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Abstract

We present an approach to teaching inelastic collisions in the introductory physics laboratory based
on the use of a target with internal structure. This allows freshman Science, Technology, Engineering
and Mathematics students to explore analogies between collisions of gliding blocks on an air track
and atomic and molecular collisions. A target simulating a diatomic molecule is assembled by
connecting two gliding blocks by a light spring. The positions of the components of the collision
system are determined as a function of time by video analysis. In this way, the student can go beyond
the usual association between inelastic collision and dissipative force. The student performs on the
air track the equivalent of a collisional vibrational excitation, in which part of the projectile’s initial
kinetic energy is stored as internal energy of the target in the final configuration. We also discuss the
consequences of introducing a new time scale related to the existence of internal structure in the
target and, in this context, the so-called impulse approximation in many-body collisions. Finally, we
explore the nature of the projectile—target interaction, mediated by rubber bands, and highlight the
anharmonic character of the interaction.

1. Introduction

Collision experiments are widely used to introduce the study of systems of particles to Science, Technology,
Engineering and Mathematics (STEM) freshman college students. The usual strategy, both in theory classes and
in laboratory classes, is to show that the total linear momentum of a system is conserved if the resultant of the
external forces is negligible, regardless of whether the energy of the system is conserved or not. This strategy
works well in showing that the conservation of linear momentum and the conservation of energy are
independent phenomena. However, in the introductory physics laboratory, the usual experimental setups lead
the student to make a false univocal association between inelastic collisions and dissipative forces. In an
example of a commercial apparatus for an inelastic collision [1], two blocks glide over an air track, stick together
upon impact, and move jointly afterward collision. The sticking mechanism varies but always involves work
done by a dissipative force. The physical origin of the energy dissipation can be, for example, the deformation of
modelling clay [1] or induced currents arising from a disk magnet moving within a copper tube [2].

This subliminal association inelastic-collision-dissipative-force is useful to highlight to the student that the
conservation of total linear momentum does not depend on the simultaneous conservation of the system’s total
energy. However, such association can create an extra hurdle for the student to take the next step in the study of
inelastic collisions and include, for example, collisional excitations of atoms and molecules.

A few semesters after his first Kinematics and Dynamics course at university, the physics student in part-
icular will return to the study of collisions in greater depth, studying (1) different projectile—target interaction
potentials and (2) the excitation of target and/or projectile. In a typical introductory Quantum Mechanics
course, a collision between an electron projectile and an atomic Hydrogen target that is excited toa 2s or to a 2p
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state is presented as a prototype of an inelastic collision (e.g. [3]). But here only Coulombian interactions, and
therefore only conservative forces, are in play. The student then needs to deconstruct the false univocal associa-
tion inelastic-collision-dissipative-force that he had previously assimilated in order to study collisional systems
involving a scatterer with internal degrees of freedom. How could we understand the collisional origin of the
Aurora Borealis without assuming a target with an internal structure? In this phenomenon, high-energy solar
particles excite the diatomic N, and O, molecules in Earth’s atmosphere, generating the stunning images char-
acteristic of the Aurora Borealis [4]. This is an example of a physical system in which conservative forces are
responsible both for building structured targets (the molecules) and for its excitation through inelastic
collisions.

The main purpose of the present work is to offer to STEM students a variation of a classical collision experi-
ment at introductory physics lab that goes beyond the usual association between inelastic collisions and dis-
sipative forces. The starting point is the experiment of rigid blocks colliding with negligible friction on an air
track [1]. We then replace the rigid-body target by a target with internal structure, capable of being excited and
with subunits bound by a conservative force. This is done by connecting gliding blocks using a light spring and
analysing the target as a physical entity with internal characteristics modified by the collision. The use of colli-
sions involving spring-connected blocks has been proposed in several though experiments discussed in the
literature [5—7]. In the present work, we implement this idea in the laboratory and explore the connection with
atomic collisions with molecular targets. This allows the student, at an introductory physics lab, to achieve
familiarity with collisional vibrational excitation and different time scales [8] simultaneously involved in the
collision process.

