Visualizing motion in potential wells
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The concept of potential-energy diagrams is of fundamental importance in the study of quantum
physics. Yet, students are rarely exposed to this powerful alternative description in introductory
classes and thus have difficulty comprehending its significance when they encounter it in
beginning-level quantum courses. We describe a learning unit that incorporates a sequence of
computer-interfaced experiments using dynamics or air-track systems. This unit is designed to make
the learning of potential-energy diagrams less abstract. Students begin by constructing the harmonic
or square-well potential diagrams using either the velocity data and assuming conservation of
energy or the force-displacement graph for the elastic interaction of an object constrained by springs
or bouncing off springy blocks. Then, they investigate the motion of a rider magnet interacting with

a configuration of field magnets and plot directly the potential-energy diagrams using a magnetic
field sensor. The ease of measurement allows exploring the motion in a large variety of potential
shapes in a short duration class. 1898 American Association of Physics Teachers.

[. INTRODUCTION repeated a large number of times with the sensor placed at
different locations. This procedure made the experiment
The concept of potential-energy diagrams is of fundamentather tedious, and variations in initial conditions usually led
tal importance to teaching of physics. In many situationsto a relatively large scatter in the data.
instead of Newton'’s law, energy considerations are used as Prior to commercial proliferation of computer-based labo-
the basis for analyzing the behavior of an object interactingatory equipment, designing an experiment that could yield
with a given system. The procedure is to consider how thehe velocities at different locations along the path in a single
potential energy of the object varies as a function of distanceun was not trivial. Thus all such earlier work employed
Given this information and the total energy of the object, alldedicated transducers and computer programs not commonly
other details of behavior can be deduced. This method igvailable off the shelf. For instance, Ecksteiused a spe-
adopted in quantum physics for studying the motion of mi-cjally designed motion detector which is essentially a Mylar
croscopic particles. Students in beginning-level mechanicstrip crossed by regularly marked black stripes. As the object
courses, however, are rarely exposed to this powerful altefyas in motion, the number of stripes passing through two
native description of motion. Thus they frequently have dif-pigh resolution photocells was counted as a function of time.
ficulty comprehending the significance and power ofthg stydents ported these data into a spreadsheet to compute
potential-energy functions when they first encounter them ife yejocities. The procedural problems inherent in these
introductory quantum mechanics. . methods make the experiments rather complicated in practice
se\tN;f 2?(\;;2r?rtrggmgtziéoar?gja\iﬂ)i/n;hIjnsitmcjjztgi)gnngé (t:cr)e;:g]\% d%Lnd difficult to execute in a typical undergraduate class.
While magnetic interactions generate very interesting

beginning-level students with an early exposure to the Ide%hapes for the potential function, the force field of an arbi-

of potential-energy diagrams. Familiar mechanical system§ ry configuration of magnets can be rather complicated and
are used to create potential shapes akin to those encounter, @'y configurati gne : P
e motion, difficult to predict. For this reason, we recom-

in models of atomic and nuclear interactions. Observing an d introducing th i t notential well using th
interpreting motion in these potential wells, on the one hang[l'€nd Introducing the notion ot potential we' using the more

and establishing the relationship between the operativéamiliar elgstic interactions at the outset. In our approa}ch,
forces and the potential energy on the other, provides Students first construct potential wells for a simple physical

straightforward understanding of an otherwise abstract corsYSteém such as a cart oscillating along a track constrained by
cept. springs or moving freely along a track and bouncing off
A survey of literature shows that very few earlier attemptsSPringy blocks placed at the ends of the track. Once the
have set up experiments to study motion in potentiaStudents have built sufficient competence in identifying the
wells}~2 The most comprehensive effort using this approacHorces and interpreting the corresponding potential-energy
is in the work of Sarakt al* The essential idea in all these diagrams in these cases, they explore the motion in more
laboratory investigations is to place magnets along an ai¢omplicated potential shapes generated by configurations of
track to create a variety of potential barriers and wells. Thegnagnets.

