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As quantum information science and technology (QIST) is becoming more prevalent and occurring not
only in research labs but also in industry, many educators are considering how best to incorporate learning
about quantum mechanics into various levels of education. Although much of the focus has been on
quantum concepts in nonlab courses, current work in QIST has a substantial experimental component.
Many instructors of undergraduate lab courses want to provide their students the opportunity to work with
quantum experiments. One common way this is done is through a sequence of quantum optics experiments
often referred to as the “single-photon experiments.” These experiments demonstrate fundamental quantum
phenomena with equipment common to research labs; however, they are resource intensive and cannot be
afforded by all institutions. It is therefore imperative to know what unique affordances these experiments
provide to students. As a starting point, we surveyed and interviewed instructors who use the single-photon
experiments in undergraduate courses, asking how and why they use the experiments. We describe the most
commonly used experiments in both quantum and beyond-first-year lab courses, the prevalence of actions
the students perform, and the learning goals, ranging from conceptual knowledge to lab skills to student
affect. Finally, we present some strategies from these data demonstrating how instructors have addressed
the common challenges of preparing students to work with conceptually and technically complex

experiments and balancing the practice of technical skills with the completion of the experiments.
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I. INTRODUCTION

Quantum information science and technology (QIST)
is a burgeoning field, in which research is now being
conducted not only in academic and national laboratories
but also in industry. In order to help prepare students for
the myriad of opportunities offered by this growing field,
educators are beginning to create many new quantum
education programs [1-3]. To understand the new educa-
tional needs, education researchers are taking various
approaches, including asking the quantum industry what
skills they value in potential new hires [4-7] and cataloging
the current state of QIST courses [2,3,8—-11]. Much of
the work so far has focused on improving conceptual
learning in typical lecture-based courses [12—14] where
the focus has been shifting from descriptions of possible
ways to restructure course content to empirical studies
of the teaching and learning of quantum physics [15].
Providing students with opportunities to perform quantum
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experiments may have additional benefits [16], but there
have been very few studies to date investigating best
practices for teaching quantum lab experiments.

One set of quantum optics experiments, in particular, has
been gaining popularity in the advanced labs community in
the United States over the past two decades. This sequence
of experiments uses heralded and entangled photons to
demonstrate various quantum phenomena such as single-
photon interference and a violation of local realism. These
experiments are commonly referred to as the “single-
photon experiments,” and we will be referring to them
as such throughout this work. The prevalence of these
experiments is due, in part, to the efforts of the Advanced
Laboratory Physics Association (ALPhA), a 501(c)(3)
organization focused on fostering communication between
instructors of intermediate and advanced lab courses at
colleges and universities [17]. Between 2010 and 2021,
ALPhA sponsored workshops (Immersions) attended by
over 100 instructors in total, teaching them how to imple-
ment the experiments. A similar number of instructors have
purchased some of the required equipment through ALPhA
during that time. There is even a waitlist of instructors
waiting to purchase discounted equipment in order to set up
these experiments.

The single-photon experiments are very resource expen-
sive, and it has not yet been clearly demonstrated whether
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the cost is worth the benefits to the students. The exper-
imental setup requires a substantial amount of money for
the equipment, instructor time to learn and set up the
experiments, and instructor expertise to work with the
apparatus. One of these setups costs between $20,000 and
$30,000 to purchase individual components that must be
assembled [18] and tens of thousands of dollars more for
prebuilt setups [19,20]. The cost is an insurmountable
obstacle for many institutions. Nonetheless, many instruc-
tors are very excited about these experiments, and there are
numerous articles describing the experiments and theory
behind them with a pedagogical lens (see, for example,
Refs. [21-23]). However, student experiences working with
these experiments have so far only been briefly studied
alongside reports of how these experiments are used in
specific programs [22,24,25]. It is important for education
researchers to study these experiments in a wider variety of
contexts to understand which parts of the experiments are
necessary for certain learning goals, and which learning
goals may be achieved with less expensive equipment.
This knowledge could lead to the development of lower-
cost options to enable all institutions to provide their
students the ability to attain certain learning goals, which
is particularly relevant given the current pressure to include
quantum in the curriculum [26].

In order to study the efficacy of the single-photon experi-
ments, it is necessary to first understand what is the intended
purpose of incorporating the experiments in undergraduate
courses and how students are using them. We therefore aim to
answer the following research questions:

RQ1: How are the single-photon experiments incorpo-

rated into the undergraduate curriculum?

RQ2: What learning goals do instructors have for these

experiments?

To answer these questions, we conducted a survey and
follow-up interviews with instructors who use the single-
photon experiments in their courses. This study is a necessary
first step for researchers wanting to study these experiments
in the future, as itillustrates the landscape of the use and goals
of the experiments, which is needed to formulate research
questions and methodologies to study student learning with
the experiments. Additionally, the results presented here are
useful for instructors because they provide examples of a
variety of strategies for using these experiments, something
requested by several of the instructors we interviewed.

II. BACKGROUND

The single-photon experiments are complicated to study
because they bring together many different facets, which
we briefly describe in this section. We begin by detailing
the single-photon experiments themselves, including a
description of the experimental setup, the variety of differ-
ent possible experiments that can be done with similar
setups, and previous work published about educational uses
of this sequence of experiments. We then discuss prior

work related to some of the possible learning goals of the
single-photon experiments. This includes various ways
instructors teach about the concepts covered in these
experiments, such as by utilizing simulations or videos
of real experiments. We additionally present a variety of
nonconceptual learning goals of many beyond-first-year
(BFY) lab courses, since this is the kind of course in which
the single-photon experiments are most commonly used
(see Sec. IV A). This will provide context when interpreting
the results and determining what is unique about the single-
photon experiments.

A. Single-photon experiments

Although there are slight variations in the experimental
setups for each specific experiment, all of the single-photon
experiments begin with a typically 405-nm laser that
passes through a nonlinear crystal. Through the process
of spontaneous parametric down-conversion (SPDC), some
of the 405-nm photons are converted into pairs of infrared
photons, each with half the energy of the photon coming
from the laser. Because of the nonlinear process, this pair of
photons is entangled in both energy and momentum (and
possibly also polarization depending on which crystal is
used). Thus, when one of the photons in a pair is detected,
the other must also exist at a time and location determined
by the first. The photons can be measured together in what
is called a coincidence measurement. The states of the
entangled photons can be measured directly to demonstrate
a violation of Bell’s inequality. Alternatively, one of the
photons can indicate the existence of the other, and the pair
can be used as a heralded single-photon source to inves-
tigate the wavelike and particlelike nature of single pho-
tons. A schematic of a typical experimental setup for
the single-photon interferometer experiment is shown in
Fig. 1(a). Although these experiments are often considered
primarily optics experiments, there are electronics and
programming components as well. A photo of an exper-
imental realization of the single-photon interferometer is
shown in Fig. 1(b) to illustrate the level of complexity of the
experiment.

