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Introducing  elementary  particles  to  science  and  engineering  students  (non-physics  majors),
poses both a challenge and an opportunity. The challenge is the limited time available for the
topic, which is usually taught as part of an elective modern physics course. The opportunity lies
in being able to share the beauty of our subject with people who are motivated to learn and tend
to focus more on conceptual insights. I will describe my approach, in which I take students of an
introductory course on quantum mechanics on a journey from the classical harmonic oscillators
and standing waves to particles as excitations/waves of quantum fields. 

The European Physical Society Conference on High Energy Physics (EPS-HEP2025)
7-11 July 2025
Marseille, France

*Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0)
All rights for text and data mining, AI training, and similar technologies for commercial purposes, are reserved.
ISSN 1824-8039 . Published by SISSA Medialab. https://pos.sissa.it/

http://pos.sissa.it/
http://pos.sissa.it/
http://pos.sissa.it/


P
o
S
(
E
P
S
-
H
E
P
2
0
2
5
)
6
2
4

Elementary particles for Engineers Ivan Melo

1. Introduction

Particles  are  typically  both  quantum  and  relativistic  objects,  and  thus  the  proper
framework for  their  description is  quantum field theory.  Still,  there  is  a  good reason for  a
chapter on elementary particles in an Introduction to quantum mechanics (IQM) or a course on
modern physics. The quantum field theory course is usually taken by particle physics students,
while IQM is the only quantum physics course for students from many other disciplines. The
material discussed here is intended primarily for second- or third-year bachelor’s students in
engineering and the natural  sciences.  The challenge is  to  teach this  complex subject  in  the
limited time available in the course, however, we would miss a good opportunity if we did not
try to share the beauty of our subject with motivated students who focus more on conceptual
insights and less on technical details.

My 3-hour-per-week introductory quantum mechanics course, mandatory for bachelor’s
students in electro-optics,  covers  the  particle  properties  of  light  and the wave properties  of
particles,  the  Schrödinger  equation,  the  particle  in  a  box,  classical  and  quantum  harmonic
oscillators, the hydrogen atom, and spin. At this stage of the course, I raise the question “What
is a particle?” and discuss, in order of increasing conceptual depth, several possible definitions:
a) a pointlike object characterized by mass, spin, and charges; b) a particle as what we see in a
detector; c) a wave function; and d) excitations or waves of quantum fields. In this contribution,
I concentrate on the last definition, using the photon as an illustrative example.

2. Particle as an excitation of a quantum field

A straightforward way to approach this challenging topic is through the quantization of a
standing  electromagnetic  wave.  Students  already  have  both  theoretical  and  experimental
experience  with  classical  mechanical  and  electromagnetic  standing  waves  from  their
introductory physics courses. Moreover, standing waves are technically simpler to quantize than
propagating  waves.  To  further  simplify  the  analysis,  we  consider  a  one-dimensional
electromagnetic field confined within a box.

Let us then consider an optical cavity of length L with two perfectly conducting mirrors of
area S at the opposite ends (Fig. 1). 

 Fig. 1. A fundamental mode of the classical SW.            Fig. 2. |ψ1(x)|)|2 for m = 1 state of HO.
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The field inside the cavity takes the form of a standing electromagnetic wave with the electric
field (shown in red, magnetic field in blue) along the x)|-axis given by 
                           

                                     Ex=2E0cosω t sin(
2π
λn
z )                                                          (1)

where 2E0 is the amplitude in the centre of the cavity. The wavelength λn = 2L/n , where n = 1,
2, 3, ...  labels modes of the standing wave. We limit our treatment to the simplest, n = 1 mode,
known as the fundamental mode (FM) (Fig.1). 

We use  the  landmark  result  of  Dirac  (easy to  derive  in  the  lecture)  about  the  formal
equivalence between the Hamiltonian of the classical electromagnetic field and a set of classical
harmonic  oscillators  (HO)  [1,2,3].  The  consequence  of  this  equivalence  is  that  the  energy
spectrum  and  eigenfunctions  of  the  FM  mode  of  the  quantum  electromagnetic  SW  are
(formally) the same as for a single quantum HO, with which the students are already familiar:

                                      Ĥ ψm=Emψm ,                                                                                 (2)

                                      Em=ℏω(m+1/2) ,m=0,1,2, 3, .…                                              (3)

                                                                                                                                    
where Ĥ is Hamiltonian, Em quantized energy (not to be confused with electric field intensities
Ex)| and 2 E0), positive integer m labels quantum states, and ψm eigenfunctions of Ĥ. 

There is an important difference between SW and HO in the meaning of |ψm|2. We will first
address the HO case. Here, |ψm|2  represents the probability density for finding the oscillator at
various displacements  x)| from equilibrium position x)| = 0. This is shown in Fig. 2 for the first
excited state (m = 1) of the HO. The vertical lines indicate positions of the amplitudes Am, which
are related to the total energy E of the classical HO via  

                                        E=
1
2
M ω

2 A2      (where M is the mass of the HO)                      (4)

If any value of E is allowed (as is true for the classical HO), A also can take on any value. After

the energy becomes quantized, so does the amplitude,  Am=√2 Em /(Mω
2
) . We might say

that Am are equal to classical amplitudes evaluated at the quantized energies Em. In the quantum
context Am no longer represent the maximum displacement. Since the quantum HO can be found
even at |x)|| > Am (Fig. 2), we prefer term effective amplitudes (meaning that while not all, most
displacements  are  smaller  than  Am). Note  that  |ψ1|2  has  its  maximum  at  x)|  =  A0 while  the
amplitude is x)| = A1. 

