with post-graduate level in some countries) courses they had developed and
taught in QISE. Although three graduate level QISE elective courses (not mandatory
courses) were taught by educators from three different departments, since students enrolled
were from different science and engineering disciplines, the instructors had similar concerns
about how to effectively help all students with diverse backgrounds learn in those courses,
which are discussed in the results section.

2.2. Educational context

Since five of the seven educators discussed in this paper were in US universities, we provide
some context to better understand their reflections for the QISE undergraduate and graduate
courses and curricula they discussed. We acknowledge that the context of our study is
predominantly grounded in the US setting, despite observing no qualitative differences
between reflections of educators from US versus non-US institutions.

In the US universities, majoring in a discipline as an undergraduate is similar to obtaining
an undergraduate degree in that discipline. However, some departments, such as physics and
astronomy, may offer several majors within the same department, such as physics, physics
and astronomy, physics and education, astronomy, quantum computing, etc, each with
somewhat different course requirements (although all students are typically required to take
certain core courses). Also, in the US universities, the typical undergraduate course
requirement is supposed to take 4 years to complete for a traditional student.

While some of the courses in the major are considered mandatory courses, others are
electives that students can choose from based upon their interest. The courses are typically
for three credits with each credit corresponding to a 50 min instructor contact hour per week
(so that a 3 credit course has either three 50 min contact hours or two 1 h 15 min contact
hours) per week. In one semester, full-time students typically take courses totaling 12–18
credits. Occasionally, courses can carry 4 credits. Seminar courses or research courses (in
which students can work on research with a faculty member) can typically range from 1 to 4
credits per course per term. Some students may double major, and some may add certificates
in a particular area, e.g. quantum computing and quantum information, which may require
15–20 credits with some courses being mandatory and others being elective for the
certificate.

For the graduate courses in the US, departments such as physics and chemistry typically
offer admission for integrated master’s and PhD degrees (most students are accepted only if
they want to pursue a PhD with full tuition covered as well as a monthly stipend for living
expenses) with several courses as mandatory core courses that students must complete in the
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first two years while others are electives for students to choose from based upon their
interest. However, most engineering schools and schools of computing and information in
the US admit students separately for master’s and PhD programs with a majority of students
(with interest, e.g. in engineering or computer science) only pursuing a master’s degree who
pay tuition (unlike the integrated master’s/PhD admissions in the science graduate programs
focusing primarily on the PhD with a master’s degree awarded along the way when a certain
level of course work has been completed). The engineering or computer science master’s
programs involve students completing mandatory and elective courses, some of which could
involve research experience with faculty members in their research labs.

2.3. Analysis

We used structural coding to organize the qualitative data according to our research ques-
tions [59, 60]. The authors discussed several approaches for organizing the data and agreed
upon using structural coding as an appropriate method to present the data considering the
semi-structured format of the interviews and different follow-up questions. Since structural
coding method is a holistic coding approach, using larger segments of the interview tran-
scripts allowed us to identify common themes across the educators’ reflections within three
broad categories: developing and teaching undergraduate level courses and curricula,
developing and teaching graduate level courses and curricula, and strategies for advising and
mentoring students pursuing QISE research in their individual research groups. Common
themes across the first two categories included course and program development, content and
pedagogical approach, interdisciplinarity and diverse backgrounds, student engagement and
assessment, and career preparation and evolving landscapes. For advising and mentoring,
recurring themes included research training and collaboration, supporting student success
and career development, external opportunities and hands-on experience. The authors
decided to present the findings in an educator-centered format within each category in order
to preserve the authentic narrative flow of each individual’s perspective and maintain a
holistic view of the findings. Therefore, we primarily present educators’ reflections in their
own words rather than paraphrasing them to preserve the originally intended meaning to help
other educators interested in using similar approaches in their QISE course design. At the
same time, to support thematic coherence for readers who are interested in a thematic
organization, we provided summary tables with common themes and recurring codes which
allows readers to cross-reference across educators and content. This dual-structure can help
educators interested in implementing these findings in their own QISE-related courses by
referring to portions of the text that is specifically of interest to them. Some cross-referenced
subsections align with multiple themes, but we chose the over-arching theme based on the
core content.

In the following sections, we will discuss each educator’s reflections on undergraduate
and graduate courses and programs related to QISE, followed by their reflections on advising
and mentoring students.

3. Reflections of QISE educators about undergraduate courses

We first discuss the reflections of the quantum educators pertaining to the undergraduate
level QISE courses and curricula they developed, taught, or were planning to teach. Figure 1
summarizes key themes that emerged from educators’ reflections on undergraduate QISE
instruction, focused on course and program development, pedagogy, interdisciplinarity,
assessment, and career preparation. Each theme is linked to specific codes such as curriculum
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design, teaching strategies, or peer collaboration and active learning, and is accompanied by
a brief summary of the ideas discussed under each code. The figure also provides cross-
references to sections of the paper where these ideas are explored in more detail by each
educator to provide additional context.

3.1. Educator EE1’s reflections

3.1.1. Course and program development. Reflecting on how the QISE courses she
developed are an opportunity for recruiting students for her research lab, Educator EE1 said,
‘I designed a couple of courses [one undergraduate and one graduate level] that are related to
quantum information technologies, and I ask my students [who do research with me] to take

Figure 1. Summary of common themes in educators’ reflections on undergraduate QISE courses.
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those courses. Also, when I recruit undergrads, I usually recruit them only after taking those
courses because it is quite a complex phenomenology. I use these courses to see whether
students are passionate about the [QISE] topics, because it does require a lot of thinking in
different fields and different approaches’.

Educator EE1 further noted, ‘... [the undergraduate course] is aimed at sophomore,
junior level students who have taken linear algebra, and then we teach them quantum
information and quantum algorithms. From there, if I see that they get excited about this new
way of representing and processing information, then that saves us as a group a lot of time, in
terms of motivating [students on] why this is interesting to start with’. She said that many
undergraduates also take the graduate level QISE course she teaches in the following term if
they want to pursue these topics further: ‘usually students [who] are more advanced keep
asking in office hours, but how is CNOT [controlled not gate] implemented? And then I tell
them to come to the next class: the graduate level class’.

Educator EE1 also noted that the undergraduate course is capped at 40 students, even
though they have more students who are initially interested in enrollment. However, after the
first week of classes, the number usually settles down to about 30 students. She also
mentioned that she makes sure that the homework assigned during the first week is
representative of the amount of effort expected from the students, so that they can gauge the
rigor of the course correctly and make an informed decision about whether they want to
remain in the course or drop it.

3.1.2. Content and pedagogical approach. Educator EE1 further reflected on this
undergraduate QISE course, describing the content saying, ‘We try to stay within vectors
and matrices, and I do spend probably one class talking about what all these qubits
[hardware/architecture] could be. Also in the end [of the undergraduate course] usually…I
will give them one lecture on one technology [hardware] where I ask them [before lecturing
on one specific hardware], which one do they want…[Also] I usually encourage them to
come to either our seminars or to take the graduate course, because it would be kind of unfair
to test them on all of this [hardware]’.

Reflecting further on the content, Educator EE1 said, ‘We need to go through one and
multi qubits, quantum gates, DiVincenzo’s criteria [61], all these things…So in the
undergrad course, introduction takes longer and then [toward the end of the term] each class,
they do a different algorithm until we run out of classes...we start with Deutsch–Jozsa [62]
and go to Shor’s [63]. There are several [algorithms we do] in between’.

Educator EE1 added, ‘I do not think 100% of students understand everything [about
Shor’s algorithm]. So the minimum of what I am shooting for is to understand what are those
modules to making this [Shor’s algorithm] happen, not many students are familiar with the
Fourier transform to start with. They will pick it up in other courses in all of these
departments maybe later, so I do not insist that they need to understand Shor’s from
beginning to end. But I do for the Deutsch–Jozsa [algorithm], for example’.

Educator EE1 elaborated on a component of her assessments mentioning, ‘analysis of
how the wave function is changing in these earlier algorithms as you progress, what happens
if we have different inputs…Shor’s algorithm, that’s only tested through homework’.

Regarding the textbook used for the undergraduate course, she said, ‘For the undergrad
course, I used Dancing with Qubits by Robert Sutor from IBM [64]. It is a pretty accessible
book. I think sometimes there is lack of rigor in the proofs, but that’s a good problem to
have, because at least the engineers do not complain about not being able to read the
textbook’. She also referred to a book by Tom Wong [65] as a new exciting resource that
covers a wide range of topics, and said that she may consider switching to it in the future.
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Educator EE1 also thought that QISE courses should be different from quantum
mechanics: ‘I do not think we should be talking about [how] these small particles are wave
and particle at the same time...people have learned about this for decades...[what] we have
not learned [is] that you can represent quantum information as a superposition of 0 and 1
state; coming down to just a two-dimensional system is what’s new, it is more palatable, I
think, because when you talk about 0 and 1, it is easier than an integral of all possible states
of position or momentum’.