For the past two decades, there has been considerable
work describing various variations of the single-photon
experiments in a manner accessible to undergraduate
students. Early papers on the use of these experiments in
instructional labs describe the experiments undergraduate
students can perform to demonstrate violations of Bell’s
inequality [27,28], single-photon interference, quantum
eraser, two-photon interference, and the way a single-photon
passing through a beamsplitter can be detected at only one
output (what is often informally called “existence of a
photon,” a phrase we use throughout this paper) [21,29-32].
These experiments were later extended in a variety of ways to
include other methods of violating local realism [33-35],
existence of a photon experiments characterizing different
kinds of light [36], Hong-Ou-Mandel interference [37],
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FIG. 1. The (a) schematic of the experiment and (b) photo of an
actual experiment for the single-photon interferometer.

delayed choice [38,39], quantum key distribution [40],
quantum randomness [41], and single-photon interference
through a double slit [24]. Some of these experiments have
even been converted into remote versions [42]. Other papers
have focused on providing clear explanations of the single-
photon experiments for different levels of students, such as
second-year undergraduate students [22] and high-school
students [43]. There have even been some college-
level textbooks written with a large emphasis on these lab
experiments [23,44].

Although almost all of the previous work has focused on
pedagogical explanations and procedures for using the
single-photon experiments, a few instructors have addi-
tionally performed investigations into student learning with
the experiments in their courses. Lukishova showed that
after working with the experiments, students in courses at
various levels responded correctly to many conceptual
questions and were more interested in a career in quantum
optics and quantum information than prior to the lab
experience [24]. Galvez showed that students found the
experiments “striking” and gave high ratings for their self-
reported learning [25]. Pearson and Jackson found that
students were enthusiastic about the experiments and that
they were motivated to better understand the theory [22].
However, to date, there has been no large-scale assessment
of the efficacy of these experiments. Many instructors at
different institutions are currently interested in having their
students work with these experiments [16], but what do
students learn from working with them? Although this

paper will not directly answer that question, it will provide
the necessary background to be able to do so.

B. Student conceptual learning about quantum
optics experiments

One of the reasons the single-photon experiments
are incorporated into undergraduate classes is to improve
students’ conceptual understanding of quantum mechanics.
Quantum mechanics is often thought of as particularly
mathematical [45-47], counterintuitive [48,49], and unre-
lated to the real world [50,51], so one possible way to
help students understand these difficult concepts is to
explicitly discuss foundational experiments. In order to teach
about concepts such as particle-wave duality and entangle-
ment, some instructors have incorporated discussions
into their courses about the single-photon experiments, using
them either as thought experiments or by discussing the
first realizations of the experiments [52]. Recently, a con-
ceptual assessment of students’ understanding of quantum
optics through the lens of these experiments has been
created [53].

Another method of improving students’ understanding
of many of the concepts covered in the single-photon
experiments is through the use of simulations. One set of
simulations, the Quantum Interactive Learning Tutorials
(QuILTs), has been shown to be effective at teaching
upper-level undergraduate and graduate students about
particle-wave duality, violations of local realism, and other
quantum concepts [54-56]. The Quantum Mechanics
Visualization project (QuVis) is another set of simulations
that includes many of the single-photon experiments
and has improved learning for students at both the
introductory and advanced undergraduate levels [57,58].
Other simulations of these experiments have been created
specifically for high-school students [59]. There are
additionally virtual optics labs, where instead of having
only specific modules that teach students about individual
topics, students may design their own optics experiments
using the same components as in the single-photon
experiments [60,61].

Other instructors use photos or videos of real experi-
ments and real experimental data to help teach students
foundational concepts in quantum mechanics. For example,
a video of a real experimental apparatus using a down-
converting crystal to demonstrate double-slit interference
with single photons has been made publicly available for
educational purposes [62]. Some photos of real versions of
the single-photon experiments have also been converted
into interactive screen experiments (multimedia represen-
tations with which the students can interact to manipulate
some aspects of the experiment) [63]. These interactive
screen experiments are particularly useful for students who
do not have access to a quantum optics lab. They have been
used in German high schools to decrease the influence of
classical concepts on students’ conceptions of quantum
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physics [64]. The extent to which these representations of
experiments can be used to replace real experiments has not
yet been studied.

C. Other learning goals for working
with experiments

Improving conceptual learning is not the only reason
instructors use experiments in undergraduate courses. Lab
courses have a variety of other goals [65] including helping
students learn lab skills, develop expertlike views about the
nature of science [66], improve communication and col-
laboration skills [67,68], and build a physics identity [69].
Prior research focusing mostly on introductory labs has
shown that instead of reinforcing physics concepts, labs
may be more effective at teaching students expertlike
experimentation practices, attitudes, and beliefs, and criti-
cal thinking skills [66,70-72]. BFY lab courses in particu-
lar tend to be more likely to have learning goals related to
lab skills than conceptual learning [73]. Lab skills is a
broad term that may encompass modeling [74,75], trouble-
shooting [76], designing experiments, and a large array of
technical skills, such as using common measurement
equipment and acquiring data with a computer [65,77].
In this work, we investigate which of these many goals
instructors hope their students will accomplish by working
with the single-photon experiments.

III. METHODOLOGY

In order to understand the full range of ways the single-
photon experiments are currently being used, we partnered
with ALPhA to engage instructors who use these experi-
ments in their courses. We first circulated a survey and then
performed follow-up interviews with all interested partic-
ipants. The details and limitations of these two methods are
explained in this section.

A. Survey

The survey was designed around prior work and dis-
cussions with instructors who use the single-photon experi-
ments. Prior to survey creation, we familiarized ourselves
with the published papers about these experiments in
educational settings, as well as prior unpublished studies
of instructor use and student conceptual learning with these
experiments. We used these data as well as informal
conversations with instructors to create the questions and
answer options on the survey. Once the survey was almost
finalized, we discussed it with an instructor who has
developed many of the single-photon experiments as used
in undergraduate courses. This allowed us to ensure the
terminology and questions would be relevant for instruc-
tors. That conversation resulted in a few minor changes to
the wording and answer options on the survey.

Each instructor filled out a survey that had several
sections that aimed to gather information from multiple

courses and experiments. The survey began asking for
information about the courses (up to a maximum of
two) in which the instructors used the single-photon
experiments. This included the course name, the level
and major of the intended students, and the option to
link to, or upload, a course syllabus. For each course,
the survey then asked the instructors which experiments
they utilized, using the descriptions shown in Table I.
Different instructors implement these experiments in
different ways and may combine some of the experi-
ments that we have described separately, but we tried to
use the most common names and delineations between
experiments. The survey then asked the instructors
which actions the students performed, giving instructors
the option to select different actions for each experi-
ment. The last part of the survey asked about the
importance of a variety of learning goals, letting
instructors select not important, somewhat important,
or very important for each goal for each experiment.
When instructors marked that they used the single-
photon experiments in a second course, the questions
about the experiments, actions, and goals were repeated
for the second course. Almost all of the questions were
closed responses with some open-response options
where instructors could add an experiment, action, or
goal not included in the closed-response options.

