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Quantum mechanics instruction often prioritizes mathematical formalism, limiting students’ conceptual 

understanding. While spins-first approaches aim to address this, more research needs to be done on other 

approaches that can also develop conceptual understandings. This study investigates undergraduate reasoning 

about single quantum optical systems using operator-based and Feynman’s arrow representations. Semi-structured 

interviews with undergraduate physics students reveal strong procedural fluency in formalism but limited 

conceptual grounding, while arrow-based reasoning supports intuition but lacks precision. Students who 

successfully integrate both representations demonstrate a deep understanding. These findings suggest that 

developing representational fluency is critical for meaningful learning in quantum mechanics and should be an 

explicit instructional goal. 

 

Introduction 

Quantum mechanics remains one of the conceptually challenging, and mathematically 

intensive courses for undergraduate physics majors. The overwhelming majority of quantum 

instruction follows a “position-first” paradigm, popularized by Griffiths’ Introduction to 

Quantum Mechanics [1], that introduces quantum through continuous wavefunctions and the 

Schrödinger equation. While mathematically rigorous, this approach can obscure the 

underlying physical meaning and contribute to persistent student difficulties in interpreting 

quantum phenomena [2-3]. While recent physics education research (PER) has begun to 

challenge the traditional sequence through a “spins-first” paradigm, that introduces quantum 

first through discrete spin ½ systems before transitioning to continuous systems, adoption of 

these approaches remains limited [3-4].  

We note importantly that quantum mechanics is not only mathematically abstract but also 

representationally rich. Students must coordinate with multiple representations no matter the 

paradigm, from Dirac notation to operator or wavefunction formalism to more intuitive visual 

or semi-classical approaches. Feynman introduced a reduced path-integral approach that 

instead emphasizes intuitive “arrow” representations of probability amplitudes, offering an 

alternative conceptual pathway to understanding interference and superposition that has yet to 

be fully studied in PER [5]. This work addresses these gaps by examining how students' reason 

about two single quantum experiments, the beam splitter and the Mach–Zehnder 

interferometer, having students use both formal (Dirac notation and quantum optics) and 

conceptual (Feynman arrow) representations to solve for the probability of photon detection. 

 

Methods 

Data were collected through semi-structured interviews with undergraduate physics students 

at Georgetown University who completed a quantum mechanics course taught using a 

conceptually motivated spins-first (and optics first) approach. Participants from two different 

academic years (Fall 2024 and 2025) were interviewed and engaged with quantum optics 

experiments involving beam splitters and Mach–Zehnder interferometers. These systems were 

selected because they lend themselves to formal and conceptual representations highlighting 

core quantum ideas such as quantum measurement, superposition, and interference. Drawing 

on both a multiple-representations framework and a resource framework, the central research 

questions include: (1) How do students reason about quantum optical systems using Dirac 

notation and quantum optics compared to Feynman’s arrow-based representation, (2) What 

conceptual and procedural resources are activated in each representation, and (3) To what 



extent do different representations support or hinder conceptual understanding of quantum 

phenomena such as interference and measurement?  

 

Preliminary Results 

Preliminary findings reveal a nuanced relationship between representation and student 

understanding. First, students showed greater procedural fluency in Dirac notation and 

quantum optics when supported by structured prompts, but struggled significantly when asked 

to generate solutions independently. Students would eventually be able to reason through 

mathematically rooted steps, but would often struggle to illustrate coherent conceptual 

understanding behind conceptually-rooted procedural steps. When explaining provided step-

by-step solutions, students were more confident discussing mathematical steps than physical 

meaning. For example, students could describe algebraic manipulations (e.g., distributing 

operators or applying commutation relations) but struggled to articulate the physical 

interpretation of quantum states and measurement outcomes. 

In contrast, the Feynman arrow representation appeared to better support conceptual 

reasoning. In the Mach–Zehnder interferometer task, students were more readily able to explain 

why equal path lengths in the interferometer arms lead to constructive interference at one 

detector and destructive interference at the other. The visual nature of amplitude addition 

(arrows adding or cancelling) provided an intuitive mechanism for reasoning about probability. 

Even when students showed a preference to the mathematically-rooted representation through 

Dirac notation, students generally illustrated better conceptual understanding of the 

experiments through the Feynman arrow representation and analysis.  

These findings highlight a central tension in quantum mechanics education: formal 

mathematical approaches provide rigor but can obscure meaning, while conceptual 

representations enhance intuition but may lack precision. Effective instruction may require 

explicitly supporting students through multiple quantum representations, rather than selecting 

one over the other. Due to the small sample size provided by this study, more PER research in 

this vein needs to be done in order to effectively determine how students reason through 

different quantum representations.  

 

References  

[1] Griffiths DJ, Schroeter DF. Introduction to Quantum Mechanics. Cambridge University 

Press; 2018. 

[2] Buzzell A, Atherton TJ, Barthelemy R. Quantum mechanics curriculum in the US. Phys 

Rev Phys Educ Res. 2025;21(1):010102. 

[3] Kruse, J., Griston, M., & Wilcox, B. R. Characterization of upper-level undergraduate 

quantum mechanics courses in the US. Rev Phys Educ Res., 21(2), 020162. 

[4] Passante G. Energy measurement resources in spins-first and position-first quantum 

mechanics. PERC Proc. 2016. 

[5] Feynman RP. QED: The Strange Theory of Light and Matter. Princeton University Press; 

2014.  



Keywords  

Quantum Education; Quantum Mechanics, Physics Representations, Operator 

Mechanics, Quantum Optics, Experiments, Resource Theory, Multiple Representations 

 

Current Stage of Work 

Data collection has been completed through semi-structured interviews with two sets 

of undergraduate physics students who completed a quantum mechanics course at 

Georgetown University (Fall 2024 and 2025). Preliminary qualitative analysis has been 

conducted, including initial coding of student responses across representations (Dirac 

notation and quantum optics versus Feynman arrows) and identification of emerging themes 

such as procedural fluency, conceptual reasoning, and representational translation. Case 

studies of particular students to better illustrate comparisons are also in preliminary stages 

of completion. The next steps include refining the coding scheme, conducting deeper cross-

case analyses, and strengthening theoretical framing around representational competence 

across both representational methods. While the current frameworks used in analyzing the 

data will be through the multiple-representation framework and the resource theory 

framework, we are open to analyzing the data with other epistemological or structural lenses 

to better describe student understanding. 

 

Questions for Discussion  

Dilemma 1: How can the coding scheme better distinguish between productive 

procedural fluency and genuine conceptual understanding across the two representations?  

Dilemma 2: What aspects of student reasoning are most important to highlight for 

impact in PER? 

Dilemma 3: How should we prioritize and frame case studies to make meaningful 

contributions without overgeneralizing from a small sample? 
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