Educator EE1 also noted that her students take on coding projects related to Qiskit [66]
(requiring coding in Python) which they have developed in collaboration with IBM, and that
her students enjoy Qiskit activities. However, she plans to use a hands-on cryptography setup
for her undergraduate course in addition to Qiskit based upon her previous positive
experiences in her graduate course. She noted: ‘Last year we also introduced the hands-on
quantum cryptography setup and that has really improved the retention of the material’.

She felt that undergraduates would also benefit from hands-on activities, saying, ‘It turns
out that if they are using Qiskit, even if it is on real hardware, it is still kind of abstract. And
there is something [concrete] when they are rotating polarization or [using] a laser, it just
clicks differently than when it is just through keyboard interface’.

Educator EE1 elaborated on the quantum key distribution (QKD) setup she engages
students with that uses the BB84 protocol [67] saying, ‘This is a very cost-effective system.
It is all from the Thor labs for a bit less than $4000 and it is called the quantum cryptography
analogy setup...It is a pulsed laser and it is not single photon detectors. It is just a detector,
but they set it up so that after the beam splitter you have 2 detectors, and you can set them up
so that only one shows that you detected randomly; so it kind of simulates as if it was single
photon. And students, for demonstration, do not necessarily care whether this is real single
photon or not. They are getting the experience of really using the protocol to distribute the
key between 2 parties and then there’s also eavesdropper. So that’s the next level in the
demonstration. Then they see how the key gets scrambled through that information, and
whether they are able to detect by comparing their parts of key, whether someone tried to
tamper with the channel’.

3.1.3. Interdisciplinarity and diverse backgrounds. Reflecting on the interdisciplinarity of
QISE, Educator EE1 said that she has turned this challenge into an opportunity, ‘It is
something I thought a lot about while I was developing this [course]. I thought that having all
these students from different departments is an enrichment opportunity for the course. I use
evidence-based methods to make active learning activities in class where students from
different departments will work on something together, and already in the first year I taught,
I could see that physicists were much more comfortable with quantum mechanics, and
engineers were much faster with Python programming, which is good, right? So they could
learn a lot from one another. We have a Slack page as well where they are very encouraged
to talk to each other for homework. So other than the midterm, everything is very highly
collaborative, which is the skill I also hope to impart to them…that’s why we kept the
undergrad course prerequisite [to be] only linear algebra’.

She said that she thinks carefully about what prior knowledge is relevant to connect with
students from different backgrounds, for example, when talking about manipulating qubits,
‘...during the lecture, I would say for those from physics, you may think about it as a
Hamiltonian, or sometimes I would say, for those from engineering, this is an LC oscillator. I
would make such comments so that people who know it can make a relationship, and people
who do not know it, feel comfortable that they do not have that part of the picture, but that
there is a textbook they can read if they want to know the rest of the story. That it does not
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end! That one course in quantum computing is not enough to cover the whole area, I point
out throughout. Then [for] the final projects, they need to have at least 2 departments among
the 3 students [in each group] and that also helps with understanding material [having people
from different backgrounds]’.

3.2. Educator EE2’s reflections

3.2.1. Course and program development. Educator EE2 discussed the quantum engineering
bachelor’s program in their engineering school. He explained that many undergraduate
quantum engineering programs are essentially physics degrees with some quantum
information theory integrated. However, they have created a quantum engineering degree
program and courses specifically for engineering undergraduates to prepare them to become
quantum engineers [68]. He also noted that one-third of the courses that the undergraduate
quantum engineering degree students take are related to quantum and the other two-thirds are
traditional electrical engineering courses, saying, ‘They have to give up something. They
will typically miss out on power systems, energy systems... [but] they will have done control
[systems], signal processing, microelectronics very well, probably better than anyone else so
they are fully formed electrical engineers [with an emphasis in QISE]. They do all the design
courses, [and have] all the real core engineering knowledge’.

Educator EE2 added that the quantum engineering degree program started recently in
response to the evolution of the quantum technology industry, and it also includes a quantum
communication course, which is very popular. He also said that ‘if you want to actually
partake of the creation of something new [related to QISE], then this is time to go in’.

3.2.2. Content and pedagogical approach. Educator EE2 also noted that they divided an
existing quantum engineering course into two separate courses with ‘laboratories added’
which essentially makes these courses quantum mechanics for engineers [69, 70]. He said,
‘This starts to look a bit more like a full-on quantum mechanics course but with a lot of
Python coding to simulate quantum systems, simulate entanglement and all that’. He added
that students typically take the first course in their second year and the second one in their
third year. He also mentioned that there are approximately 50 students pursuing the quantum
engineering degree and some students do double degrees, e.g. finance and quantum
engineering, or computer science and quantum engineering.

Educator EE2 also reflected on the fact that in the first undergraduate quantum
engineering course, they have minimal expectations from students in terms of prior
knowledge, except for some linear algebra. He said, ‘The only thing you need is some linear
algebra. But…it is only when you see it in practice that you understand the meaning of the
algebra. So another thing that happens is that once students take this course, their own
understanding of the mathematics and the meaning of linear algebra improves, right? it is all
very well to say, what’s an eigenvalue and an eigenvector, [but] once you actually see what it
means in the physical reality, [it] takes a whole different value’.

He noted that in the courses he teaches, he shows ‘how to do one qubit gates, two qubit
gates, how to quantify the entanglement in them’ but does not go into quantum algorithms
and is rather focused on coding and simulations, ‘I show the physical basis of entangling
quantum operations. I show them how to code it in Python. I show them how to simulate it,
how to see what the spins do when they get entangled, how to represent it, how to quantify
the entanglement’.

Educator EE2 said that in their first quantum course, they focus, e.g. on concrete systems
like quantum dots, ‘The beauty of using these engineered quantum systems is that because
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they are finite dimensional systems, it is very easy to write computer codes to simulate them.
So that’s always been the key part of my teaching, that instead of inflicting a whole semester
of partial differential equations on students…we just teach them how to write…Python codes
to simulate the dynamics of quantum systems of increasing complexity. You can go fairly
complex with almost no additional difficulty in the code. My favorite assignment to give
them is to calculate the precession of an electron spin coupled to an increasing number of
nuclear spins. The code itself is 5 lines of Python code. There’s nothing complicated there.
But every time you add that nuclear spin, you double the size of the matrix, and that really
teaches the students the complexity of quantum systems. Once you get to 11 or 12 spins,
your brand-new laptop with the octa core and everything just becomes a hair dryer and
crashes, because you ran out of memory. So that’s very pedagogical! And it is very
powerful! Because these are engineering students, they know how to code and with very
little effort they can learn, really almost hands-on, the behavior of quantum systems’.

Educator EE2 added, ‘There are many pedagogical platforms nowadays where you can
simulate things but what I insist on is that students write the code themselves. They start
from scratch. They write every line of the code. They need to understand how to go from the
theory to the application via their own code’.

Regarding the second course focusing on quantum devices and computing, he said, ‘it is
an expanded version which includes all of the quantum dots, superconducting qubits,
cavities, a bit of quantum optics and a bit of quantum information, and it has physical labs.
We have actually built…an experiment on nitrogen vacancy centers in diamond. So the
students actually learn how to control and read out spins in diamond and do quantum
operations, do magnetic resonance on single spins; and the whole…[experiment] is a cheap
setup. it is about $20 000 worth of stuff, including the commercially-bought lasers and
microwave generators which can be repurposed for other projects when not used for this
specific teaching lab’.

Reflecting on the feedback he received, he noted that ‘I had a good fraction of students
who were actually double degree [with] physics, so they had already done two full courses in
quantum mechanics under the physics degree and almost invariably at the end of my course,
they would come up to me and say, thank you, professor. I now understand quantum physics
because that way of teaching by examples and by coding and simulating quantum systems, it
is so much more insightful than two semesters of solving partial differential equations’.

3.3. Educator PH1’s reflections

3.3.1. Interdisciplinarity and diverse backgrounds. Educator PH1 reflected on a
fundamentals of nanoscience course for STEM undergraduates he has taught a couple of
times, which according to him was effectively introductory quantum for science and
engineering majors. He mentioned that in this course there are very few pre-requisites and
students come from different disciplines, making it a good opportunity to tailor the course to
their needs, ‘I had senior civil engineers and sophomore physicists, and junior biologists. I
think in those courses…I just try to figure out what they [want]. I did not have a really full
plan worked out. But when I met them, we did a survey. I asked them what they are
interested in…What is the thing you most want to learn? What are you most afraid of? And
then I tried to adapt the course to what they are interested in. A lot of them really wanted to
learn quantum mechanics and so what we ended up doing was the friendliest version I could
cook up of an intro quantum course…and being me, I pick lots of QIS [quantum information
science] examples’. He also mentioned that since this course does not have to feed into
another follow-on course, students are driven by their curiosity and the instructor has the
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chance to respond to that. ‘That’s one of the nice things about these [courses], not like
sometimes when you are teaching these very structured courses in these long lines of
courses, you have to be very concerned with the prerequisite and the post-reqs, and how your
[course] stitches into this long path. You have these shorter path courses that are definitely
for people who are in there for their curiosity. I would just take as much advantage of that as
I could’.