Let us turn now to the SW case. The equivalence between HO and SW yields for the
quantum SW effective amplitudes [2]

 

                   Am=2E0msin (
2π
λ1
z)=2√

Em
ϵ0S L

sin(
2π
λ1
z ),                                          (5)
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where 2E0m are quantized amplitudes of the electric field in the centre of the cavity, equal to the
classical amplitudes 2E0 evaluated at the quantized energies Em. Unlike for the HO case, Am has
the dimension of the electric field, and it is the effective amplitude of the  whole fundamental
mode of the SW, i.e., at all points 0 < z < L between the mirrors; hence, Am is a function of z. 

In Fig. 3 we see effective amplitudes for the first four quantum states of the fundamental
mode. The state with m = 0 describes vacuum, m = 1 state is a single photon, m = 2 is a two-
photon state etc. The red line thus represents visualization of a single photon as a standing wave
with the smallest effective amplitude (in fact, the vacuum has even smaller amplitude, but that is
a trivial case). 

To obtain a full picture of a photon, we note that similar to HO, a vibrating photon wave
can be found with electric fields of all sizes, including |Ex)|| > A1, with probabilities defined by
|ψ1|2. This is shown in Fig. 4.  The fundamental mode of the photon is always found with the
same  sine  function shape, but with different sizes of the electric field depicted in grey scale.
Shades of grey indicate the probability density |ψ1|2 for the electric field to take on a particular
value Ex. White colour represents the least probable value of Ex)| (|ψ1|2 = 0 at Ex)| = 0 and Ex)| = ∞),
the black colour the most probable one (|ψ1|2 is maximal at Ex)| = A0 = 2 E00 sin(2π z/λ1) ).

Fig. 3. Ex)|= Am for m = 0,...3 states of the FM.     Fig. 4. Photon as a vibrating standing wave.

The  procedure,  illustrated  here  for  photons,  holds  also  for  other  particle  species.  All
particles are quantum waves of the smallest effective amplitude.  

2.1 Particle decay – an intuitive picture

A classical  wave  continuously  loses  energy  through  dissipation,  and  its  amplitude  A
decreases smoothly toward zero (Fig. 5). In contrast, a particle described as a quantum standing
wave with the smallest possible effective amplitude has no lower-energy (and lower effective
amplitude)  state  except  the  vacuum.  This  implies  that  a  particle  cannot  lose  energy  (and
amplitude) gradually; instead, it must undergo an abrupt transition — a jump to the vacuum
state (Fig. 6).  During this transition, the particle’s energy is converted into other particles, a
process known as the decay of the original (parent) particle into several daughter particles.
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Fig. 5. A gradual ‘decay’ of a classical string.               Fig. 6.  A sudden decay of a particle.
 

3. Conclusions

We have discussed an outline for a chapter on elementary particles within an IQM course
for engineering students.  It  is a new, non-traditional approach to presenting modern particle
physics to this target audience at the level of key ideas and concepts, which naturally integrates
into the main framework of the traditional course, particularly as a demonstration of the wave
properties of particles. The only technical requirement to understand free particles as excitations
of quantum fields is the familiar quantum harmonic oscillator.

While  this  particle-physics-enhanced  quantum  course  has  been  taken  by  only  eight
students so far—too small a number to draw statistically significant conclusions—I see some
encouraging signs. These physics-minded future engineers showed strong interest in the topic,
initiated and participated in an excursion to CERN guided by a Slovak electrical engineer who
is  a  CERN  staff  member;  three  students  served  as  assistants  during  the  Particle  Physics
Masterclasses, and one defended a bachelor’s thesis entitled ‘What Is a Photon?’. 
         The article might serve as inspiration for colleagues who are looking for new ways to talk 
about particles to people from related fields.

Acknowledgment

 I acknowledge the financial support of the Ministry of Education of the Slovak Republic
via project FEPO. I thank my student Nikolas Tuchyňa for his help with Fig. 4.

References

[1] P. A. M. Dirac, The Quantum Theory of the Emission and Absorption of Radiation, Proc. Roy. Soc. 
A114, 243–265 (1927).

[2] Melo I, Quantum Mechanics for Electro-Optics and Photonics (Žilina: University of Žilina EDIS)  
(2024).

[3] Miller D A B, Quantum Mechanics for Scientists and Engineers 2 (StanfordOnline: Course 
EEX0001B) (2024).

5

0 L

S S

z

x

A

z

S

0

S

L

m = 0

m = 1

x, Ex

A jumps


	1. Introduction
	2. Particle as an excitation of a quantum field
	3. Conclusions
	Acknowledgment