In order to recruit instructors for our study, we emailed
the survey to all the instructors who had mentored or
participated in one of the ALPhA Immersion work-
shops between 2010 and 2021 as well as instructors
who had purchased single-photon detectors at a dis-
counted price through ALPhA. In total, we emailed 170
instructors. Additionally, we posted the survey on the
ALPhA Slack channel. We received complete responses
from 28 instructors, one of whom submitted two
responses in order to provide data about three different
courses. These instructors were working at 27 unique
institutions, which are described in the upper half
of Table II.

The data in the survey were divided up by instructor,
course, and specific experiment, so we combined the data in
different ways for our analysis. We wanted to investigate
how much variation there was across course types and
different experiments, while still presenting overall trends.
We choose to look at the data by course instead of by
instructor because many instructors use the experiments in
distinct ways in different courses. We classified each
course’s type based on the course name and uploaded
syllabus. When combining experiments for a single course,
we collapsed the data differently for actions taken and
learning goals. For actions taken, we determined that
students in a course had performed an action if they had
performed that action while working with at least one of the
experiments. For the goals, we chose to present the highest
level of importance for a given goal across all experiments
in a course.
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TABLE I. Description of individual experiments that can be part of the sequence of the single-photon experiments.

Experiment name

Description

Sample references

Spontaneous parametric
down-conversion (SPDC)

Existence of a photon

Photon Stern-Gerlach

Single-photon interference

Quantum eraser

Delayed choice

Aligning the down-conversion crystal and optics, measuring coincidence
counts.

Setting up an extra beamsplitter in front of one of the down-converted paths
and measuring correlations, possibly to show there are no three-way
coincidences or to measure the Hanbury Brown-Twiss effect. (Also called
the Grangier experiment.)

Sending one of the photons through a polarizing beamsplitter, detecting both
outputs of the beamsplitter, and varying other polarization optics in the
path to see where the photon gets detected. (Also called quantum state
measurement.)

Seeing interference fringes when one of the down-converted photons is sent
through an interferometer; possibly also seeing interference fringes appear
and disappear as the length of one arm of the interferometer and/or the
spectral filters are changed.

Putting half-waveplates or polarizers into the interferometer arms to make
them distinguishable and then a polarizer after the interferometer to erase
the distinguishability thereby eliminating and reviving the interference
fringes.

Adding parts to the setup so that a choice to measure either the particle or the
wave nature of the light is made after the light in the interferometer has

(23]

[21,23]

(23]

[21,23]

[21,23]

[38,39]

been detected.

Bell’s inequality

Measuring polarization states of entangled pairs of photons to apply the Bell

[23,27]

inequality to prove that local realism does not hold in quantum mechanics.

Hong-Ou-Mandel interference

Sending two photons at a time into a beam splitter or interferometer to [37]

measure the HOM dip or other kinds of two-photon interference.

Quantum key distribution

Implementing a quantum key distribution protocol, such as BB84. [40]

B. Interviews

In order to better understand instructor responses to the
survey, we performed follow-up semistructured interviews
with 14 instructors. We invited for an interview all of the
U.S. instructors who completed the survey and agreed to be
contacted for future research opportunities. Of those, 14
chose to participate. Demographic data about the inter-
viewed instructors is shown in the lower half of Table II.
The interviews occurred over Zoom and ranged from 49 to
69 min. They contained sets of questions about the course
context, ideas related to the notion of seeing quantum
mechanics, and other goals the instructors had for the
experiments, including student excitement and lab skills.
The questions related to seeing quantum mechanics have
been preliminary discussed in prior work [16] and are the
subject of future work, so here we focus on the other
sections of the interviews. Sample relevant questions
include

* What background material related to the concepts of

the single-photon experiments do you cover in the
nonlab portion of your course (for example, in
lectures, prelabs, etc.)?

TABLE II. Types of institutions and self-reported demo-
graphics of interview participants. Two of the surveyed
instructors worked at the same institution but reported
about different courses, so their institution is counted twice.
We did not collect demographic information for the surveyed
instructors.

Survey Interviews
(N =128) (N =14)
Institution
Four-year college 13 7
Master’s degree granting 5 4
PhD granting 10 3
Hispanic-serving institution 3 1
United States 24 14
International 4 0
Instructor
Man e 12
Woman e 2
White, not Hispanic cee 12
White, Hispanic cee 2
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e In the survey, you responded that the goal of “Be
excited about physics and/or motivated to learn more”
was [their survey response]. What specifically is your
goal for the students related to this?

* What experimental skills do you want students to gain
from working with these experiments?

To analyze the interviews, we performed a thematic coding
analysis of the transcripts using both a priori codes coming
from the closed response survey options and emergent
codes discussed by the research team.

C. Limitations

One limitation of this work is that our sample of
instructors may not be fully representative of all instructors
using similar experiments. The only methods we had of
reaching instructors using the single-photon experiments
were through ALPhA, so we may not have had a chance to
hear from instructors who developed similar experiments
on their own or who utilized the experimental setup in an
entirely different way. Additionally, the majority of the
instructors we interviewed were very enthusiastic about
these experiments and had invested a lot of time to get them
working and implemented in their courses. Instructors
who are more eager to participate in research about these
experiments may be more invested in the experiments than
other instructors. When we sent out the survey, we received
email responses from some instructors saying they could
not fill out the survey because they were not able to get the
experiments up and running due to a variety of barriers,
including lack of money, suitable space, and time. It is
therefore important to keep in mind that the data presented
in this paper are coming from only the instructors who were
able to successfully fund and set up the experiments and
who had been associated with ALPhA to some degree.
Additionally, we subdivide the data we have to see themes
by both course type and experiment. This leads to catego-
ries with small sample sizes that do not have much
statistical power. Nonetheless, this work presents many
concrete, although not exhaustive, possibilities for how the
single-photon experiments can be used, and the distinctions
by course type or experiment give an idea of the kinds of
trends that may exist in a larger sample.

IV. INCORPORATION OF EXPERIMENTS
INTO COURSES

Our first set of results answers RQ1 and covers how the
single-photon experiments are currently implemented in
courses. We present survey data about the courses these
experiments are used in, how many and which of the
sequence of experiments are most commonly used in differ-
ent kinds of courses, and what actions the students perform
while working on the experiments. Each of the survey
respondents described the use and goals of these experiments
for between one and three distinct courses, leading to a total

of 37 courses in this dataset. We supplement the survey
results with details coming from the interviews to better
understand some of the survey responses and the larger
context in which these experiments are used.

A. Courses

Although there are a variety of course types in which the
single-photon experiments are used, they fall into two main
categories. We classified eight of the courses in the survey
data as quantum mechanics courses primarily for junior and
senior physics majors. These are lecture courses with lab
components (at least half of the course is nonexperimental),
where the entire focus of the course is on quantum topics.
This includes courses such as the first or second semester
of upper-level quantum mechanics or a quantum optics
course. We categorized another 25 of the courses as BFY
lab courses. These are lab courses for students majoring in
physics, applied physics, or engineering physics who are
beyond the first year of study in their major. These courses
may include a short lecture or discussion component that is
focused on the concepts or skills needed to complete the lab
experiments. Almost all of these courses are intended for
juniors and/or seniors with two also including graduate
students and one of the courses being only for sophomores.
Many of the courses were named with some variation on
“Advanced Lab,” which is a common type of course at
institutions in the United States.