3.3.2. Course and program development. Educator PH1 also reflected on the undergraduate
Quantum Computing major he recently developed which is relatively new and no
undergraduates have completed the major so far. He said that the major combines courses
in physics and computer science, and is designed to appeal to two types of students. The first
type of students includes those more broadly interested in physics (such as those interested in
astronomy, high energy, or condensed matter) who are not necessarily primarily interested in
quantum but rather in ‘writing complex computer codes and interfacing with instruments
through complex coding’ which is broadly prevalent in physics. He elaborated, ‘Even the
theorists are way more likely to be using some big machine to do their calculations than pen
and paper. So one part of it [developing a quantum computing major] is that I think every
physicist should be more computer proficient. And then hopefully, they go on to be quantum
proficient in some quantum industry as well’. He mentioned that while the majority of
physicists do not take many computer science courses to obtain practical computer
knowledge or coding skills, ‘the surveys that they do [of physics undergraduates] after their
bachelor’s [degree] say that 95% of them take computer-heavy jobs. So I think this
[Quantum Computing] major will serve that core need very well’. He considered the second
type of students to be those who are deeply interested in quantum, saying, ‘[for them] the
hope is that they are quantum proficient, and that we give them a little different background
so that they can talk more to people who are not just physicists; because I see this need for
bringing teams of more and more backgrounds together, and working jointly to optimize
these really hard [quantum] systems’.

3.3.3. Career preparation and evolving landscapes. Educator PH1 also commented on the
fact that QISE education efforts are currently dominated by physics, similar to physics’
domination in QISE research, but speculated that the landscape could change over time.
Reflecting on why many of the QISE education efforts are currently being led by physicists
he took his own department as an example, saying that they are the only department on
campus that offers quantum mechanics as part of the regular graduate and undergraduate
curriculum. He continued: ‘So it is hard to imagine that you are going to be an engineering
background student and go through this or an engineering department that hosts this [type of
QISE curriculum] if you just do not even have quantum courses. But obviously that is
something that can rapidly change. For instance, with transistors, a lot of the silicon physics
sort of moved out of physics into engineering and kind of became its own discipline’.

Educator PH1 expressed optimism about broadening of the QISE courses and curricula
and felt that QISE courses being offered by departments other than physics would help grow
the field, saying, ‘If the other people do not have educational backgrounds that give them any
preparation [in QISE], then it is hard to imagine that we will grow that way. But now you see
people in other departments doing this stuff. For now they are still going to take physics
courses, but you can imagine that if the field continues to grow, then they will start teaching
their own courses’. He felt that departments other than physics teaching QISE-related
courses could attract a larger number of students: ‘For instance, I think in the engineering
school, they are going to offer quantum for non-physicists as an intro course to help people
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make this transition... If those [QISE] courses start to grow, then it is going to naturally move
to other departments…’.

3.4. Educator PH2’s reflections

3.4.1. Interdisciplinarity and diverse backgrounds. Educator PH2 had taught an
undergraduate foundations course in quantum computing and quantum information, which
is the only mandatory course for a certificate in QISE open to all science and engineering
undergraduates with the only pre-requisites being a C grade in calculus 1 and 2 (to ensure
that the students have adequate math background for learning relevant linear algebra in the
QISE foundations course). Discussing the challenges, Educator PH2 said, ‘Of course, the
challenging part was that…it is very interdisciplinary and sort of requires a background in
mathematics, computer science, physics…So one of the things that I realized as I went
through the course was that we probably need a little bit more linear algebra’. He mentioned
that students tended to lack a deep understanding of linear algebra, which he tried to address
in class and through homework assignments. He continued, ‘But no matter how many times I
do the linear algebra on the board and give them homework and so on, it will still maybe not
quite be enough to really get them the depth, the better understanding of the linear
algebra…’. Even so, he mentioned that students generally could still get a good
understanding of superposition entanglement concepts and how qubits work.

3.4.2. Content and pedagogical approach. Reflecting upon the QISE course and his
priorities in teaching, Educator PH2 said, ‘The first thing I wanted to do when I approached
the course was to make sure that at least the students will come in and [when] they leave,
they have a good understanding of what a quantum computer is, what it does, how it works,
and also understand the limitations, because there’s a lot of hype in the media and in
general…vague statements like, quantum computing will revolutionize climate change…I
am not saying that there are not some seeds of truth in those things, but we are a long way
away from something that would actually do something [useful]…so that was…one thing I
wanted to accomplish. And I think I did that pretty well, because from both the feedback I
got from the students and from their assignments, it seemed like they all understood a large
part of that’.

Educator PH2 also discussed the algorithms included in the course saying, ‘We covered
all the algorithms. Shor’s algorithm I left [but] I covered every component of Shor’s
algorithm, for example, phase estimation, quantum Fourier transform... all that was covered
in class including the code examples... we covered obviously, the basic algorithms, Deutsch–
Jozsa [62], Simon [71], Bernstein–Vazirani [72] algorithms...also Grover’s [73] algorithm...
and quantum Fourier transform, phase estimation. We went a fair way in terms of
algorithms…So they were good with all of those…’

He mentioned entanglement as a topic on which he wished he could spend more time but
could not due to being more focused on quantum programming, as he ‘wanted them to come
away from the class knowing that they can access a [quantum] computer in a certain way and
write quantum codes’, for which they used IBM Qiskit. However, he noticed a lack of
sufficient coding experience in their prior preparation. He mentioned that when students
were asked about any prior programming experience, many of them raised their hands.
However, doing programming in Python for the class, he realized that there was still a gap.
He noted, ‘Students said, yes, we have had some Python [experience], but perhaps really not
enough, or do not remember enough to actually work with, say, the IBM Qiskit simulations,
quantum simulations and things like that...’. He added, ‘I might have to prepare them better
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[in the future]. I might have to give them more Python [coding], or maybe…there should be a
requirement to have some basic Python introduced in a way that…students should have the
ability to take some data and plot it and manipulate it...’

3.4.3. Student engagement and assessment. In terms of student engagement, Educator
PH2 described his students as eager, curious, and coming up with great questions. As an
example, he said, ‘They were all fascinated by [and] I spent a fair fraction of the class
explaining things like superposition and measurement, and the whole idea of how you do X
measurement and Z measurement, and then you do the next measurement again. And now,
suddenly, you are getting back something else. So that part, I think, really blew their minds
in some way, and I got a lot of questions on that’. He said that physics major students tended
to be much more eager to learn quantum concepts deeply, asking questions like ‘how do you
know it is a measurement?’. He continued, ‘Well, they have not yet had quantum mechanics
so obviously for them this is all completely new material. And maybe the engineers are a bit
more focused on applications’.

Educator PH2 reflected further on the undergraduate QISE course and the term projects
which involved coding, stating, ‘I wanted to have them do a term project [involving Python
coding using Qiskit tools]. The term project is a little bit more advanced...It gets harder and
harder if you just restrict yourself to the drag and drop approach [to make quantum circuits in
Qiskit [66]]. So they needed a little bit of [Python] programming. It was not much. I think it
was some knowing and understanding of how to write a [code] for loops and functions in
Python and things like that. But again, even though they said they knew some Python, I think
it was still very rudimentary, and I think I will need to spend more time on that next time to
give them a little bit more help along that way’. He addressed the content for the term project
further, saying, ‘...Shor’s algorithm, I left [it] as a term paper. The term projects were not
[asking students to] explore a brand-new area completely on their own, that would be too
much for them. I tried to give them little pieces from the class that we had taken to a certain
extent and then said, okay, go beyond that to the next stage’.

Educator PH2 stated that the students had a choice of choosing one particular project to
do in groups, and believed that the final projects significantly helped students’ learning:
‘They worked in groups, so it was not just one person working on the project by themselves.
I think the project worked out pretty well. I was fairly happy with the final code and reports
that they put out...[But] it’d be nice if they could all sample from everyone’s projects. So I
am trying to think how to make that a bit more open. I mean, I can post all the GitHub links
and things like that, of course’. Educator PH2 explained that there were maximum 3 students
in each project group in a class of 30 students, ‘I opened up a page where they could write
their names and the projects that they wanted to work on. I let them use a discussion board to
form groups and things like that’.