In section 2 we focus on a target that mimics a diatomic molecule. The visual close connection of the appa-
ratus with a microscopic collision between an atom and a colinear diatomic molecule motivates the students.
After the collision, the target oscillates and translates, with the target excitation already visually evident to the
students. They film the collision with their own smartphones, and perform video analysis [9, 10] using the
Tracker software [ 11, 12]. Discussing experimental results, we show how the existence of internal target struc-
ture changes the energy balance and introduces a new time scale, with signature of an impulse-approximation
behaviour. The section concludes with a discussion, aimed at more advanced students and teachers, of exper-
imental signatures of anharmonicity in a projectile—target interaction potential when interacting via rubber
bands. In section 3 we present our conclusions.

2. A macroscopic analogue for the collisional vibrational excitation of a diatomic
molecule

In this section, we present the results of an air track collision experiment involving a target with an internal
vibrational structure. The air track is a well-known platform for studying interactions between bodies by
minimising friction in the introductory physics laboratory [ 1], or as inspiration for thought experiments [13].

This experiment has been performed by physics, chemistry and engineering freshman-year students at the
Universidade Federal do Rio de Janeiro (UFR]), Brazil, since 2023. Approximately one thousand students take
this course per semester at UFR], divided into 18-student laboratory classes, with 3 students per air track. Data
collection via collision footage recorded with a mobile phone and video analysis [9, 10] using the Tracker soft-
ware [11, 12]is completed by the students in a two-hour class. Subsequent analysis, discussion of the results and
comparison with other variations of air-track collisions are conducted in two additional 2 h classes. Details on
the experiment implementation at UFR] and a few quotes from insights the students obtained in the process are
given in the Appendix. The material from section 2.3.2 is beyond the typical classroom discussions with fresh-
men. Itis aimed at more advanced students and teachers.

2.1. Experimental setup

Figure 1 shows the collision system on the air track. Figure 1(a) shows a frame from the analysed video, recorded
at 60 frames per second. White stickers shaped as of 1 cm? squares are attached to each block to enable
automatic tracking by the Tracker software. In figure 1(a), circles of different colours, from the video analysis
process, appear superimposed on the white squares. The video is available in the supplementary material.
Figure 1(b) shows a corresponding schematic diagram. The light spring connecting the two target blocks is
spirally wound from stainless steel wire, with a spring constant k. Forks with stretched natural-latex rubber
bands are positioned at the ends of the projectile (P) and the target (connected blocks T, and Tg). The restoring
force Fyp corresponding to the projectile—target interaction begins when the rubber bands touch and ceases
when they move apart again. Within a harmonic approximation, an elastic force constant kx can be associated
with the projectile—target interaction. However, the rubber band force shows signatures of anharmonicity
which are discussed in section 2.3.1. The blocks P, T'y and Ty have, respectively, masses mp = 0.199 kg, 114
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Figure 2. Time-dependent video-analysis results for the collision shown in figure 1. Figures (a)—(c) show position x(¢), velocity v(t)
and acceleration a(t) for projectile block P (red squares), target block T4 (blue up triangles), target block Ty (magenta inverted

es). Figures (d)—(f) correspond to an approach treating the collision

system as a projectile without internal structure and a target with (unknown) internal structure. In this case, the results for the two

of mass of the target components CMr (dark green diamonds).

=0.195 kgand m1g = 0.195 kg. The target spring has m; = 0.012 kg. Since it is much smaller than the block
masses (around 6%), we made the simplifying approximation of attributing half of m to each of T, and Ty

blocks.

