Influence of an upper-division quantum capstone course on students’ post-graduation careers
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As new quantum technologies are being developed in a rapidly evolving quantum industry, the need for
employees with bachelor’s degrees continues to increase. At the University of Colorado Boulder, an upper-
division physics capstone course called Quantum Forge (Q-Forge) was developed to help meet this need by
preparing students to work in the quantum industry through participating in an authentic industry project with
a partner company. This capstone course began in the 2022-2023 academic year, and we investigated the
experiences of the first cohort of students throughout their time in the course. One to one and a half years after
graduation, we follow up with these students to explore how the course has influenced their career trajectories
and shaped their engagement with current and future work. We find that, while finding a job of interest was
challenging for the students, they continue to perceive Q-Forge as a positive influence on their career prospects
and current jobs.
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I. INTRODUCTION AND BACKGROUND

The potential of emerging quantum technologies has gen-
erated significant interest across the United States and inter-
nationally [1, 2]. Quantum companies are currently explor-
ing a wide range of potential applications that not only focus
on quantum computing, but also quantum sensing, quantum
communication and networking, and products to enable other
quantum technologies [3].

As the quantum industry continues to grow, there is an in-
creasing need for a qualified workforce to support its develop-
ment and long-term sustainability, which creates new career
opportunities. These opportunities include roles accessible to
individuals with bachelor’s degrees. The anticipated demand
for bachelor’s level employees has extended beyond physics
to include a range of related disciplines. Many individuals
with degrees in physics may ultimately become “engineers”
within the quantum industry, highlighting the need to prepare
students with not only the skills of a physicist, but skills that
can be applied to a range of job types [3, 4]. Educators have
thus begun developing courses, minors, and entire degree pro-
grams to help educate the new quantum workforce [5-9].

In order to have in a career in the quantum industry, stu-
dents must have relevant skills and knowledge, including
knowledge of quantum mechanics, laboratory skills, and pro-
fessional skills, such as the ability to work on a team and
manage projects [3, 10]. Teaching these skills is a important
responsibility for university educators, and there are many
different methods of helping students to acquire this critical
knowledge [5, 6].

There also exist a number of challenges to providing this
education at the undergraduate level. These include the need
for instructors with the necessary knowledge and skills to
teach these courses and infrastructure at the university to sup-
port them. The interdisciplinary nature of the quantum indus-
try and, therefore, quantum education, is also a challenge that
must be addressed by institutions of higher education [5, 11].

At the University of Colorado Boulder (CU), one way
of addressing the need to educate students for the quantum
workforce was the development of an upper-division quantum
capstone course for physics and engineering physics students.
This two-semester course, offered annually, was modeled af-
ter the concept of a senior design capstone course in engineer-
ing disciplines, and is called Quantum Forge (Q-Forge) [12—
14]. In order to study the impacts of this course on the stu-
dents, we conducted extensive research to understand the per-
spectives of the first cohort of students throughout their year
in Q-Forge [15-17]. Most recently, we conducted interviews
with these same students from the first cohort of Q-Forge ap-
proximately a year after their graduation to understand their
perceptions of the course’s impact on their careers.

Our research question for this work is: how has Q-Forge
affected students’ careers a year after taking the course?

While the students engaged in Q-Forge were meant to be
those who were interested primarily in a career in quantum
industry after graduation, the goals of our participants were
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varied and will be discussed in Sec. IV. Nevertheless, we aim
to investigate the effects of Q-Forge on students’ paths toward
their desired career, whether it is in quantum industry or not.

II. COURSE CONTEXT

CU is the lead institution of an NSF Quantum Leap Chal-
lenge Institute called Quantum Systems through Entangled
Science and Engineering (Q-SEnSE). One of the explicit
goals of Q-SEnSE is to “[emphasize] education, training, and
workforce development as part of its overall mission to ad-
vance quantum information science and technology in the
U.S.” Q-Forge is one aspect of achieving this goal, aiming to
provide benefits to both students and industry partners [18—
20].

Q-Forge seeks to provide students with a hands-on learn-
ing experience similar to what they might experience in ei-
ther an industry internship or an entry-level job in the quan-
tum industry. Accordingly, it promises that students will gain
technical and professional skills, as well as knowledge useful
for a future career in the quantum industry, and that students
will experience industry culture by working with an industry
sponsor. Q-Forge also aims to provide students opportunities
for professional development that will prepare them to enter
a career in the quantum industry [20]. Students must submit
an application to enroll in Q-Forge, and priority is given to
students who do not plan to attend graduate school.