Overall, Educator PH2 was positive about how the foundations course went, saying,
‘The students all said that they got [a lot out of the course] in the reviews. Feedback that I got
[hinted] that they learned a tremendous amount, and they appreciated a lot more about
nuances of quantum computers and things like that than they did before they came into the
class’. Still, he expressed a desire to incorporate guest lectures on different qubit
architectures in future iterations of the course, saying, ‘I think I will try to work into the next
iteration, is try to have maybe some of the professors give 10 min talks or 5 min talks on the
hardware side of things. I talked about the hardware, but I did not have time to go into it, and
I think they might appreciate a bit more how the actual quantum hardware [work]. Things
like that might actually also help them to make things less abstract and more practical. Of
course, I showed them pictures [of qubit architectures/hardware], but it is one thing to do
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that, and then another thing to have someone who actually works on that hardware to come in
and talk to them. Yeah, I might try to do that [next time]’.

3.5. Educator PH3’s reflections

3.5.1. Interdisciplinarity and diverse backgrounds. Educator PH3 recalled a rewarding
experience he had with teaching quantum concepts to an engineering colleague individually.
‘One of the more fun experiences I had more than 10 years ago...I started teaching quantum
mechanics to one of the engineering professors…he was very committed and came every
Friday afternoon essentially for tutorials, but the same [commonly used] quantum mechanics
textbooks were very difficult for him to follow, precisely because of all the wave mechanics.
What we found was a couple of quantum computing, quantum information textbooks that
were based much more on finite dimensional Hilbert spaces; he connected much more easily
with that. [He] really started to understand the underpinning concepts of what we were
doing, and this led to very fruitful exchanges, where I have since learned quite a bit about
flow dynamics. As a result of this I realized also that we have a way of teaching quantum
mechanics, which I think is good for physicists but not necessarily the optimal way for
quantum information scientists, for people who are not going to need really the strong wave
mechanics background’. He added, ‘The place where [this consideration] is probably most
needed is if we start trying to teach quantum information science courses in a really
interdisciplinary way’.

Regarding qualifications for teaching QISE courses, Educator PH3 said, ‘I do not think
it is a question so much of [does the person] teaching the course have a physics background,
it is more with the person teaching’. He mentioned that to improve his own courses ‘...I have
gone to the computer science colleagues, to the engineering colleagues and said explicitly,
‘What are the things that make no sense to you? How can I explain it to you in a way that
will bring things to you?’, and I have adjusted the course in such ways as to do that’. He
continued, ‘Certainly, I could imagine, depending on whether you have the right people to do
this, you could imagine quantum information science courses, jointly taught by physicists
and engineers, by physicists and computer scientists. It would make perfect sense. I have
some very close computer science colleagues at [another] University who would teach a
quantum information science course almost identically to how I would teach a quantum
information science course. I think that it is a matter of making sure that we work together
with our colleagues from other departments and teach courses appropriately. So it is not a
matter of not having the physicists teach the course, it is certainly a matter of making sure
that we have engineers and computer scientists involved in preparing it. I think that you are
in a better position once you have been interacting with interdisciplinary colleagues in this
area. There’s no question about that’. He also provided an example of students trusting free
IBM quantum information and computing courses because of how the language is accessible
to a broader array of people.

Educator PH3 offered advice for educators teaching interdisciplinary courses in QISE
saying, ‘Tailoring courses to things that make the mathematics more easily accessible while
teaching overarching concepts, I think, is quite important. I also think that we need to bring
much more of this interdisciplinarity into it. I think it is coming, anyway. I have great
exchanges with colleagues in engineering and in computer science, across different
universities, and I think that finding more ways to bridge these fields and to prepare students
for an interdisciplinary environment would be very important [for QISE]’.
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3.5.2. Content and pedagogical approach. Educator PH3 provided an example of his
experience in terms of implementing a more interdisciplinary approach and noted that he has
revamped their fourth-year quantum mechanics course to incorporate some of the previously
mentioned ideas. ‘I have recently reworked our fourth-year quantum mechanics class here at
[my university], and part of that was to emphasize again more of the things that we do in
finite dimensional Hilbert spaces, more elements of quantum information and entanglement
and things like that’. He also emphasized, ‘But I take out a lot of the more complicated wave
mechanics and calculations associated with that, because I think that the concepts are much
easier to illustrate often in finite dimensional Hilbert spaces, with a few spins or a few
harmonic oscillator levels. And so, I tried to bring that ethos in a little bit into teaching things
like perturbation theory always in these finite dimensional vector spaces’.

Educator PH3 drew analogies with teaching algebra-based introductory physics courses
and [post] graduate physics courses while emphasizing the need to understand and prepare
the course content consistent with the background of students involved. He said, ‘it is a little
bit like saying that there are a lot of physicists who struggle when they are asked to teach an
algebra-based introduction to physics course, because they have to use a very different
language than what they would normally use with their research teams or with physics
majors’. Educator PH3 saw this as a separate challenge of teaching ‘material that you know
very well in such a way that the audience is going to take what they need out of it’. He
elaborated, ‘When we are teaching…graduate courses and things like that, the challenge is
making sure that you remember all the details of the physics, that you highlight the right
things, and you put them together in such a way that advanced physics students can
understand them. The challenge there is 80% in getting physics content right and 20% in
doing the teaching. Whereas the challenge in teaching the first-year introduction to physics,
which is algebra based or to new students...is 95% in teaching and 5% in the physics content.
I think that we need to see any interdisciplinary course that we teach [e.g. in QISE] in that
light. Just because it is quantum mechanics that we are teaching should not stop us from
thinking that way. With any form of communication, [it is important to know] who your
audience is and how do I present things in such a way that they are really going to
understand. And I think we need more physicists engaging properly with that task [of
teaching joint QISE courses]’.

3.6. Educator PH4’s reflections: content and pedagogical approach

Educator PH4 taught a 14 week long quantum information course that students in any year
across various science and engineering disciplines could take. He reflected upon various
math and quantum pre-requisites for this course saying, ‘I go fully into what’s a ket, how to
add them up, how to do rotations on them, how to figure out what the measurements [could
do], and basis transformations’. Educator PH4 considered these as typical standards for a
quantum information class, and mentioned covering product space which then allows him to
teach entangled versus not entangled states and how to distinguish them using concrete
examples.

He expressed some concern regarding students’ knowledge of complex numbers saying,
‘Everyone has to understand complex numbers [but] I do not know if they [actually] do in
this class, because whenever I put complex numbers in [assessments], the success rate of
them answering [correctly] goes down or sometimes they make mistakes. It is not like they
do not have any idea what it is, but I see a number of mistakes that would not happen if I
would use real numbers from time to time. So, I think they know what it [complex number]
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is, but they are not very strong at manipulating it’. He mentioned that rules involving
conjugation tend to confuse students.

Regarding knowledge of linear algebra, Educator PH4 said, ‘I think the most I ever used
[linear algebra] is [for] basis transformation [e.g. transforming from Z basis to X basis]’. He
mentioned that students can often manage even without a formal understanding of linear
algebra: ‘There are more things you learn in linear algebra, like eigenvalues, eigenvectors,
various decompositions, determinants, which basically I did not use at all in my class…They
do have to know how to multiply matrices, which is technically something you learn in linear
algebra. But there’s a way around it, you can do these things without actually knowing it,
because it is just substitutions’. He believed that students often end up using linear algebra in
practice without explicitly realizing that they are using it.

Educator PH4 explained that he did not teach about Hamiltonian or eigenvectors and
eigenvalues because of the specific way this course was set up, particularly expected by the
university system. He believed that ‘part of the appeal of that class is that you do not need as
many pre-requisites’, such as linear algebra or quantum mechanics. He explained, ‘…I do
not actually do Hamiltonians. When I do measurements, it is done in a way where I do not
measure the operator. What I do is measure in this basis already. So, it is done in a way
where, a lot of stuff that you usually use eigenvalues and eigenvectors for in a more
traditional physicsy way, it is just not needed’. He believed that the course material was
extensive enough that not focusing explicitly on this concept did not create a major gap in
students’ understanding. However, he believed knowing it would still be useful. ‘It would
still be nice to have that concept so that [students would know] at certain times, when you
apply this operator, this does not change [because it is an eigenstate of the operator]. And it
shows up in the phase estimation algorithm [which is useful for Shor’s algorithm], it helps to
know it ahead of time’.

Educator PH4 continued, ‘In particular, because I did gate-based quantum computing, it
was not absolutely necessary to do Hamiltonian...But there were certain times when students
would have a question that would be answered if I could tell them what the Hamiltonian
was... for example, how do you apply this particular gate…in a physical system, how would
this gate work in this case?... for example, you apply some field, you send some pulse, you
send some light and stuff like that to kind of explain a little bit about why it [gating] works,
you need the Hamiltonian formalism for that’.