There were four additional kinds of courses reported on
the survey, namely an introductory lab course, an intro-
ductory nonlab course, a senior capstone course, and an
undergraduate thesis. Since there were so few courses of
these other types, we focused on the quantum and BFY lab
courses when we divide the results by course type. Even
though we are able to classify the courses in primarily two
broad categories, instructors use the experiments in diverse
ways within each category, as described further below.

B. Prevalence of experiments

The single-photon experiments consist of a set of experi-
ments that may be performed on one experimental apparatus
either as a sequence or individually. Some instructors choose
to perform the entire sequence (or most of it) while others
focus on just one, or a subset, of the experiments that best
match their learning goals and the time available in the
course. In order to know which experiments would be
most useful to study student learning in the future, we inves-
tigated which experiments instructors used most frequently.
Figure 2(a) shows the number of experiments used in each of
the surveyed courses. Almost half of the courses used only
one or two experiments, whereas the others incorporated
different amounts, even up to seven experiments or more.

Figure 2(b) shows the prevalence of experiment use in all
of the surveyed courses, in the quantum courses, and in the
BFY lab courses. The most commonly used experiment
is the single-photon interferometer, which is one of the
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(a) Number of experiments used per course (N = 37). (b) Fraction of all courses (red, N = 37), quantum courses (orange,

N = 8), and BFY lab courses (yellow, N = 25) in which each of the different experiments was used, sorted by the fraction of all courses.

experiments often taught in the ALPhA Immersion work-
shops. The five most common experiments (single-photon
interferometer, Bell’s inequality, existence of a photon,
SPDC, and quantum eraser) were each used in 14 or more
courses, whereas the others (those displayed, as well as
quantum key distribution, which was not performed in any
of the courses) were used in less than five courses each. The
single-photon interferometer was especially popular in
quantum courses, and the SPDC experiment was used
by students in BFY lab courses more than students in
quantum courses. The SPDC experiment includes the initial
setup of the apparatus, so it may be more aligned with
the goals of BFY lab courses. Although there are slight
differences in experiment use between quantum courses
and BFY lab courses, the five most common experiments
overall are the five most common experiments in both of
those course types as well.

Although there are clear trends in the survey data about
which experiments are used most frequently, the order of,

number of, and time allocated for the experiments varied
by course, as described in the instructor interviews. The
quantum courses often implemented several of the experi-
ments as 1- or 2-day labs. Some of the BFY lab courses
implemented these experiments in a similar way, whereas
others used them as multiweek projects ranging from 3
to 12 weeks. In both course contexts, many courses
focused on photon particle-wave duality (the existence of
a photon and single-photon interferometer experiments) or
Bell’s inequality. Additional details about the timing and
sequencing of the experiments in different course types can
be found in Appendix A.

C. Actions performed

There was also variation in the actions the students took
while working with the single-photon experiments.
Figure 3 shows the common actions by both course type
and experiment in the surveyed courses. Overall, the four

Manipulate optical setup —I

Analyze data—W

Take data—

[ |
Set up optics [—

Design part of the experimental
setup and/or procedure

Build electronics mm All courses

= Quantum courses

View demonstration CIBFY lab courses

Program detection software

== SPDC

mmm Existence of a photon

I Single photon interferometer
3 Quantum eraser

C—1Bell’s inequality

Wm

0.4 0.6 0.8

Fraction of courses

0.0 0.2

FIG. 3. Actions students performed. On the left is shown the fraction of all (red

1.00.0

0.4 06 0.8

Fraction of courses

0.2 1.0

, N = 37), quantum (orange, N = 8), and BFY lab

(yellow, N = 25) courses in which students performed the specific action in at least one of the experiments. On the right, with the same
vertical axis, is shown the fraction of courses that perform the experiments SPDC (N = 18, darkest blue), existence of a photon
(N = 20), single-photon interferometer (N = 24), quantum eraser (N = 14), and Bell’s inequality (N = 21, lightest green) in which the

students performed the specific action.
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most common actions consist of setting up and manipu-
lating optics and taking and analyzing data. Note that it is
possible that in some courses, the experiments were not set
up enough for the students to perform certain steps. For
example, one instructor explained on the survey that the
students were still getting the experiment working so they
were not yet able to analyze data even though the instructor
viewed it as an important step. Instructors assigned other
activities, which they added as write-in options, including
reading journal articles, communicating results, responding
to questions in lab write-ups, and deriving theoretical
components of the experiment.

The left panel of Fig. 3 shows that there were only small
differences in student actions based on course type. One
distinction was that students in quantum courses were
more likely to view demonstrations instructors conducted
than students in BFY lab courses, and students in BFY
lab courses were more likely to manipulate the optics.
Additionally, none of the quantum courses surveyed had
students design part of the experimental setup or procedure
or program any of the detection software. These were not
commonly performed actions in BFY lab courses either, but
they were performed in some.

There were also small differences between actions
students performed while working on the different experi-
ments, as shown in the right panel of Fig. 3. One experi-
ment that stood out from the other experiments is SPDC.
Instructors were more likely to have had their students set
up optics with that experiment than with any of the others.
The SPDC experiment entails setting up the apparatus and
obtaining coincidence counts, so this result is not surpris-
ing. Similarly, students were more likely to design part of
the experiment, build electronics, or program the detection
software while working on the SPDC experiment. The
single-photon interferometer was the experiment most used
for demonstrations.

Although almost all implementations of these experi-
ments involved manipulating or setting up optics in some
capacity, there was a large spectrum of the amount of
optical manipulation the students performed, as discussed
by instructors in the interviews. This ranged from the
students only tweaking already setup optics (e.g., control-
ling a piezo mounted on a mirror and a polarizer) to
performing the entire optical alignment themselves. Many
of the courses were somewhere in between. For example,
the instructors roughly aligned the setups and then allowed
the students to optimize the alignment or had some parts
(e.g., the lasers) already mounted on the optical table but
allowed the students to add the rest. The decision of how
much optical alignment the students performed was often
seen as a compromise between helping the students gain
experience with optical alignment and performing the
experiment in the allotted time. Strategies instructors took
to find the right balance are discussed in Sec. VIB.

In contrast to manipulating and setting up optics, taking
and analyzing data were steps that took a relatively short
amount of time for the students once the experiments were
set up. Most of the coding was already done for the
students, with code obtained from another instructor or
prior students; however, the amount of data analysis
performed depended on the course. Instructor 1 [78], when
asked what piece of equipment they wanted students to gain
experience working with, discussed how they changed the
way students performed data analysis as they used this
experiment over time:

“It used to be that the LabVIEW code that I have would

Jjust kind of spit out the answer... And I stopped doing
that, and now they just get the raw data, and then they
need to analyze it. And I think that that’s now actually...
working a lot better... If you want to be an experimental
physicist, you need to know how to analyze data. And
you can’t analyze the data unless you understand the
experiment that it came from...”