previous developers used a photointerrupt and timing device We have designed our experiments using transducers and
to measure directly the velocity of a glider at a number ofdata acquisition systems readily available from commercial
locations along its path. Then assuming conservation of ersuppliers. However, the setups and the measurement proce-
ergy, their students determined the potential energy as dures incorporate several novel features. In the following
function of distance. Sometimes for the sake of economy &ections, we provide details of experiment design and outline
single sensor was employed. Then, the experiment had to libe learning paths envisaged.
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Fig. 1. The experimental arrangement for investigating potential-energy dia- Fig. 3. A dynamics cart is a deep square well potential.
grams using dynamics cart and springs.

. EXPERIMENTS to the cantilever beam of the force sensor and on the other to
. . specially designed adjustable clamps fixed at the two ends of
A. Elastic interactions the track. The end clamps allow for easy alignment of the

We have used the data acquisition system ULI, the proSPrings. Care is also taken to eliminate any wobble of the
gramMOTION, the Student Force Sensor and the Motion De-force sensor or the reflector to ensure low-noise data for the
tector, all available from Vernier Softwafeto record the Position and the force. )
motion and the force in real time. The experiments use either When an air-track system is employed, because of the
the dynamics cart or the air-track system from PASCoadded weight, the glider cannot float easily if the commer-
scientific/ The advantage of using the dynamics cart is thatially available students’ force sensor is mounted on it. An
the setup is relatively inexpensive, involves few adjustmentsexcellent and relatively lnexi{z'enswe alternative is to use the
and is more robust for classroom usage, while the advantag?ira'_n gauge force sensor kiavailable from Vernier and
of using the air track is that friction is smaller; consequently,fabricate a much lighter force sensor. This kit contains a set
the crucial assumption of conservation of energy holds bette?f Strain gauge transducers, the circuit diagram, and the elec-
and the motion can be observed over a longer duration dfical components for constructing an off-balance bridge for

time. measuring the analog signal. We glued the transducers sym-
, , metrically on opposite faces of the free end of a narrow
1. Spring oscillator spring iron cantilever beam having an approximate width of

Figure 1 gives a schematic diagram of the basic setup with ¢m and length of 10 cm. The other end of the beam was
a cart held to the two ends of the track by a set of matche@lamped in a metal piece that could be plugged into a socket
springs. The Student Force Sensor is mounted on the calftat exists on the top plate of the glider. A U-shaped piece
using a flat plate with a small post on which the sensor caivas welded to the free end of this beam. Two small holes
be screwed. This plate also mounts another post on which \ere drilled on this piece to hook the springs. The reflecting
disk is fixed at a suitable height to reflect the signal from thedisk was mounted on the glider using a simple clamp ar-
ultrasonic motion detector. Our investigations show that gangement that could be fitted to the base of the glider. The
circular disk works quite well for the purpose. The springsend posts for attaching the springs were made from an
attach on one end to the hooks welded by the manufacturécrylic wedge machined to snap on to the air track. It is
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Fig. 2. Harmonic potential well for a spring oscillator on an air track. The

solid line shows the potential-energy function obtained from distance meaFig. 4. Force-distance graph for a cart bouncing off springy blocks at the
surements of an oscillator on an air track. ends of the track.
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Fig. 5. Square well potential diagram for the cart bouncing off springy

blocks at the ends of the track.

Fig. 7. Mechanical setup for recording the interaction of a rider magnet on
a glider moving through a configuration of field magnets arranged along an
air track.

important to check that the addition of this hardware does
not place the glider off balance or block the flow of air.

An important advantage of fabricating this force sensor(1)
has been that the leads of the electrical circuit could be made
from extremely light and flexible connecting wire. We sus-
pended this wire from a tall clamp to keep it from rubbing
against the surface of the laboratory table. This arrangemens)
overcomes the problems posed by the thick short cable that
leads the signal from the manufacturer assembled student

Assuming conservation of energy, the program can
be used to compute the kinetic energy as the derived
quantity KE=3mv? and the potential energy as
PE=TE—KE.