Regarding previous knowledge of quantum mechanics, Educator PH4 said, ‘I think close
to half of them [the students] did take quantum mechanics, specifically the quantum I [junior-
senior level course] from the physics program, and a bunch of them did not. So those that
took quantum mechanics found the first part [of my quantum information course], which was
all about single particle states and ket and superposition, pretty easy because it is almost a
repeat from the material. So that’s the advantage that those who have already taken quantum
mechanics have’.

Educator PH4 noted that algorithms and multi-qubit systems were most challenging for
many students. ‘People had the most trouble with the algorithm part of the class. Mostly, I
think, because I rushed it. It is new material…Grover, Shor, Deutsch Jozsa [algorithms]…
[Shor’s algorithm] was not on the test, but Grover’s was…I would not expect them to know
every detailed aspect of it [Shor’s algorithm], because it is actually kind of complicated, if
you were to go through all of it. But I would hope that they understand some of the big
picture of why a quantum computer is able to execute Shor’s algorithm’. He addressed some
changes he would like to make teaching this course again saying, ‘I will probably do
entanglement a bit better, because there was a lot of confusion about QKD [using entan-
glement] versus quantum teleportation. So that aspect I would definitely have to focus more
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on. But they all did pretty well on just the concepts of single qubits, measurements and
transformation and stuff like that. So, I will certainly still cover some of that [but] next time
[will also] do a bit of applications, like quantum sensing’.

3.7. Educator CI1’s reflections: career preparation and evolving landscapes

Educator CI1 reflected on the growth in QISE and the need to prepare students for the
quantum workforce saying, ‘We see these days [that] lots of students apply for quantum
information, and I am sure it is going to grow, but at the level of the industry and engineering
tasks and positions that are gonna come up, I think it is definitely going to be a huge market
out there’. He mentioned the importance of building larger university programs, saying that
‘we in the university, have a great opportunity to service that gap and cater to students’.

Responding to how can we help students prepare for the quantum industry, Educator CI1
mentioned, ‘Research, a little bit of project experience…if students are involved in any of
these big research projects, even from a point of view of an undergrad in their own capacity,
whichever way they contribute, that is definitely going to help them’. However, he men-
tioned industry awareness as a critical factor, ‘But I think at this point, it is not clear unless
we know what kind of positions open up for undergrads in the quantum industry. Once we
know that better, we probably can tailor our courses better’. He mentioned relevant topics
such as basic error correction, quantum algorithms, and quantum sensing, in terms of what he
can think of ‘in terms of equipping students for the workforce’.

Regarding what Educator CI1 would like to emphasize in his undergraduate introductory
QISE course that he was planning to teach soon, he said he wants to ‘give them a sense of
what is actually possible, at least as of now, and what is not so, to have a realistic picture of
what this whole technology, this revolution, is all about’. He continued, ‘because right now,
there is just a lot of big talk in the industry. A lot of people really do not know what they are
talking [about], but they know quantum is a big thing. Everybody knows, oh, AI and
quantum are the next big things, but they cannot distinguish between what is possible and
what is not’.

Educator CI1 also stated that ‘since at this moment there is no clear frontrunner in
quantum hardware, [I would like] to probably give them a sense of all the different plat-
forms’. He also felt that it would be great ‘if they have a sense for what would be a
breakthrough in each platform that would make things scale up. That would prepare them for
the revolution in that platform when and if they are involved in any of those companies or it
would make them employable in those particular platforms’. He noted, ‘I think the core
course is a good place for us to teach all…[basics]. They check all these boxes that we spoke
about in terms of awareness about the quantum industry, the quantum information arena...’

Educator CI1 also said that the most effective approach would be to develop ‘courses with
the hands-on experience working with the quantum tools’. He mentioned that he sees a lot of
students who ‘are able to pick up quantum everything from scratch by just using these
software tools’. Therefore, he planned to incorporate software tools in his teaching, noting
their success in one-on-one interactions with students, and that he has noticed that students
learn from those software tools very quickly when prompted to use them. For example, he
described how a student with an electrical engineering background who did not have a
background in quantum optics picked up software tools, ‘I introduced her to Xanadu’s
strawberry fields [74], and they have a very nice documentation of all the basics of quantum
optics. It is not like it can replace a textbook from a pedagogical point of view, but for certain
types of students coming from an engineering background, it is so hands-on…I was plea-
santly surprised to see that she was already able to take the documentation, take the code and
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start doing simulations and experimenting with the data in terms of how quantum states
behave. There are nice schemes in quantum optics that you can just simulate with these
things, and when you simulate you will learn in a different way than from reading in a
textbook. So I see that that’s a very powerful way as well’.

4. Reflections of quantum educators about graduate courses

We now describe three quantum educators’ reflections on the graduate QISE courses they
had taught. Figure 2 summarizes key themes that emerged from educators’ reflections on
graduate QISE instruction, focused on content and pedagogical approach, interdisciplinarity,
and student engagement and assessment. Similar to the structure of figure 1, each theme here
is again linked to specific codes such as curriculum design, bridging knowledge gaps, or peer
collaboration and active learning, and is accompanied by a brief summary of the ideas
discussed under each code. Figure 2 also provides cross-references to sections of the paper
where these ideas are explored in more detail by each educator to provide additional context.

4.1. Educator EE1’s reflections

4.1.1. Content and pedagogical approach. Educator EE1 taught a graduate course focusing
on quantum information technologies that had equilibrated with about 15 students. She
mentioned using the textbook by Nielsen and Chuang [75], but she noted, ‘because our
courses are very interdisciplinary, we are in electrical and computer engineering and our
students come also from physics, from computer science, from math, and a few other

Figure 2. Summary of common themes in educators’ reflections on graduate QISE courses.
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departments like material science, chemistry, etc, Neilsen and Chuang is really hard to reach.
So I keep that only for the graduate course and only use parts of that book’. She added, ‘For
the grad course, that introductory part introduces people to how quantum information is
represented, what are bras and kets, what are quantum gates, how does the quantum circuit
look like, we cover that in about a week. So we really go quickly, and then we continue with
some of the [other] content…’

For this graduate course, she mentioned using a combination of the Nielsen and Chuang
textbook with relevant papers in the field, and that the course is ‘centered on quantum
information technologies and focuses more on hardware, so how different implementations
of quantum hardware work’. She elaborated that in the course they talk about color centers,
superconducting systems, trapped ions, and photonic systems, and that they go through the
papers after covering the different hardware to see how they are implemented.

She continued, ‘We analyze papers as we go through different technologies and different
types of hardware. We look at the very first paper that came for some of those technologies,
and then the best, most important paper in the field; and grad students are comfortable with
that. They know how to look for information. Undergrads [who are enrolled in the graduate
level course] learn a lot through that process because they read a paper, [but] they understand
only a part of it; and they have not often had a course where there’s material that they are not
supposed to understand 100%. So we spend quite some time in office hours, explaining that
that’s okay [not to understand everything in papers], and that’s how it looks to enter a
research field’.

4.1.2. Student engagement and assessment. Educator EE1 explained that students in the
graduate course took on final projects, which counted as one form of assessment. The
projects were done as group projects with about 3 students per group. She elaborated,
‘Students can also opt into doing research in my lab for the final project. So they shadow
[current] graduate students [in my research group] and learn to do something, if it is aligning
beams or modeling numerically or anything that’s at that point the project [my lab] can
support. That has also been a really good way for students to try out research and then decide
to come and do more’.

She noted that although students could work in her lab to satisfy their course-related
project requirement, they often prefer doing a presentation because working in a lab is
‘harder than a regular project’. She continued, ‘Right now, a project would be, say, learn
about variational quantum eigensolver [on Qiskit] and apply [it] to something...whereas if
they do research with us, it is more involved. They need to coordinate with the lab…’. As an
example of how students may perceive doing research as requiring more effort, Educator
EE1 mentioned in the last [term] presentation, one student who worked in her lab instead of
doing a regular project on Qiskit said, ‘It looked easy but I ended up aligning it [laser] for 4
h...’. She added, ‘So it has not been too hard that way [to manage final projects] because
most groups do something that ends up being a presentation [e.g. what they did with
variational quantum eigensolver in Qiskit] and not within my [research] lab [since] we are
limited to how many students can do [research with us]’. She noted that in both the
undergraduate and graduate courses, the Qiskit labs were developed in collaboration
with IBM.