They went on to say that this helped students both learn
data analysis techniques and better conceptualize the
experiment.

V. GOALS FOR THE EXPERIMENTS

Our second set of results answers RQ2 and demonstrates
that instructors have a wide variety of learning goals for
using the single-photon experiments. In the survey, we
asked instructors to rank potential learning goals related to
student affect, conceptual learning, and learning of lab
skills for each experiment. Overall, instructors ranked the
majority of the goals as somewhat or very important,
demonstrating that they value many aspects of the experi-
ments. Figure 4(a) shows the highest level of importance of
each goal across all experiments for the courses in our
dataset. By that, we mean that a course was assigned the
response of very important for a given goal if the instructor
marked that goal as very important for at least one of the
experiments. Similarly, if the instructor did not mark any
experiments as very important for a given goal, and they
marked the goal as somewhat important for at least one of
the experiments, then it was assigned a response of
somewhat important. A goal assigned as not important
means that it was marked as not important for all experi-
ments. Additional goals related to professional skills and
epistemological views emerged in the interviews. Here, we
briefly describe instructors’ goals for these experiments
with additional details provided in Appendix B.

The two goals with the most rankings of very important
across all courses were “be excited about physics and/or
motivated to learn more” and “‘see’ quantum mechanics in
real life.” All of the instructors thought these goals were at
least somewhat important, so we focused on these goals in
the follow-up interviews. From the interviews, we know
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FIG. 4. (a) Percent of courses in which the instructor marked very important (dark blue), somewhat important (light blue), and not
important (gray) as the highest level of importance for the given goal over all experiments used in their course. Due to a few missing
responses, the number of courses N = 34 for the goal of learning concepts about quantum states, N = 36 for the goal of learning
concepts about the wavelike nature of particles, and N = 37 for all other goals. (b) Percent of courses using each experiment in which
the instructor ranked each goal as very important (dark blue), somewhat important (light blue), and not important (gray) for the five most
common experiments (distinguished by hatching). The goals are sorted by the average percentage of very important rankings over the
five experiments.
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that many instructors hoped these experiments would
motivate students to spend time on their coursework and
pursue physics in the future. When asked what their goal
related to student excitement and motivation was, Instructor
2 discussed the way they wanted students to experience the
authentic excitement researchers have:

“I try to pick experiments that I think will spark some
curiosity and spark some of that authentic excitement you
get in grad school when you’re doing an experiment, you
see something for the first time, and it makes sense to you.
I guess I'm trying to engender that excitement and that
willingness to recognize that you don’t know something,
but you can figure out the answer.”

Excitement and motivation was one of many themes tied in
with the idea of seeing quantum mechanics, which is
described in Ref. [16] and will be detailed further in future
work.

Many of the other goals ranked as very important by the
majority of the instructors on the survey were conceptual.
Learning about entanglement was the conceptual goal
indicated as very important by the most instructors,
although this is mostly due to Bell’s inequality experiment
[see Fig. 4(b)]. The goal of learning about concepts related
to statistics and measurement was the conceptual goal
indicated as either somewhat or very important by instruc-
tors of the most courses. Other conceptual goals include
learning about quantum states, particle-wave duality, and
quantum versus classical models of light. Some instructors
additionally wanted their students to make the connection
between the concepts and the mathematical formalism
while working with the single-photon experiments.
Instructor 3 mentioned that one of the unique aspects of
these experiments is that undergraduate students can do the
full theoretical derivation alongside the experiments:

“[In] these experiments, you can write down the wave

function essentially and follow it through. So I think
that’s maybe what’s a little bit different than a lot of the
other experiments...you have to use the quantum for-
malism, the math, a little bit to solve, to analyze the data
or to explain the data... 1 just can’t think of other
experiments where you really do that at this level.”

Although fewer instructors ranked them as very important
compared with the conceptual learning goals, all of the lab
skill goals on the survey were marked as somewhat or very
important by the majority of the instructors. These included
skills in data analysis, optics, experimental design, and data
acquisition. Data analysis was ranked as the most important
skill, with many instructors focusing on students’ under-
standing and analyzing coincidence measurements and
knowing how to tell if measurements are correlated with
each other. When asked what skills they hoped students

would gain from working with the single-photon experi-
ments, Instructor 4 discussed data interpretation:

“Iwould definitely love students to be able to...interpret
what they’re seeing on the screen in terms of the counts
and the coincidence counts that they’re seeing... be able
to translate what’s happening on the table into the data
that they’re seeing and then be able to interpret the
uncertainties or the confidence and making the claims
that they’re making.”

Since the single-photon experiments can be implemented
as multiweek projects, instructors often hope students will
gain some of the professional skills needed in research as
well. These skills came up unprompted in the interviews
and included intrapersonal skills, such as independent
decision making and persistence, and interpersonal skills,
such as teamwork and leadership. For example, when asked
about any additional goals they had for their students,
Instructor 2 discussed grit and perseverance:

“And just trying to teach them the importance of grit, the
importance of persevering in the face of adversity... A
lot of the students have a very low tolerance for
frustration... I'm just trying to instill in them the sense
of you know, this is what you’re gonna have to deal with.
You’re going to be thrown into a situation where you’re
going to get frustrated.”

Being able to communicate scientific results was another
goal mentioned by many instructors, with the focus ranging
from short research-group-meeting-type presentations to
formal written reports. These professional goals are not
unique to the single-photon experiments, but the complex-
ity of the experiments provides the opportunity for students
to practice them.

The other goal that emerged in the interviews was
helping students recognize that physics is an experimental
science. Instructors wanted students to realize that what
they learn in their theoretical quantum mechanics courses
describes the world, as seen in the lab. When asked
about the importance of seeing quantum mechanics,
Instructor 4 more broadly discussed the experiment-theory
connection:

“You have lab courses and you have theory courses, and
they seem to be separate from each other. And this idea
that physics is an experimental science, and certainly that
people do all sorts of amazing work purely in theory, but
that they have to... meet up somewhere. And that no
matter what theoretical physics course you're taking,
there is a corresponding experiment that you can do.”

Instructors additionally wanted students to understand that
questions about the world are answered through exper-
imentation. When asked about additional goals for their
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students, Instructor 5 talked about the goal of “giving
primacy to data”: students learning how to draw unbiased
conclusions from data.

Although we focus our discussion on the possible goals
across all courses, there may be slight differences in goals
between course types and populations of students. In the
interviews, some instructors differentiated between their
goals for quantum courses and BFY lab courses. When
asked how the students worked on the experiments in their
advanced lab course, Instructor 1 said:

“In the quantum optics class... I actually want to make
sure that they get through [the experiment] and see what
I want them to see. And that’s more the goal. Whereas in
the advanced lab, the goal is more playing around with
stuff and learning experimental techniques. So they go a
little bit slower in there...”

Some instructors also mentioned differences in their goals
for students based on their intended career path: engineers
may be more interested in materials, optics, or sensors for
detecting low levels of light, whereas physicists may be
more interested in learning about quantum concepts.