2.2. Kinematics video-analysis results

Figure 2 shows motion video-analysis results obtained with the experimental setup shown in figure 1. They
correspond to the analysis typically performed by STEM students at UFR] in their introductory experimental
kinematics and dynamics course. Figures 2(a)—(c) show an approach treating the physical system as a set of 3
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particles without internal structure. Each graph shows results for the projectile block P (red squares), target
block T (blue up triangles), target block Ty (magenta inverted triangles), and the system’s centre of mass CM
(light green circle). Figures 2(d)—(f) correspond to an approach that treats the collision system as a structureless
projectile impinging on a target with internal structure, in which the target can be excited. In the latter case, the
results for the two blocks that form the target are replaced by results for the centre of mass between the target
components CMr (dark green diamonds). In both cases, graphs are shown for position x, velocity v, and
acceleration a as a function of time. Signatures of conservation of total linear momentum of the system can be
observed in any of the graphs by analysing the overall CM (light green). A straight line for xc\(#) in the position
graphs, a constant for vcp(£) in the velocity graphs, or acy(f) = 0 in the acceleration graphs. The collision time
interval is highlighted by vertical dashed lines. Figures 2(a)—(c) are useful for demonstrating to students that the
total linear momentum of the system is conserved (before, during, and after the collision), regardless of the
target’s structure. Figure 2(b) shows that the projectile practically stops after the collision, which is an expected
result for a projectile and target with the same mass. This occurs because the simple presence of the spring in the
setup is not sufficient to cause relevant interaction between T, and Tg. The block T, must move enough for the
spring to be compressed. Thus, the target introduces into the problem a characteristic time related to the target,
which is of the order of Ty = 27/ 1/ kg, with reduced mass j1 = mp mrp/(mra + mrp). If the characteristic
time of the projectile—target collisional interaction, T, is shorter or of the order of T, the target’s internal
structure does not have time to react. Thus, the projectile P interacts mostly with only part of the target (T »),
which in the present experiment has a mass approximately equal to the projectile’s mass, and practically stops.
This two-body-collision behaviour observed within a many-body-collision problem is the basis of the so-called
impulse approximation in collisions. In the context of 3-body problems, it has been used to model quite
different collisional systems as atom—diatom excitation [ 14], neutron-deuteron excitation [ 15], and pion-
deuteron fragmentation [ 16].

Frequently in atomic and molecular collisions there is no access to information about the individual target
components, only about the target molecule as a whole. Figures 2(d)—(f) reorganise the data from figures 2(a)—
(c) to represent this situation, replacing information on T, and Ty by information on their centre of mass. All
signatures of target oscillation disappear in figures 2(d)—(f).

Figure 2(f), which depicts the global projectile and target accelerations, highlights the impulsive character
of the force acting during the projectile—target interaction. We also see that the ratio between the accelerations
at the two peaks for ap and ar (which correspond to an action—reaction pair of forces) is approximately 2. We
note that this ratio can be obtained directly from the kinematic analysis and is independent of the weight mea-
surements using the mass measuring scale, leading to the kinematic experimental determination of a mass ratio
mr/mp ~ 2.

2.3. Energy analysis and interaction potentials

Figure 3 shows the kinetic energies, as a function of time, displayed in two different ways. Figure 3(a) explores
the contributions of the kinetic energies of each of the three blocks, Kp, K14 and Kyg. The sum Kt + Ktp
presents clear oscillatory behaviour. Furthermore, after the collision, it reaches peak values close to the constant
level of Kp observed before the collision. With this observation, the student can come to the fair conclusion that
this is an elastic collision, and that the energy missing from the constant total level after the collision is stored in
the spring and, during collision, also in the rubber bands.

After the previous analysis, a different exercise is proposed to the students, asking them to assume that they
do not know the target’s internal structure and only have access to information about the projectile and the
target’s centre of mass. We represent this situation in figure 3(b), showing projectile’s kinetic energy Kp and
target’s centre of mass kinetic energy Kcyit- There is a 42% decrease in the total kinetic energy after the col-
lision. In this sense, it represents an inelastic collision with no dissipative forces involved. Part of the projectile’s
kinetic energy is used to excite the target’s internal configuration.

2.3.1. Target internal forces: stainless steel spring
To discuss the target’s internal energy, it is necessary to model the interaction between its constituents. The
forces related (i) to the stainless-steel spring internal to the target and (ii) to the rubber bands mediating the
projectile—target interaction have distinct elastic behaviours. While the steel spring results in a linear restorative
force and harmonic oscillations of the target blocks after collision, the rubber bands produce a nonlinear
relationship between the projectile—target approach distance and the corresponding projectile—target
interaction force during collision. The nonlinear behaviour of restoring force for rubber bands is well known
[17-22].