Educator EE1 also noted that although these graduate and undergraduate QISE courses
are electives, they are trying to see what is the most meaningful way to implement a
certificate or diploma, particularly ‘because there are students or maybe people returning
from industry who want to get expertize in this [QISE]’ and she wondered ‘what can we do
to give them a certificate or diploma that focuses on quantum technologies’.
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4.2. Educator PH1’s reflections

4.2.1. Interdisciplinarity and diverse backgrounds. Educator PH1 discussed some of the
challenges and opportunities of teaching a graduate-level elective course on quantum
information and computing. In this course, there were 14 students from different science and
engineering disciplines, and considering their varied backgrounds, educator PH1 stated that
teaching such a course is ‘more difficult than just doing it for physics major students’.
However, he found this beneficial for his research and laboratory, saying, ‘The more I talk to
these other people [students from different backgrounds], the better I see the full picture. I
definitely benefit from struggling with these different backgrounds. The course has evolved
as I learn more about the other parts that are not just physics; then I can kind of stitch them
together in a way that I think makes more sense’. Thus, Educator PH1 believed that teaching
the graduate level QISE course has made him reflect upon how to interact with and explain
core QISE concepts to not only physicists, but also to non-physicists. He believed this
benefits his research as well, particularly given his collaborations with non-physicists and the
need to effectively communicate with them.

Educator PH1 further reflected on how he optimizes his own goals for student learning
in the course with students’ backgrounds and expectations saying, ‘So this idea of joint
optimization, I feel like I can start to bring [it] into a course; [knowing that] here the physics
says this, the computer science says that. We gotta figure out how to stitch them together.
And definitely, this is something I have learned [recently]’.

He mentioned using Nielsen and Chuang as a textbook for his course, and regarding the
extensive mathematical proofs he said, ‘[Considering the different student backgrounds] I am
more confident to say: there’s a bunch of math here, here’s what he is trying to tell you... and
if I can…make it into a story, a more human thing that you can reason about, instead of a
bunch of mathematical proofs all layered up, means that everyone who is not a really good
mathematician can get more out of it. That helps most people’s backgrounds’. However, he
noted that this means some students’ expectations would not be met, ‘I think I got one
comment in the course saying you did not do enough math derivation. So there was definitely
someone from a heavy math background who was unhappy’. He acknowledged that the very
different mathematical preparations of the students in the QISE course was the biggest
challenge. He noted that even among physics major students there are differences in
mathematical preparations, and elaborated that in the case of students who come from
different departments, ‘some of these kids, who are very math-heavy, find linear algebra to
be trivial [and] some of them find it to be strange and mysterious, so that part [diversity in
math preparation] is never going to go away’.

To address the diversity in mathematical preparation, Educator PH1 stated, ‘You just try
to teach to the middle. I do not think you can always teach the lowest common denominator,
because then it is too hard to make progress. But you have to understand that you are
teaching to the middle, so do not teach to the top. That guy is never going to get his proofs,
because most of my students would not hang in there for him. On the other hand, I am not
gonna really do linear algebra a full semester...You try to find the middle ground and hope
that people can converge on that’.

Educator PH1 also thought that the fact that the course was a graduate level elective,
rather than mandatory, was beneficial. He stated, ‘So it is not like I’m trying to get the pre-
req[uisites] for the next course that they are going to take, and make sure that the next
professor is ready to take them forward. It is really meant as a capstone of your graduate
career’. He believed that his role was to provide students with tools and knowledge to
independently engage with the material later as they needed rather than focusing on specific
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proofs. He continued, ‘I still think I can do a good job if I teach you the shape of the
endeavor, and how to go find the pieces that you need later; like how to engage with the
literature in a more productive way. So that is one of the nice things about…[an elective],
that it is meant for people who are going to engage with it and dwell with it for a while...
because they are meant to go do research. they are meant to go push on the boundaries. they
are meant to go find their niches. I am just trying to make it make enough sense globally that
they can at least relate to the idea that there is a field here that’s trying to do this’.

Educator PH1 said that most people were satisfied with the course and further reflected
on how he adapted his graduate course to student needs, ‘Most people were pretty happy in
the end. I had some grumbles...but also [a class with] 14 [students] is not so big, so we were
pretty responsive. If students asked a lot of questions about X, the next lecture I could talk
about X, or circle back to something that did not make sense...So I definitely did a lot of
Q&A with the class and adjusted. My plans were based on the things they thought were
really interesting or the things they found really confusing’.

4.2.2. Content and pedagogical approach. Regarding the content covered, Educator PH1
noted that while he did not cover networking, they did cover computation and the first three
chapters of the Nielsen and Chuang textbook as an introduction to QISE. Describing the
content further, he said, ‘...[we went over] universal gate classes, [and] decomposition. We
talked a fair bit about how you build gates out of other gates, [and] how you compile or
transpile. That took the majority of the semester to get through’. He emphasized that the first
65% of the course was an introduction to ‘what is quantum mechanics for two level systems
and also how it turns into computation for gates and universality’. He continued, ‘Then in the
last third of the semester, we talked about error correction, and codes in general, plus I felt
like we had to do Shor’s and Grover’s [algorithms], just so that they would have seen two of
the top line, two of the most famous algorithms’.

Educator PH1 also reflected on why he felt covering Shor’s and Grover’s algorithms
was important in this QISE course and how Shor’s algorithm can be too intricate as the order
finding algorithm, ‘The order finding algorithm is really only interesting if you have a
background in modular arithmetic and digital math and factoring. Most of my students do not
have a background in any of that. it is also a non-deterministic algorithm. It involves phase
estimation and does not even involve the quantum Fourier transform. It only involves the
inverse for the Fourier transform...So I like Grover’s [algorithm], because I can at least
explain it....this graphical interpretation I find to be rather beautiful’. Being deeply involved
in research to build a quantum computer, he further added, ‘I want to build a thing, and have
it exist. [But despite my research interest] I feel I cannot skip Shor’s because it is the most
famous one’.

4.2.3. Student engagement and assessment. Regarding the assessment of the graduate
elective course, Educator PH1 reflected, ‘We did have homework. I graded it, but not very
heavily. It was mostly there to give [the students] something concrete to do’. This way, he
ensured that the students are actively engaging with the material rather than only discussing
the concepts in the class. He added, ‘We did do projects, and this time I asked them to
actually code up their projects. I think 90% of them did so, for instance, in Qiskit or
something like that, and they could either work an algorithm and show that if you put an
input, you can get an output, or they could put a code in. I thought that was really nice’. He
mentioned using class discussions as an opportunity to enhance their understanding of why a
code failed, saying, ‘Definitely, several of them bit off way more than they can chew, but
even though their codes crashed and burned on the day [they presented], just even talking
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about what they were doing and trying to see where the problem was, they learned a lot’.
Without using heavy assessments, he provided enough activities for students to engage with
the material for this elective course.

4.3. Educator CI1’s reflections: content and pedagogical approach

Educator CI1 reflected on a QISE graduate elective course he taught in which he had 10
students from the physics department and the school of computing and information. He
emphasized that he covered ‘all aspects of quantum’ in this graduate course. To help students
learn, he had them read journal articles and made a course website with blogs and the final
write-ups of students. He also noted that although this graduate level QISE course was in-
person, he had 5 external guest speakers on Zoom join the class to discuss different papers
that students had previously read, or the topics they had learned about in the course. This
facilitated meaningful interactions between the students and speakers. The guest speakers
were early-career faculty and postdocs from other universities. Educator CI1 elaborated, ‘It
was a good opportunity for them to talk about their research. We had one on quantum
machine learning, one on quantum finance, one on quantum security…one on quantum
sensing, who spoke about the dark matter...it is been a hot topic lately with quantum sen-
sing…’ Thus, Educator CI1 in his QISE graduate level elective course incorporated topics
such as quantum machine learning and quantum finance, which were not mentioned by other
interviewed educators from physics and electrical engineering departments. His philosophy
on graduate courses was that while these courses can never fully prepare students for
research in advance, they can help them stay open to learning, saying ‘I do not feel that for a
PhD you can ever be fully prepared with all the basics [from courses]. You pick up skills and
tools and theories along the way as you go, as many of us have done. I think students just
have to keep an open mind and be willing to learn new areas’.

5. Reflections on advising and mentoring students in research

In this section, we discuss reflections of quantum educators about advising and mentoring,
focusing on insights that we felt can be helpful for others in advising and mentoring students
in this interdisciplinary QISE field. Figure 3 provides a summary of the themes and codes in
this section. Themes in this section include research training and collaboration, supporting
student success and career development, external opportunities and hands-on experience.
Use of collaborative projects, involvement in publications, and access to national lab
resources were among the discussed ideas. Summary of the content falling under each theme,
as well as cross-references to provide additional context by educators, are also provided in
figure 3.

5.1. Educator EE1’s reflections

5.1.1. Research training and collaboration. Educator EE1 reflected on how she recruits
students in her research group, saying, ‘We look for students that have some relevant
backgrounds. Clearly, no one will have all of that background [in the interdisciplinary field
of QISE]’. However, she provided an example of how the training usually goes. ‘If a student
is a more typical physics student, who has a background in quantum mechanics, then we
train more [in] the engineering side of things, [like] how we design these devices for specific
wavelengths, for specific performance, [or] how we fabricate them’. Therefore, training is
provided in a way that targets areas where students may need additional support.
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Educator EE1 noted that they have weekly group meetings where graduate students
mentor undergraduates to help them with the projects. She also added, ‘Beyond just those
meetings, when a student starts in my group, I give them a few papers and just ask them to
write down all the words they do not know in these papers, so that we can quickly push
through the language barrier. So we try to get it out of the way in the first 3 weeks, for
example, so that they at least know what’s the language, and then slowly, really start to
understand the more complex phenomenology that is typical for the field. In the [research]
lab, they usually shadow the more experienced person in the lab’.