The survey data additionally shows some differences in
goals for the different experiments. Figure 4(b) shows the
percentage of all courses using a given experiment in which
the instructors gave ratings of very important, somewhat
important, and not important to the goals for the five most
common experiments. The SPDC experiment is notable in
that the conceptual goals are ranked as very important in a
smaller percentage of courses, compared with the other
experiments. Additionally, the skills goals of optics and
experimental design are ranked as more important for
SPDC than for the other experiments. Another difference
between experiments is the goal of conceptual learning
about entanglement. This goal is ranked as very important
in almost all of the courses that use Bell’s inequality
experiment, but it is only very important for half or fewer of
the courses for the other experiments. All of the experi-
ments use pairs of entangled photons, but instructors care
most about students learning that concept while performing
Bell’s inequality experiment.

VI. OVERCOMING EXPERIMENT
CHALLENGES

Throughout the interviews, we observed themes of
common challenges instructors faced while using the
single-photon experiments. Two challenges that stood
out as particularly salient were the difficulty instructors
had with:

A. Providing students with the requisite knowledge and

skills to understand and perform the experiments.

B. Helping students learn technical skills (e.g., optical

alignment) while also completing the experiments in
fixed amounts of time.

Although we did not design the survey or the interview
protocol to investigate instructors’ challenges—our goal,
instead, was to discover what instructors wanted students to
learn so we could then focus on investigating student
learning gains—, we realized this is an important topic for
instructors. In this section, we, therefore, describe various
strategies instructors took to overcome these challenges, in
the hope that sharing these lessons will benefit other
instructors and motivate researchers to examine these
aspects in future work.

A. Student preparation

In order for students to understand and use the single-
photon experiments, they need some knowledge of both
quantum concepts and how the experimental apparatus
works. In some courses, students had already gained this
specialized knowledge either through the course (especially
for quantum courses) or through prior required courses.
However, that was not always the case, especially when
the single-photon experiments were used as stand-alone
experiments in BFY lab courses. Even for the courses that
did require students to have previously taken quantum
mechanics or modern physics courses, not all prerequisite
courses covered the quantum optics concepts and math
necessary to understand the single-photon experiments.

The instructors interviewed used a variety of strategies to
provide their students the necessary concepts and math-
ematical formalism to work with these experiments. For the
quantum courses, that material was covered in the lecture
portion of the courses. The lab courses often provided
various resources to introduce the students to both the
theory and the apparatus. These included videos made by
the instructors, readings about the experiments (e.g.,
Refs. [21-23]), readings about statistics (e.g., discussing
normal and Poisson distributions), homework assignments,
papers from prior students who had worked on the same
experiment, and lab manuals. Many of these courses had
the expectation that students would learn on their own from
the readings, and the instructor would offer additional one-
on-one help as needed.

In addition to conceptual knowledge, there are many lab
skills needed to perform the single-photon experiments,
which are often also new to the students. Although one of
the BFY lab courses required all students to take a prior
optics or electronics lab course, most of the courses did not
have specific requirements about optics skills from prior
courses. Although it was not always feasible due to the
course structure, some of the BFY lab courses required
students to work on certain other experiments before
progressing to the single-photon experiments. For example,
some courses required students to learn how to use classical
optical elements (e.g., polarizers and wave plates) or to
perform classical versions of experiments analogous to the
single-photon experiments (such as an interferometer with
a visible laser). This was used to teach students optics
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skills, as well as to later compare the classical and quantum
versions (such as for the measurement of the degree of
second-order coherence in the existence of a photon
experiment). Another course had students work on an
unrelated nuclear lab prior to working with the single-
photon experiments, so the students could learn about
coincidence counts.

B. Trade-off between practicing optical alignment
and obtaining results

When students set up the apparatus entirely from scratch,
the single-photon experiments take more time to perform
than students have during a course. Instructors utilized a
variety of strategies to ensure the students were able to
obtain data and complete the experiments even with the
difficult and time-consuming optical alignment. For shorter
guided labs, some instructors chose the order of the
experiments such that students built on prior weeks’ work,
so by the end of the class, the students could perform
complicated experiments in less time while understanding
all the steps. In one class, one of the groups of students
performed the alignment for each experiment, and all the
other groups used that set up to collect data. The group that
performed the alignment would change throughout the
term, so all students could practice optical alignment at
least once. When used as a project where one group of
students would work through the entire sequence of single-
photon experiments before another group, some instructors
left the alignment from a prior group of students. This
allowed the new group of students to either start the
experiment there or take data at the beginning before
misaligning and realigning everything. That strategy
caused the students less stress if they later struggled with
the alignment. Many instructors stepped in on an as-needed
basis either in class or in between lab sessions to improve
the students’ alignment.

One instructor found that converting the experiment to
be conducted remotely due to the COVID-19 pandemic
avoided the problem of one group of students misaligning
the setup for other groups when many groups of students in
the course were performing the experiments at similar
times. The remote format made it easier to reset between
groups and have the instructor available to help all the
groups. Although the students were not able to perform all
of the optical alignment remotely, they were able to
remotely control some of the optics and see those parts
moving through webcams. Additionally, the instructor
thought the results of the remote experiment were better
than normal, possibly because the students did not rush out
at the end of the lab because they were able to choose the
time that best suited them. However, converting the single-
photon experiments to be remote is not without challenges.
Another instructor also created a remote interface during
the pandemic but did not retain it after in-person instruction
resumed because it was not well optimized.

VII. DISCUSSION AND CONCLUSIONS

Through the instructor survey and interviews, we have
found that the single-photon experiments are used in a wide
variety of ways, for an assortment of learning goals, and are
often tied in with other aspects of the courses or broader
departmental curriculum. These differences may make
these experiments difficult to study, but they show that
there is a rich variety of options available for instructors.
There are slight differences in which experiments are done,
what actions the students themselves perform, and what the
goals are based on the course types and the specific
experiments; however, there are also overall trends span-
ning most courses and experiments. The single-photon
experiments may be uniquely situated to accomplish some
of the desired learning goals, but other goals may be easily
accomplished with other complex experiments integrated
into undergraduate courses. These findings have a variety
of implications for both instructors and researchers.

Learning about the varied uses and goals of the single-
photon experiments may prove useful for instructors, espe-
cially those looking for examples of novel ways to incor-
porate these experiments into their courses. There are many
different goals that can be accomplished with these experi-
ments, and we hope to inspire instructors to think beyond the
obvious goals of learning quantum concepts and optics skills
to consider emphasizing some of the plethora of other goals
that they may also value. Several of the instructors wanted to
learn better ways to frame the experiments both at different
levels and without the support of a theoretical quantum
course, as the experiments are often discussed in that context.
Some instructors also struggled to find a way to quickly
provide the necessary conceptual and technical knowledge to
help students engage with some of the more complicated
experiments. Although we cannot yet provide definitive
recommendations for best practices, we hope this work will
contribute to discussions about the challenges instructors
face and illuminate possible solutions currently being imple-
mented in other courses.