Students in Q-Forge meet formally two times each week
for check-ins with their entire class and the course instruc-
tor/TA. Students also have scheduled lab time for several
hours once a week where they can work on their project to-
gether, although groups often choose to meet more often than
this to accomplish their project goals. Toward the beginning
of the year of Q-Forge, students engage in modules geared to
helping them learn project management skills and technical
skills that could be useful to their project. As the year contin-
ues, these formal modules are phased out and students spend
most of their time in the course working on their projects.
Throughout the first semester of the course, students engage
in visits from, and tours of, local quantum companies to help
familiarize them with the local quantum landscape. For more
information about the Q-Forge course, see Ref. [17].

In the 2022 — 2023 academic year, which is the focus of this
work, all students worked on a single project with one part-
ner company. Students worked on a project that involved op-
timizing heat exchangers for one of their partner company’s
dilution refrigerators.

1. METHODS

The participants in this study include four out of the five
students who participated in the entire year of Q-Forge in
the 2022-2023 academic year. These students all identify as
white, and three of the four identify as men with one identi-
fying as a woman. One student also identified themselves to
us as autistic.



In order to ascertain how Q-Forge affected these students’
experiences after the course was over, we invited all five
students to participate in a longitudinal interview with re-
searchers one year after their completion of the course. In-
terviews took place between September 2024 and February
2025. Interview questions focused on the students’ jobs
and/or careers after graduation, how the Q-Forge course in-
fluenced their work after graduation, which skills students
learned through Q-Forge that have transferred to their work
after graduation, and how they perceive the culture of their
current place of employment with respect to that of academia.
In this work, we focus only on the first two of these cate-
gories of interview questions. Student responses to the other
categories will be shared in future publications.

Analysis for this work was conducted by reviewing the
transcripts from these interviews and identifying relevant sec-
tions where students’ answers addressed our research ques-
tions through an open coding process. A narrative analysis
was then performed which allowed us to consolidate each stu-
dent’s answers into a cohesive story [21]. This allows us to
share the unique perspective of each student, since there are
many differences in student thoughts based on unique life cir-
cumstances. Each student was then given a descriptor based
on their current career so that the students’ jobs are easily
identified throughout.

A. Limitations

While obtaining participation from four out of our five
original participants allows us to share a great deal of in-
formation about the course’s impacts on these students af-
ter graduation, we recognize that not conducting an interview
with our fifth original participant limits our ability to make
claims about about the cohort as a whole.

Furthermore, Q-Forge is a unique course that takes place
at only one well-resourced institution situated geographically
within an area with access to a number of quantum compa-
nies. Certainly, a course like Q-Forge may impact students
differently within the context of a different institution or dif-
ferent geographical situation, and the work presented here can
only speak to what the impacts of such a course might be on
future students.

Finally, we present here only a subset of the analysis that
will be conducted on these data and our conclusions within
this work do not describe completely the thoughts and opin-
ions that were shared with us in these longitudinal interviews.
Future work will detail additional conclusions that can be
made from these data.

IV. RESULTS AND DISCUSSION

In this section, we present a student-by-student analysis of
these course impacts. Section V will contain a synthesis of
these impacts and how we might expect Q-Forge to influence
students going forward.
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A. The Researcher: Reese

Reese is a white man who had, at the end of Q-Forge,
planned to apply to jobs in a variety of physics-related in-
dustries including quantum and aerospace. Reese was deeply
concerned with working for a company with coworkers that
he enjoyed working with and in a role that involved hands-on
work.

After completing his year in Q-Forge and graduation with
a bachelor’s degree, Reese continued to work in the research
group that he had participated in as an undergraduate. When
asked if this aligned with the goals he had for after graduation,
Reese stated, “I like just kind of making new stuff that’s never
been done, or it’s better than everything else, and stuff. Like,
leading edge technology.”

Because Reese felt that he had gained independence and
responsibility within this research group, his continued work
in his undergraduate lab allowed him to feel that he had met
his goals for after graduation despite not having found a per-
manent role in a quantum or aerospace company.

Nevertheless, Reese’s position in his undergraduate lab
was time-limited and he was no longer able to maintain his
role there after August of 2024. Since that time, he has been
looking for a job in physics industry using LinkedIn, Hand-
shake, Indeed, and Google.

Reese identified networking as a primary challenge of his
in his job search. Reese emphasized,

I’ve been trying to network, but it’s hard... it’s
like, just, something that’s not natural to me.
So it’s something, like, I struggle to, like, know
what to say.

Reese emphasized that he felt being able to network more
effectively would have made it easier for him to get a job in
his desired field.

He also felt that he faced challenges as an individual with
an engineering physics degree rather than a strictly engineer-
ing degree. Reese stated,

It’s hard to, like, convince these guys that,
you know, I’'m better than these mechanical en-
gineers with, like, fluid dynamics or differential
equations, because I can derive them not just fol-
low the rules.