Regarding training students, Educator EE1 continued, ‘I keep those first student
meetings one-on-one, so that students can feel free to be vulnerable to share that they have
never heard of certain words, and that...they can ask other students for extra support. But in
the beginning, I really want to show them that’s totally fine, that those words are new, and
that they were once new for me as well, and I think that helps’.

Educator EE1 mentioned that to get students started on research in her group, she had
compiled a list of references for students to start with. She further explained, ‘It has a bunch
of papers that are important for the start of the field, and [covers] some of the first
demonstrated methods. Students do not necessarily read all those. I think there are probably
about 30 references, they [students in the research lab] see how they connect...[for example,]
first this person had this discovery, and then this experiment showed that you could take it to
a different level, etc. We focus on a few review articles, or very specific scientific articles
that are relevant for the first project the students are gonna work on’.

Educator EE1 also emphasized that her research group is ‘highly collaborative’. She
explained, ‘For example, we have students who work on fabrication, and then students who
work more on equipment in the lab or the spectroscopy and then they come together. They
develop their methods, and then those who fabricated bring the devices to the spectroscopy
lab and they measure together so it [collaboration] is necessary’. She further explained how it

Figure 3. Summary of common themes in educators’ reflections on advising and mentoring students
in QISE.
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starts with logistics; e.g. understanding what is on the chip, how far are the devices scanning,
what color center is in the system, saying, ‘All these subgroups have read papers that relate
to setting expectations of what we should see in a specific chip, and then they sit together,
either measure together, or look together through the data and try to get a bigger picture of
what’s going on, what went wrong, what can be done to improve it, etc’.

5.1.2. Supporting student success and career development. Regarding undergraduates
working in her lab, Educator EE1 said, ‘I do not have a fixed number of undergraduate
students, but we usually have 3–6 undergraduates actively working with our research group
because I want to…invest [my] time into their understanding so that they really get
something out of it, and so far it has worked really well. Students have been able to get some
nice positions whether it is for grad school or in national labs’. She also added that for the
students in her lab, ‘we try to have a publication for each [undergraduate] student that works
with us...so that they can see the whole process; from learning a new skill to applying it, to
that being just at least a small piece of a bigger result’.

5.1.3. External opportunities and hands-on experience. Educator EE1 also emphasized
providing internships and offering other hands-on experiences for students working with her.
Having been recently asked by DOE (USA Department of Energy) about what they can do
and having access to two quantum computers, she elaborated, ‘I have user grants [with two
DOE labs], so having such resources, the training [of my students] becomes so
important…these resources are not just the hardware. it is really the expertize of people
who are trained and our students are really benefiting from working on those projects. This is
for both grad and undergrad students’. She also emphasized the importance of shared
hardware resources such as dilution refrigerators saying, ‘Not everyone has that
infrastructure at their university’.

Educator EE1 also added that the majority of the collaboration with USA national labs is
remote, except for summer internship opportunities for students. She explained, ‘We have a
collaboration project, and every 2 weeks we meet on Zoom and get access to expertize by
those teams because they know a lot of things, and they can help us push our project and
there they offer internships [in summer to students] at all levels…So having experience on a
project [with a national lab throughout the year] can probably increase chances of [students]
actually getting the [summer] internship. So one of my students is going there for a month
this summer to do hands-on research differently than what we have been doing over Zoom,
where we did most of the modeling and the circuits were run by the staff…’. Educator EE1
also noted that she sends her students to attend occasional quantum symposiums or lab tours
that the national labs or industries nearby her university hold, which can be a valuable
experience for them professionally.

5.2. Educator EE2’s reflections

5.2.1. Research training and collaboration. Educator EE2 reflected on how they have
integrated theory and experiment in his research group saying, ‘We are an experimental
group, but we pride ourselves in also having some creativity and theoretical abilities, so I see
that my students understand the theory very well, and for the most part they also develop
some of the theory themselves... We can actually design the experiments, design the device,
design the quantum gates, and do the theory for it before we actually make it in the lab. So
people [students and postdocs in my lab] have a much better understanding of what to
look for’.
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Educator EE2 explained that they have no issues when it comes to training younger
students to do experiments because their group is fairly large. He clarified what he means by
doing an experiment, saying, ‘Nowadays doing an experiment means writing Python codes
to control the instruments and gather the data. There is almost no manual part to it anymore.
The only manual part is mounting the chip in the refrigerator, connecting the cables,
connecting the instruments; from there on it, is just a giant Python code. So that’s what doing
an experiment means today’. He added, ‘But at the same time, it is the same code that you
use to then simulate the experiment. So it is nice that there is almost no disconnect anymore
between the theory and the experiment. You know, in the old days you would write [using]
pen and paper, solve partial differential equations, and then go in the lab and turn knobs,
[but] right now it is all the same. You write Python code to do the theory, and you write
Python code to do the experiment, two things that are almost joined at the hip’ Educator EE2
noted that several of his students/postdocs work in small groups of 2 or 3 people with senior
students training the junior ones on these kinds of things. However, he added that ‘The
seniority is very flat. Often, I have cases where a second-year PhD student is training a
postdoc, just because that student knows that stuff better than the postdoc…It does not
matter. It is just [that] wherever there is the knowledge, [it] gets passed on across the people
in the team’.

5.2.2. Supporting student success and career development. Educator EE2 further noted
that students in his lab mostly get jobs in industries such as large corporations and startups
including quantum computing startups across different continents, ‘But some are continuing
an academic path…I’m an academic at heart so I always like it when my students themselves
become academic, but I know that there is a lot of appeal for students to instead work in a
company where they feel that they do not have to go through the same hoops and do the same
amount of administration and teaching that an academic is perceived as needing to do...But
anyway…they can do whatever they want. So my students never have problems getting
whatever job they want...’

5.3. Educator PH1’s reflections: research training and collaboration

Educator PH1 reflected on the benefits of co-advising students from another department on
QISE research saying, ‘Actually I see at least in my own life, compared to 10 years ago, that
I interact with much more people of these kind of different backgrounds to try to figure out
how to make a joint step forward…for instance, I co-advise a student who’s in ECE
[electrical and computer engineering] and we write these papers specifically where he says,
from the gate perspective, from the computing perspective, here’s a good choice. And we
say, from the machining and physics and nanoscience perspective, here’s a good choice.
Then we try to look at how they meet up and what’s the joint good choice, which is not
usually the same as either choice by itself. I think there’s gonna have to be a lot of that kind
of [collaborative] stuff to build machines [quantum computer] that work well enough’. He
felt that co-advising a student from another department has not only helped the student think
about these interdisciplinary issues critically but has also helped him think deeply about the
challenges in QISE research and the necessity to tackle the issues from many different
angles.
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6. Discussion and summary

Helping students at all levels learn QISE concepts through courses and degree programs, and
providing opportunities for them to have project-based experiences commensurate with their
interest in this interdisciplinary field, can be valuable for inspiring them to become future
contributors and leaders in this exciting field. This research focuses on findings from indi-
vidual interviews that other educators interested in QISE education would find valuable. In
particular, in the qualitative research discussed here, we focused on the reflections of seven
university quantum educators, who are established researchers, about how they are preparing
students for the quantum information revolution via undergraduate and graduate level
courses and curricula they have developed, as well as by advising/mentoring students on
individual research in their labs. Their reflections can be invaluable for all educators con-
sidering effective approaches to prepare undergraduate and graduate students for this rapidly
growing interdisciplinary field.

Our first research question was focused on designing and implementing courses and
curricula to effectively teach and accommodate students from various academic back-
grounds. Educator reflections for this part were centered around course and program
development, content and assessment, challenges and opportunities regarding inter-
disciplinarity of QISE, and future career perspectives. All undergraduate and graduate level
QISE courses which the educators talked about had a diverse mix of science and engineering
students, with the exception of those that were part of a quantum engineering degree program
based in an engineering school. In the latter program, most students (roughly 50 per cohort)
were taking two-thirds of their courses similar to a traditional electrical engineering degree
and one-third related to QISE. Some of the educators mentioned that they appreciated
interacting with students from different departments who were enrolled in their courses, and
that their questions and feedback helped them not only polish their approaches to teaching
students from diverse backgrounds, but also improve their communication skills to connect
better with other QISE researchers with different disciplinary training. Several educators also
described the undergraduate and graduate courses as opportunities for recruiting students for
research in their labs.