The relative motion of the two target blocks, connected by a spring made of stainless steel, shows a clear
harmonic behaviour. Position and force data (from acceleration and mass measurements) shown in figures 4(a)
and (c) can be used to determine the elastic constant ko of the stainless-steel spring. Blue circles in figure 4 show
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Figure 3. Kinetic energies as a function of time. (a) Contributions from the three blocks: projectile (Kp), and target blocks A (Kt4)
and B (Krp). The sum K4 + Krp exhibits a clear oscillatory behaviour, reaching peak values after collision at the same level as before.
An indication of an elastic collision, with apparent deviation from constant total energy due to storage in the spring and, during the
collision, also in the rubber bands. (b) Representation in terms of the projectile and the target’s centre of mass, leading to an apparent
42% loss of kinetic energy, consistent with an inelastic description when the target’s internal structure is not accessible.
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Figure 4. Interaction forces: T — Ty via steel spring (circles), in agreement with Hooke’s law and P, —T 4 via rubber band, nonlinear,
exhibiting hysteresis during the loading (open squares) and unloading (closed squares) phases.

the interaction force between T, and T, obtained from the measurements of relative acceleration and masses
after collision. Data are plotted as a function of the relative distance between T and Ty and fitted with linear

equation (1).

(Y]

—p (Xt — X1a) = ko(XTB — XTA).

The data show excellent agreement with a linear restoring force, consistent with the harmonic motion of T,
and Ty after collision. The spring constant is obtained from least-squares fit of the data: ko = (67.4 £ 0.6)
N m ™. Thus, the proper time of the target is T, = (0.242 4- 0.001) s and proper frequency f, = (4.13 4 0.02) Hz.
For the present measurements, the collision time T, can be estimated from figure 2 and is of the order of 0.1 s.
Thus, T./ Ty ~ 0.4, and a behaviour basically described by the impulse approximation is observed. The low
projectile recoil velocity displayed in figures 2(b) and (e) is an experimental signature of this behaviour. The
zero recoil velocity of a projectile is a result expected for a frontal collision between two particles of equal mass,
if the target is initially at rest.

After the determination of ko, the total energy of the system, including internal kinetic and potential ener-
gies of the target can be calculated, and they are plotted in figure 5. It shows, after collision, equipartition
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Figure 5. Energy components of the system as a function of time. The projectile (Kp), target centre of mass translational (Kcyr),
internal kinetic (Kg.) and potential (Ug.)) of the target, and the total energies are shown. After the collision, data exhibit equipartition
between the time-averaged internal kinetic and potential energies of the target. The total energy is conserved, with the dip during
collision corresponding to temporary storage in the rubber bands.

between the time-averaged internal potential and internal kinetic energies. Comparison of the data before and
after the collision shows a situation close to conservation of the total (kinetic + potential) energy.

The average total kinetic energies before and after the collision are, respectively Kt; = (54.4 4+ 0.4) mJ and
Kr¢=(53.2 £ 0.3) m]. Therefore, there is a measured energy dissipation of (1.1 & 0.5) mJ during collision,
approximately 2% of the initial total energy. In order to understand the physical/chemical origin of this dis-
sipation it is convenient to model the projectile—target interaction potential and compare this modelling with
the experimental data.

2.3.2. Projectile—target interaction: rubber bands

Figure 5 shows a dip in the total energy during the collision due to the energy storage in the rubber bands. In
fact, rubber bands in general do not obey Hooke’s law [17-22]. In the initial phase of the rubber band
elongation, there is an important structural reconfiguration of the molecules, with relevant entropy decrease.
As thelong molecules assume an aligned configuration, a behaviour similar to Hooke’s law begins to emerge,
but with an effective equilibrium position different from the original. This behaviour is captured by Treloar’s
model of rubber elasticity [17], which leads to equation (2).