Reese noticed that while he felt that he had the ability to
learn the skills he needed on the job, it was hard to convince
interviewers that he would be a better fit for an engineering
job than a candidate with more specific engineering experi-
ence. Understanding more about the role of the physics bach-
elor’s degree in the workforce (i.e., outside of preparation for
graduate school) is a key area for future research [22, 23].

When asked about the role of Q-Forge in his future career,
Reese stated that Q-Forge helped him develop his problem-
solving skills and be able to approach new types of tasks that
he had not seen before. For instance, Reese said,

Putting me in a whole different kind of en-
vironment. Like just being uncomfortable with
something that [I] don’t really know a lot about.



Like, we had to do all this background reading
about thermodynamics... So that made me, kind
of, more confident rising to the occasion to solve
the problems that I want- or need to solve.

Due to the open-ended nature of Q-Forge, Reese was able
to explore solving hands-on problems that were different
from the types of problems he might have seen in his more
traditional coursework. Through this process, he was able to
see that he is capable of coming up with solutions to open-
ended problems, which led to additional confidence in a fu-
ture job where these types of tasks might be commonplace.

Despite the value of this experience with real-world prob-
lem solving, Reese continued to have trouble finding a job
that would be a good fit for him after his graduation from
CU. This shows that simply providing students with experi-
ence on an authentic project is not necessarily enough to pre-
pare them for a job search, although it may well prepare them
adequately for the type of work they will be doing once they
do get a job.

B. The Graduate Student: Jasper

Jasper had always planned to further his career as a physi-
cist by going to graduate school, and during his longitudinal
interview was working as a Teaching Assistant (TA) and Re-
search Assistant (RA) in his graduate program. Jasper also
identified to us as a white man.

Jasper’s work in his graduate program aligned well with
his articulated goals throughout Q-Forge. When asked about
how he was feeling about his current job as an RA, Jasper
replied,

It’s in a very similar field to what I worked on
in undergrad, and sort of what I’m interested in
working on broadly. And the group here is really
great. Like, everyone’s really nice. And the PIs
are great. They both know so much stuff.

Jasper also articulated that he was enjoying being a TA for
undergraduate students. As many teachers do, he enjoyed
seeing students learn something for the first time.

I just really enjoy helping students get to
that point where they learn something new, and
they’re like, whoa, I understand things in a new
way.

While Jasper noted that graduate school was challenging
for him, he also made it clear that he was enjoying teaching,
his research group, and his program as a whole. In fact, Jasper
confirmed that he had picked the university that he went to
based on his research group, stating,

When I was kind of first looking around and
visiting the grad schools [the PI] and everyone
else in the group made a really nice impression.
And I was like, wow, this really would be great to
work with them. And I’m so glad to have chosen
to come here and then gotten through the, like,
parts of the process to be able to work with them.
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Jasper had gone through his application process to gradu-
ate school earlier in the year than his peers began their job
searches due to the application timeline for graduate pro-
grams. While he didn’t experience challenges with his job
search in the ways that some of his peers did, his next steps af-
ter graduation with a bachelor’s degree were also much more
traditional, leaving less room for unexpected challenges.

Of all of the experiences Jasper had in Q-Forge, he singled
out the opportunity to work on a team as the most influential
and helpful for him in his current role. He stated,

Definitely the group work, I think, has been
the most helpful for me. And I’m sure that other
people have something to say about the science,
too, because if you’re in a more, like, quantum-
y industry, then they’ll be like, oh, it was great
to be on the ground floor, like, knowing a lot
of these things from the beginning. But for me,
as someone who’s in not that specific subfield, I
think just the group work. And getting to know
what a healthy group dynamic looks like has
been really helpful to me.

Working as part of an authentic team was an important part
of the Q-Forge experience for Jasper, and he highlighted this
as valuable even above the science he learned. This is also one
way in which Q-Forge differs from a traditional laboratory
course.

C. The Quantum Engineer: Nina

Throughout her time in Q-Forge, Nina had been curious
about a career in the quantum industry, but unsure if she
wanted to pursue such a career in her future [17]. Nina iden-
tified herself to us as a white woman.

After graduating, Nina got a job with the industry partner
that her team had worked with throughout Q-Forge. When
asked if this aligned with her goals for her career, Nina stated,

I was a little bit torn between industry and sort
of a more research role versus teaching. I wasn’t
sure between the two, and I think I’'m happy
where I ended up.

Nina’s uncertainty about her future career continued into
her job search after she completed Q-Forge, but after getting
a job at the sponsor company, Nina felt that this did align with
her desires for a job after graduation.