The educators reflected on the diversity in student preparation as a challenge they needed
to address, regardless of whether the courses were at the undergraduate or graduate level. For
instance, educators noted that students from different science and engineering disciplines had
very different mathematical preparation and they, e.g. had different levels of interest in the
‘quantum’ versus ‘computing’ part of a quantum computing course. In addition to differ-
ences in mathematical preparation, students’ level of prior exposure to quantum concepts or
Python programming also varied greatly. The reflections of these educators provided addi-
tional fine-grained details of how they uniquely addressed some of these previously estab-
lished challenges, such as the trade-off between course accessibility and stronger prior
preparation [18]. Previous findings from surveying instructors in QISE courses have shown
that some instructors do not find additional pre-requisites, such as quantum mechanics or
even linear algebra, to be necessary for student learning in QISE courses. Our results show
that in fact, many of the educators took advantage of the fact that most of these courses were
electives with no pre-requisites or post-requisites to tailor their courses and maximize
learning for the specific student population present in their courses. Additionally, they
considered minimal pre-requisites as an appealing feature that attracts more students to enroll
in these courses based on their own interests. Therefore, not having pre-requisites such as
quantum mechanics or even linear algebra was not seen as a limitation (despite requiring
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additional effort to support students); instead, it was mostly regarded as a positive feature
that allows students from different levels and disciplines to learn the basics of QISE.

In addressing the challenge of varied backgrounds, our findings indicated that the edu-
cators kept an open mind and adapted the level and coverage of their QISE courses to make
the learning meaningful for the majority of students. We found multiple instances where
educators’ reflections directly embodied Vygotsky’s ZPD [50]. More specifically, the edu-
cators emphasized leveraging students’ existing knowledge as a foundation for coming up
with their teaching and advising practices. For example, Educator EE1 mentioned using
different analogies tailored to students’ backgrounds (e.g. Hamiltonians for physics majors,
LC oscillators for engineers). She also fostered peer collaborations across disciplines,
enabling students to support each other to stretch their ZPD appropriately (e.g. physicists
assisting peers with quantum concepts, and engineers with coding). Educator EE1 also
provided tiered course offerings (undergraduate level followed by graduate level), coupled
with hands-on tools like Qiskit and quantum cryptography setups to allow students to first
engage with more accessible concepts and then move towards more complex content to
remain in their ZPD throughout.

Similarly, Educator EE2 exemplified focus on ZPD through introducing incremental
complexity in Python coding examples, allowing students to move from basic theoretical
knowledge to simulating the dynamics of quantum systems by themselves to have a better
understanding of the behavior of quantum systems. Additionally, Educator PH2 acknowl-
edged that with minimal pre-requisites for the course, students may lack some mathematical
and coding skills. Therefore, he responded to these gaps by revisiting concepts in linear
algebra and integrating coding exercises to adapt to what students could realistically achieve
with guided support. Many of the projects and assignments that the educators mentioned
focused on collaboration and group work as a way to bring together students from diverse
backgrounds and address differences in their prior preparation. These efforts were aligned
with our framework which promotes mutual support in learning and scaffolding to bridge
knowledge gaps, and the idea that learning is fostered through forming and participation in
communities with a common goal across the members [51].

Regarding the content covered, regardless of the level of the course, all educators focused
on basic quantum concepts relevant for two-state systems, and all but two included quantum
algorithms as well. Some educators did not focus on specific qubit architectures (hardware)
in detail in their undergraduate courses, but did so in the graduate level courses. Educator
PH2 noted that in the future iteration of the foundations of quantum information and
quantum computing course, he would like to focus more on entanglement and invite guest
lecturers who do research on different qubit architectures to his class. Only Educator CI1
included machine learning and quantum finance in his course materials in the graduate
course.

In addition to lectures, pedagogical approaches in both undergraduate and graduate
courses included Python coding to some extent, with many of them using Qiskit tools [66].
However, the educators based in electrical engineering departments (EE1 and EE2) incor-
porated Python coding as a central component of the course throughout the majority of their
undergraduate QISE courses. For example, Educator EE2 described how Python coding was
integral to student learning throughout the semester in the quantum engineering degree
program courses they had developed. Both undergraduate and graduate QISE courses
typically included some end-of-the-semester projects (often involving coding on Qiskit and
students working in small groups) and presentations in class. In some cases, students could
also opt to work in the educator’s research lab instead of doing a coding project.
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Educator EE1 incorporated hands-on activities, such as a QKD setup, to supplement her
graduate QISE course and planned to incorporate it in her undergraduate QISE course as
well. Educator EE2 also discussed hands-on lab experiences in both their foundations of
quantum engineering course and quantum devices and computing course (e.g. a lab based on
the NV center). In the graduate level QISE courses, educators also incorporated reading and
discussions of journal articles. Educator CI1 mentioned inviting early-career researchers to
join via Zoom to discuss their research with students, providing the students an opportunity
to interact and engage with them.

Most educators were appreciative that undergraduate and graduate students enrolled in
their elective QISE courses driven by curiosity, and they assessed student learning based on
traditional homework, coding projects, and presentations, and generally took a flexible
approach to grading. Notably, educators from engineering and computer science were more
likely than physics educators to emphasize an intention to align their QISE courses to the
needs of the quantum industries in which students would find jobs. Overall, educators
tailored their instruction based on specific student needs and backgrounds (e.g. prioritizing
practical skills such as coding and simulation), which also reflects various pathways for
students to engage with the field.

QISE is an emerging field, and the courses and curricula are in early stages of devel-
opment. In this study, we did not aim to establish a standardized framework for QISE course
development nor did one emerge from our findings, which further reflects the rapidly
evolving nature of the field and instructional demands in QISE. Nevertheless, common
themes in both content and pedagogy, as previously discussed, were identified. What was
made clear based on reflections of educators in this research is that in developing inter-
disciplinary QISE courses, instructors often prioritize accessibility and adaptability rather
than strict standardization. Therefore, flexible course design and iterative pedagogical
approaches that are frequently adjusted based on ongoing assessment of student under-
standing become particularly effective strategies in QISE teaching. Prior research has also
argued that the variety in instructional approaches is a strength of the field, and that while
some instructional methodologies may be overall considered more effective, there is no
single approach or model (including determining pre-requisites) for QISE course and cur-
riculum development [18].

As quantum technologies move toward mainstream adoption, supporting broad students
access from introductory levels and preserving flexibility in prior background remains to be
necessary. Findings from our study supported this view: some educators intentionally moved
away from traditional wave mechanics approaches, indicating that formal knowledge of
quantum mechanics is not necessary and some chose not to formally require linear algebra
knowledge, but rather integrate it directly as needed into the course while teaching. Our
findings have extended prior research by taking a qualitative approach prioritizing depth over
breadth, where focusing on each educator’s reflections revealed how they reason and adjust
their decisions in response to local contexts, such as student background and feedback, as
they go through their courses.

Our second research question was focused on advising/mentoring students in QISE and
preparing them for interdisciplinary lab or research environments. Educators’ insights in this
section were centered around research training through mutual collaboration, supporting
student success and career development, and providing external opportunities and hands-on
experiences such as access to resources and internships. The educators emphasized on
understanding students’ prior preparations, as well as identifying their strengths and areas
that need improvement before they launch into research. Additionally, they suggested that
having several students work as a team on a particular project, and having senior students
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mentoring juniors can also foster a supportive learning environment. Keeping a list of
important papers (including review papers) for new group members to read and discuss was
also mentioned as an effective approach. Some of the educators also suggested asking
students to take some relevant courses in the discipline before or while pursuing QISE
research as a way to improve student outcomes in the research lab. Individual meetings with
students who are new to the QISE field and may be feeling vulnerable were also suggested to
be particularly useful to address their questions and concerns, e.g. about the papers they may
have read, especially for students from traditionally underrepresented groups who are more
prone to societal pressures and anxiety about discussing doubts in front of their more
experienced peers [76].

Themes of taking advantage of the interdisciplinarity of QISE also emerged, e.g. when
educators spoke about advising students in the field. For example, Educator PH1 emphasized
that co-advising a student from electrical and computer engineering has made it clear to him
that such interdisciplinary collaborations are critical to making major advances in the field.
This is because often researchers with different backgrounds (e.g. physics or engineering) on
a given project only focus narrowly on the issues they understand deeply and overlook other
major issues outside their research discipline. However, to make progress and optimize, e.g.
a particular qubit architecture’s usefulness in a particular application, it is necessary to
collectively consider all these issues with the views of experts from various disciplines.
Educator PH1 also expressed optimism that more QISE courses and curricula will be
developed by departments other than physics in the coming years, as more faculty with an
interest in QISE are recruited in those departments.

Given that the quantum information revolution is still in its infancy, we hope that the
reflections of these educators will be valuable for others who are also interested in devel-
oping QISE-related courses and curricula at various levels within their own institutions.
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