L Lo )2
Fep= —C| = — [=2 2
RB ( I ( i ) ©))
where L is the rubber band elongation length, L, the equilibrium length and Fygp is the restoring force for the

rubber band. For a given temperature, Cis a constant. In terms of the geometry of the present collision system,
shown in figure 6, Treloar’s model can be expressed as

2
1
Frs = —kooLo| |1 + (Li) - (3)
0 =
L+ (LO)

Note thatin the limit x << Ly Frp is not linear, but quadratic in x. For x >> L, the expression tends to
Frp = —ko x. Figure 4 shows separate least-squares fits of equation (3) to the experimental data during the
rubber band loading and unloading phases. The fitting procedure works particularly well for the seven data
points during unloading phase, with R* = 0.999 995 (1 for an ideal fit). The adjustable free parameters obtained
for unloading are k., = (81.8 £ 0.8) N m™ ! Ly= (4.6 £0.1) cm. For comparison, we measured the equilibrium
length with a ruler and obtained the value Lo, yje; = (5.3 £ 0.1) cm.

Figure 4 shows hysteresis during the loading—unloading phases, which is often observed for rubber bands

[18,22]. By integrating the green and red curves in figure 4, we obtain the net work done duringloading and
unloading of the rubber bands: 9.3 mJ—6.9 mJ = 2.4 m]J. The internal configuration of the rubber bands after
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Figure 6. Schematic drawing showing the geometry of the rubber bands (red and blue) supported by forks at a moment during the
collision.

collision does not return to the same level of disorder. The loss of approximately 2.4 m]J is accompanied by an
increase in the ordering of the rubber band polymer structure.

3. Conclusions

We present here a teaching strategy that allows freshman students to perform a collisional excitation
experiment during their first semester at university. The presented experiment, which simulates a molecular
target and uses video analysis, has been applied to freshman STEM students at UFR] (Brazil) since 2023.

At the same time, the analysis of the experiment shows how information on a particular collision system
case can be interpreted in a more general context. We explore two points. The first is the introduction into the
collision process of a time scale characteristic of the target, Ty, only if the target has internal structure. The other
relevant time scale, a collision time T, present even for structureless targets, is established by a combination of
projectile velocity and the projectile—target interaction force. The comparison between T, and T allows us to
analyse the relevance of impulse approximations in many-body collisional systems, used in the study of atomic
collisions in various contexts (e.g. [23, 24]).

The second point explored is obtaining information about the nature of the projectile—target interaction. In
this case, the anharmonic nature of the interaction obtained with the use of rubber bands leaves a signature in
the experimental data which is consistent with a well-stablished theoretical model for rubber elasticity [17].

The proposed experiment demonstrates that it is feasible to introduce collision physics—at a more
advanced level than typically covered in conventional introductory physics courses—into an experimental
physics curriculum. The discussions are grounded in the connection between laboratory experiments, con-
ducted using an air track and readily available, low-cost equipment, and the study of atomic collisions involving
molecular targets.
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Appendix

Details on the experiment implementation at UFR]

At UFR], the typical laboratory class in which the experiment presented in this paper is included begins with the
teacher briefly discussing systems of particles, Newton’s laws, linear momentum conservation, and energy
conservation. The teacher also discusses how the movement of the global centre of mass can be used to obtain
experimentally a signature of total linear momentum conservation. After that, he performs quick
demonstrations of six collision systems on the air track. One of them is the collision system discussed in detail in
this paper: a collision experiment involving a target with an internal vibrational structure. Three of them are
2-block standard systems suggested by the air track supplier. In another one, the standard rubber bands are
replaced by small magnets [25], and a collision involving non-contact forces is studied. The comparison with
scattering between charged particles is explored. In the last variation, the air track is tilted by approximately 5°,
to study a collision in the presence of an external field (a component of the gravitational field). In the latter case,
students are motivated by a comparison with collision of charged particles within a confined plasma. After
demonstrations, the class is divided into six groups and each one performs one experiment, including data
analysis and discussing their own results. Then, each group makes a 10 min presentation to the whole
classroom, with discussions stimulated by the teacher. Finally, each group prepares and submits a handwritten
report of their experiment, based on their results and previous presentation. The whole process is completed by
the students in three two-hour classes.

We note that the experiment presented in this paper can and should be adapted to different groups of high
school students with local specificities. Complementary measures can also be added, such as the static determi-
nation of the spring constant using the air track [26]. As highlighted by Holmes and Wieman [27], each physi-
cist’s beliefs about what labs are for vary a lot, with goals ranging from reinforcing content, learning about
measurement and uncertainty, practicing communication skills, developing teamwork skills, and learning that
physics is an experimental science. We present this appendix without any intention of pointing out the best way
to approach the experiment discussed in the main part of this work.