Her job search, however, was not necessarily a straightfor-
ward process. Nina said,

I applied to so many different places. I had a
few interviews, not as many as places that I ap-
plied to. Mostly [for] engineering type jobs. I
think the only other job offer I got was for [other
job offer]. I sort of decided to just kind of wait
things out until something came along. I was
working at the restaurant, so I felt comfortable
not going straight into industry or something re-
lated to my degree for the time being. And then



I was emailing back and forth with the people at
[company], and a few of us would still come in
after graduation, because we were trying to wrap
up our project that we didn’t finish. And then
they offered me an internship.

Nina’s traditional job search was largely unsuccessful, as
she mentioned getting only a few interviews and only one of-
fer that she ultimately decided not to take. Similarly to Reese,
Nina struggled with getting a job using her degree when she
first began to look. Nina’s success in her job search came
from her connections with her industry sponsor throughout
Q-Forge, as they eventually offered her a job.

Also similarly to Reese, Nina mentioned feeling that Q-
Forge prepared her for her current career by allowing her to
learn how to work on an open-ended problem with no known
solution. Nina said,

It was helpful during Quantum Forge that we
weren’t working on a project that there was an
easy solution to in a textbook. And I think that
helped, sort of, wrap our heads around that it’s a
new and growing industry where you get to come
up with new solutions.

Nina felt that the open-endedness of this project helped her
better understand the industry that she would ultimately be
working in by teaching her that it is an industry where new
solutions are important and valued. Q-Forge is potentially the
only place in the CU physics curriculum where these students
would have been exposed to such a real-world problem, and
students clearly saw value in this.

D. The Al Contractor: Owen

Owen began his time in Q-Forge excited to eventually have
a job in the quantum industry, but his interest waned over
time as he became more interested in working on some of
his own ideas and ultimately developing his own company.
Owen identified himself to us as a white man.

After taking Q-Forge, Owen found a job as an indepen-
dent contractor working to validate Al chatbot responses to
physics and math questions. When asked if this job aligned
with his goals for after graduation, Owen indicated that the
job was not what he had been wanting to do after graduation,
but that he did it to make the money he needed.

The job search, for Owen, was “maybe one of the hardest
things I've ever had to do.” Owen also specified that “I’ve had
extremely limited success when it comes to applications.”

Graduating with a bachelor’s degree in engineering physics
with specialized knowledge in quantum engineering did not
necessarily set Owen up for success in his job search, simi-
larly to Reese and Nina. As mentioned earlier, it is important
for courses like Q-Forge to ascertain how to better support
students in their ultimate career search if these courses aim to
help more students get involved in quantum industry.

When asked about what he learned in Q-Forge that has ben-
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efited him, Owen discussed some specific technical skills. He
said,
I did a bunch of data analysis and program-

ming for this project. That was the thing that

I was mostly interested in, because, frankly, I

wanted my future to be in data science and an-

alytics, and so that- that stuff that I worked on is

has definitely been very relevant to the direction

that I want my career to go.

While what he learned in Q-Forge was not necessarily rel-
evant to the job he currently has, Owen still felt that some
of the technical skills he learned in Q-Forge would help him
once he is in a role that is better aligned with his goals.

V. CONCLUSIONS

For the students who completed longitudinal interviews,
lasting impacts of the course were varied. Two students
mentioned the importance of learning how to work on an
open-ended, authentic project. One student focused on hav-
ing learned a specific technical skill, while the other inter-
view participant valued the teamwork skills gained through-
out Q-Forge. This demonstrates the importance of a variety
of different potential impacts from a course like Q-Forge, as
students may value certain skills, knowledge, or experiences
over others. Furthermore, a practical course like Q-Forge may
be the only opportunity undergraduate students have to gain
some of these experiences, as many are not offered in other
places in the curriculum.

Despite the wide range of benefits students discussed hav-
ing gained from Q-Forge, finding a job in their chosen field
was difficult for three out of our four interview participants,
with the fourth having chosen a more traditional path into
academia rather than going into industry. This is an impor-
tant insight for a course like Q-Forge that aims to help stu-
dents prepare for a career in quantum industry. These re-
sults demonstrate the importance of increased career prepa-
ration for students involved in courses like Q-Forge as, in its
current form, students are identifying that Q-Forge benefited
them greatly in gaining skills applicable to a job in quantum
industry, but that they are still struggling to get these jobs.
Further helping connect students with jobs in the quantum in-
dustry through resume and interview preparation, as well as
job search training can then allow the benefits of this course
to fully manifest both by helping students get the jobs that
they need and by helping to meet the workforce needs of the
quantum industry as a whole.
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