For researchers trying to evaluate the efficacy of these
experiments, it is important that they choose both specific
learning goals to target, as well as a specific context in which
to study those goals. There does not seem to be a single way
the single-photon experiments are used, as one might expect
based on the way many of the instructors who utilize these
experiments learned about them through the ALPhA
Immersion workshops. The experiments are commonly used
both as short, guided labs in quantum and BFY lab courses
and as longer projects in BFY labs. The goals for these uses
and courses often differ. Although the single-photon experi-
ments are often discussed as being used to teach concepts,
instructors use these experiments to additionally teach
technical and professional skills, help students develop
expertlike views about the nature of science and experi-
mentation, and improve student affect. Additionally, it is
important to realize that these are not one-off experiments;
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they depend on students’ prior conceptual knowledge and lab
skills, as well as the other experiments performed and
resources provided in the course. Researchers will have to
carefully decide what student outcomes they want to measure
and understand the students’ backgrounds before designing
the appropriate assessments, keeping in mind that different
instructors focus on different goals when initiating a study
across many course contexts.

This work is just the first step in researching the potential
benefits the single-photon experiments may have for
undergraduate students. We hope that these data can be
used to plan out further studies investigating whether or not
students are achieving the specific learning goals set out by
their instructors and whether the learned concepts and skills
are transferable. More work needs to be done by studying
students to show whether these experiments are worth the
time and money needed to implement them. Follow-up
studies could investigate which student outcomes are
unique to these experiments and if those could be achieved
in less resource-intensive ways, helping to make exper-
imental quantum physics more accessible to a larger
number of students.
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APPENDIX A: SEQUENCE AND TIMING OF
EXPERIMENTS BY COURSE TYPE

The quantum courses often used the single-photon experi-
ments as a sequence of 1-2 day labs, incorporating between
one and five of these experiments in each course. All of the
students in the course would perform the entire sequence of
experiments in the same order. The sequence of experiments
would often include the existence of the photon experiment
and the single-photon interferometer (sometimes with the
quantum eraser) to demonstrate both particlelike and wave-
like aspects of light. Bell’s inequality was also commonly
included, although in some cases, it was conducted only in a
second-semester quantum course after other experiments
were performed in the first-semester quantum course. Other
ways these experiments were incorporated into more lecture-
based quantum courses was by using them as one-off
demonstrations or experimental homework sets.

In BFY lab courses, there were two primary ways the
experiments were used: as sequences of short, guided labs
and as open-ended longer projects. When used as guided
labs, the timing and sequences were often similar to what
was done in the quantum courses. However, in some BFY
lab courses, all of the students would cycle through these
guided labs, whereas in others, the sequence would be one

of many experiment options from which the students could
choose. Students usually had a choice of experiment(s) for
the open-ended projects as well, so not all students in a
course would have the opportunity to work with the single-
photon experiments. The projects ranged from 3—12 weeks
with students working for around 3-8 hours a week (either
one or two lab sessions), with some courses even providing
students around-the-clock lab access.

Some BFY lab courses focused on one of the single-
photon experiments while others incorporated many. When
used as guided labs, the courses often included SPDC,
existence of a photon, single-photon interferometer, and
quantum eraser. Bell’s inequality was added at the end of a
couple courses as well, in one case only if the students
performed the other experiments fast enough. When used
as projects, students often performed SPDC on the way to
Bell’s inequality or some combination of the existence of a
photon and the single-photon interferometer. A couple of
instructors found that the experiments were more success-
ful once they decreased the number of experiments the
students implemented to give them more time for each.
Some of the courses with guided labs additionally had a
project at the end where the students could extend work
they had already done or try out a new idea. Examples
included performing experiments commonly done in other
courses, but not in their course (e.g., performing Bell’s
inequality in courses that did not otherwise include it),
building a different setup for the same experimental goal
(e.g., a Michelson interferometer instead of a Mach
Zehnder interferometer), and attempting to perform an
experiment not commonly done in undergraduate courses
(e.g., ghost imaging [79,80]). Some of the projects con-
sisted of adding on to a part of the experiment built by the
prior year’s students, so the experimental setup was
extended to include more capabilities each year.

The introductory, capstone, and thesis courses used the
single-photon experiments in yet other ways. One of the
introductory courses used only the quantum eraser experi-
ment as a single 3-h lab session, whereas the other one
paired the introductory students with more advanced
students for a 12-weeklong project. For the semester or
yearlong capstone and thesis courses, the students devel-
oped or built a new experiment or found ways to make the
experiments easier to use in other courses.

APPENDIX B: EXPERIMENT GOALS

In this section, we discuss additional details about the
instructors’ learning goals for using the single-photon experi-
ments. We present quotes from the interviews to help
understand the goals discussed on the survey and further
expound upon the other goals emergent in the interviews.

1. Seeing quantum mechanics

Prior to our survey, we had many informal conversations
with instructors where the idea of “seeing quantum
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mechanics” arose. We therefore included it as a possible
learning goal in the survey; however, we did not know what
instructors meant by it when they ranked it as an important
learning goal. During the interviews, instructors expounded
upon their definitions of the phrase and the variety of
potential learning goals to which it relates. These ideas are
briefly described in Ref. [16] and will be further expounded
upon in future work. For completeness, we list the
goals here:
* Believe quantum mechanics describes the physi-
cal world
e Gain familiarity with quantum mechanics
e Improve conceptual understanding
* Think about the philosophy of quantum mechanics
e Generate excitement and motivation
e Learn about topics of technological and societal
importance
e Make quantum more accessible

2. Student excitement and motivation

Student excitement and motivation, the other most
highly ranked goal, also elicited from instructors a variety
of reasons for why it was important. Being excited about
and interested in the single-photon experiments can moti-
vate students in their coursework, helping them to complete
the course assignments and spend the time necessary to
understand the concepts. Student excitement can also
motivate students to pursue physics in the future, whether
their interest lies in quantum physics, classical optics and
the experimental manipulation of light, or physics more
broadly. Additionally, some instructors wanted their stu-
dents to experience the authentic excitement physicists
have when working on new problems. Some instructors
mentioned that although student excitement is not an
explicit goal of theirs, they believe part of their job as
instructors is to help students be interested and excited
about the topics they teach.

Instructors thought that students found many different
aspects of the single-photon experiments to be exciting.
They believed some students were interested in the con-
cepts behind the experiments and their relation to many up-
and-coming quantum technologies. The equipment
required for the experiment could be fun to use (especially
the lasers), be similar to equipment used in cutting-edge
research labs, and allow the students to measure something
that was invisible to them. The act of performing an
experiment could also be exciting for the students whether
because students enjoyed building experiments or because
these experiments in particular were less of a black box
than some other complex undergraduate experiments.
Successfully getting the challenging experiments to work
could also generate excitement for the students, as
described by Instructor 6 when asked about their goal
related to excitement and motivation:

“Some students... get a lot of satisfaction out of seeing
something work. And so when they’re like we spent two
hours working on making these three degree measure-
ments and then it actually worked, that’s like an
excitement about doing physics... So I think the student
participation, the amount that they put into actually
making these experiments happen, leads to more excite-
ment about them, and more frustration.”