A.1. Summary of printed instruction given to students
Obs.: Images in the actual instructions are suppressed here, since they are equivalent to those presented in the
previous sections.

Study of the conservation of linear momentum in different collision experiments.

1 About the experiment

Six experiments are listed, and each group will be responsible for conducting one of them in the first class,
ensuring that there is no repetition of experiments between groups. In the second class, each group must give a
brief presentation (to the class and the teacher) of the results obtained, as well as a discussion evaluating these
results and the experimental procedure. In the third class, in the classroom, each group will produce and sub-
mit a handwritten report of their experiment, drawing on the discussion from the second class.

The experiments are:

(a) Collision of two toy cars with equal mass, using the yellow rubber bands.
(b) Collision of two toy cars with different masses, using the yellow rubber bands.

(¢) Collision of two toy cars, swapping the yellow rubber bands for magnets.

(d) Collision of two toy cars with the cars being coupled together using ‘needle and modelling clay’ (play
dough).

(e) Collision of three carts, the last two initially at rest and interconnected by a spring.

(f) Collision of two carts in the presence of an external field obtained by tilting the track.

Once the data collection in the Tracker program is complete, graphs like those shown in the sample
figures 2, 3 and 5 should be observed.

2 Experimental procedure



10P Publishing

Eur. J. Phys. 47 (2026) 025001 V AdaSilvaetal

Before starting the experiment, it is essential to check the operation of the air tracks. Ensure that the air
vents are unobstructed and that the levelling is correct. If you notice the need for any calibration, call the tea-
cher for assistance.

A possible experimental routine is outlined below, but you are also encouraged to think independently. If
you have any ideas for variations on the experiment, call the professor to discuss their feasibility.

Determine the mass of the carts, including all the items necessary for the collision.

- Perform a first version of the experiment without collecting data. Discuss with your classmates.

Record the collision using the video system.

w

Data analysis

Using the Tracker program, perform the necessary calibrations, and then map and graph the following for
each cart involved and for the centre of mass of the system:
- Position (x) as a function of time (t)
- Velocity (v) asa function of time (t)
- Acceleration (a) as a function of time (t)

Each graph must show visualizations of all the bodies involved, as well as the centre of mass of the system, as
can be seen in sample figures 2, 3 and 5.

4 Questions for reflection

(a) Wastotal linear momentum conserved? How can this be verified? How can the dependence of the centre of
mass position on time be used to test the conservation of the system’s total linear momentum?

(b) Was the mechanical energy of the system conserved? How can this be verified?

5 Some expressions (1-D) that may be useful in your analysis. (Discuss their meaning with your classmates)

N N
Vi = Zi:lmivi _ Zi:lpi _ Pr
o™ = ~ = = =—

Zizlmi Zi:lmi mr

Pr = mr Vo

A.2. A few quotes from insights the students have obtained in the process

1 “Setting up the experiment, collecting data, and subsequent analysis helped me understand more clearly how
the equations apply to the real world. This direct contact with the phenomenon facilitated not only the
preparation of the report but also the resolution of theoretical questions on the exams, since I began to
associate the calculations with the physical situations observed during the experiment. I realised that when I
can relate the content to practical applications, my reasoning becomes faster and more precise.’

2 ‘The existence of the spring as a component of the system alters the acceleration and velocity-time graphs
generated by the Tracker application. The most interesting thing is to perceive the oscillations of the system
elements visually plotted on the graphs and, at the same time, confirm that, despite this, the behaviour of the
centre of mass corresponds to what we expected.’

3 ‘The practical execution of this study was extremely enriching in my learning process, as it allowed me to
visualise in a concrete way concepts that were previously only theoretical, such as conservation of linear
momentum, mechanical energy, and elastic energy storage.”

9
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4 ‘For me, it was very difficult to visualise the part of the material related to the conservation of kinetic energy
and the conservation of momentum on the board. I really liked that in Experimental Physics 1 it was possible
to see it happening in practice.’

5 ‘One of the most interesting parts was the variety of graphs that we were able to generate and analyse in the
collision experiment involving the spring.’
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