Additionally, these experiments provided a new experience
for the students, allowing them to see something they may
have heard about but had never seen before.

3. Technical skills

The skill that came up most frequently in the interviews
was optics, with many instructors wanting their students to
learn how to align and build optical setups and work with the
related equipment. Some of the specific techniques instruc-
tors mentioned included using irises and mirrors to steer
lasers, aligning nonvisible beams, and aligning light into
optical fibers. Some instructors focused on student under-
standing of basic optical elements (i.e., waveplates and
beamsplitters), while others wanted students to have expe-
rience with advanced instrumentation such as avalanche
photodiodes. One instructor mentioned that knowing how to
measure low intensities of light is an industry-relevant skill.
The opportunity to learn optics skills was especially appre-
ciated because optics is a topic not focused on in many
institutions’ physics curricula. How much instructors priori-
tized optical skills depended on the course, with some
variation between quantum and BFY lab courses.

When discussing data analysis, many instructors dis-
cussed learning how to interpret data, especially when
dealing with correlated measurements. When asked what
skills they hoped students would gain from working with
the single-photon experiments, Instructor 7 said that the
primary way they used the experiment was as a “puzzle of
data interpretation.” Some instructors discussed how the
experimental techniques of looking for signals that are
coupled together or finding a small effect in a large
background can be useful in other contexts. Another
instructor instead focused on students learning the differ-
ence between Poisson and Gaussian statistics.

For data acquisition, instructors wanted students to learn
both hardware and software skills. On the hardware side,
many of these experiments use a field-programmable gate
array (FPGA) so learning how to use that and associated
electronics, as well as sending electronic signals back and
forth more generally, was important for some instructors.
Others focused on the way students could learn how to
interface different pieces of equipment with computers.
Another instructor thought it was important for students to
recognize that data are acquired with a computer, which
makes it much more controllable and reliable than the
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methods used in introductory physics labs. Additionally,
students could contemplate how to decide what kind of
computer program to use to acquire (and analyze) data and
could realize that they are able to build their own acquis-
ition software.

Although designing experiments was ranked as at least
somewhat important by the majority of surveyed instruc-
tors, it was only discussed by a few instructors when they
were asked broadly about important experimental skills in
the interviews. Instructor 6 wanted students to learn about
“experimental design in ways [the students] don’t realize
they’re learning it” because the students are learning how to
set up an experiment with all the small decisions such as
where to place mirrors and irises. The amount of exper-
imental design may depend on how the courses implement
these experiments. For example, one instructor said there
was less experimental design with the single-photon experi-
ments than with other experiments in their course because
the students were provided a manual to follow.

There were other general lab skills brought up in the
interviews as well. One instructor discussed how the students
learned to keep themselves safe from the lasers and to keep
the equipment safe from the students (e.g., not turning on the
room lights when the avalanche photodiodes were on). Other
instructors mentioned the goal of learning how to use
standard lab equipment such as oscilloscopes, spectrometers,
and multimeters. Some instructors focused on the trouble-
shooting skills that come from working with an experiment.
Instructors wanted students to be able to understand the entire
process of the experiment, to be comfortable playing around
with the equipment, and to learn how to solve problems they
did not know how to solve initially.

4. Professional skills

One theme that appeared in the interviews was the idea
that the single-photon experiments may help students learn
how to be persistent and keep trying even after failed initial
attempts. Although it was rarely explicitly taught, some
instructors wanted students to learn how to deal with
frustration because it would help them later in life, whether
that was in graduate school or anywhere else. This sense
of frustration may be particularly relevant for the single-
photon experiments because they involve very precise
optical alignment where it can take weeks before a signal
is first detected. There are many aspects of a project that
could lead to frustration, and one instructor discussed ways
they try to balance student frustration across different
projects in their course by providing more guidance
(i.e., a clear set of instructions or manual) for the more
technically demanding experiments (such as the single-
photon experiments) and allowing students to make more
decisions for the less technically demanding ones.

Decision making and independence was another skill
some instructors hoped students would gain while working
with the single-photon experiments. For that aim, some of

the instructors provided students papers or other resources
and expected the students to read them and make their own
decisions from there. The decisions could include choices
about which experimental question to investigate or how to
make the measurement. It was important to some instruc-
tors to encourage their students to take ownership of the
experiment.

Another set of skills that was important for many of the
instructors was the communication and presentation of
results. Different instructors focused on different aspects that
are commonly performed by practicing physicists. Some
instructors hoped to use the single-photon experiments to
teach students how to keep good lab notebooks, write lab
reports or research articles, or read journal articles. Others
wanted to help their students more broadly be able to discuss
technical topics. When asked to elaborate on the stated goal of
communication, Instructor 2 explained how they used
this experiment (and the other experiments offered in their
courses) as an opportunity for students to give short pre-
sentations about their work multiple times throughout the
course:

“I want them to be able to speak on a technical topic
without a lot of fluff... When they start off, usually they
spend their five minutes not saying a whole lot... And so
my hope is, by the end, they will have a better sense as to
how to put together a talk that speaks to a specific
question, says what needs to be said, and doesn’t have a
lot of terms related to how really incredibly awesomely
exciting this experiment is and... all of those things that
students do to fill the time. My goal is that once they go
off to a job interview or once they are in grad school
doing their quals or whatever, they’ll have gleaned a
little bit of comfort speaking on a technical topic.”

Working with complex experiments can provide students
the opportunity to practice a variety of authentic commu-
nication methods.

5. Epistemological views

The last category of goals that were brought up in the
interviews relates to the importance of experimentation and
the connection between theory and experiment. Because
the single-photon experiments are about foundational
concepts in quantum mechanics that can lead to a funda-
mental shift in the way people perceive the world, they
could be uniquely situated to help students grapple with
epistemological ideas. Some instructors mentioned that
they wanted students to understand how theory and experi-
ment work together in physics. One instructor wanted
students to learn that the canonical spin-1/2 system
discussed in all quantum classes is something that you
can actually do experiments with. It is more than just a
mathematical construct; it is a tool to explain what
happens in the world. The idea that these experiments
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help demonstrate that the theory of quantum mechanics
accurately describes the physical world is connected to the
goal of seeing quantum mechanics (Sec. B 1).

Other instructors focused on the idea that questions
about the world are answered through experimentation.
Instructor 3, when asked to explain their additional learning
goal of students appreciating how successful quantum
mechanics is at explaining physical phenomena, said:

“I think they do see the difference between classical and
quantum, and that to ultimately know, you’ve got to go

do something in the lab and test your model and figure
out a way that your experiment can distinguish between
this and that.”

Instructor 5, when also asked about additional learning goals,
compared the single-photon experiments with widely used
experiments in introductory classes where students often try
to force their data to match a known value. They talked about
how students being able to “conceptualize their experiment
as their own experiment” can help them learn to draw their
own conclusions from data.
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