The students can fit a linear least-squares line to the
force-displacement graph, relate the slope of the line to
the effective spring constark, and then compute the

force sensor to the computer interface. This cable rubbing
agaipst the table introduces much of the friction in the dy—(3)
namic cart.

Harmonic potential well:The data acquisition software
records the distance of the cart from the position of the mo-
tion detector. A simple transformation using the data ma- Figure 2 displays the potential-energy function obtained
nipulation facilities of the software converts this measure-from distance measurements of an oscillator on an air track.
ment to a displacement about the equilibrium position of theThe best quadratic fit is superposed as the solid line; the
cart. The program also automatically computes the velocitiespread in the potential-energy values indicates the extent of
from the raw position data. The students view thethe inevitable energy losses and the limits of validity of the
displacement-time and force-time graphs and correlate thesessumption of conservation of energy.
results with the on-line plots of force-displacement and
velocity-displacement curves. 2. Bouncing off springy walls

These data are then used to construct the potential energy
diagram by using one of several options.

potential energy as PEZkx.

The potential energy can be found by superposing a grid
on the force-displacement graph and estimating the area
under the curve.

An important quantum mechanical system is a free par-
ticle bound in an energy well. A simple analog model of this
situation is provided by a cart rolling freely along the track
and bouncing off springy blocks placed at the edgesg. 3.

The basic arrangement is the same as for the case of the
spring oscillator except that the springs are disconnected and
springy blocks are fixed to the end posts with Velcro.™ We
have variously used a sponge with a thin cardboard square
glued to its faces, a blackboard eraser, and other soft mate-
rials of varying coefficients of restitution. For the dynamics
cart, a double-faced, hammer-like plastic plungeset, Fig.

3) was designed to fit into the hooks of the student force
sensor to generate a neat signal on impact with the end
blocks on either side.

Square-well potentialFigure 4 displays the force versus
distance graph for the bouncing at the edges of the track. The
students interpret these graphs qualitatively, relating the sud-
den changes in velocity to the force experienced at the walls
of the well. The corresponding potential-energy diagram, ob-

Fig. 6. Mechanical setup for recording the interaction of a rider magnet orIamed by SmOOthmg the Ve|OCIty data to eliminate noise, is

a dynamic cart moving through a configuration of field magnets arrangediven in Fig. 5. By C(_)mp_aring thiS_ graph Wi_th the harr_nonic
along a track. well curve and considering the difference in the motion of
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Fig. 8. Potential-energy diagrams. Direct measurement using a magnetic field sensor as a ridefgregnetves on a track interacting with a configuration
of field magnets.

the object in the two cases, the students gain an understansive modes along the track and interacting with an object
ing of how the shape of the potential well is indicative of the moving along the track carrying a magnet. The interaction at
operative forces. a distance has an important advantage over the contact inter-
actions, which often have too much damping to allow the
assumption of energy conservation even over a short dura-
tion.

Some important potential shapes can be generated by theIn principle, the measurement of position using the motion
combined effect of magnets placed in attractive and repuldetector in real time allows a straightforward method of

B. Magnetic interactions
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Fig. 8 (Continued)

computing the velocity and hence the kinetic and potentialfreedom allow (i) changing the strength of the magnetic in-
energy functions for a nearly conservative system. In practeraction by varying the distance of the field magnet from the
tice, even the slightest noise in the signal can lead to largedge of the track, angi) changing the nature of interaction
jitters in the values of velocity and render this procedureby rotating the axis of the magnet relative to that of the rider
useless. In a bid to circumvent this problem, we have used magnet. The clamping screws prevent the magnets from fly-
magnetic field sensdr,which incorporates a Hall effect ing out under the influence of strong interactions. A flat plate
transducer, to generate directly the potential-energy diagranscrewed on the cart has a holder slot for sliding in the Hall
for one-dimensional motion. This sensor is mounted on therobe tube casing. The rider magnet is fixed on this plate
cart or the glider, and as it moves through a configuration ofvith Velcro™. Again, the plate carries a post for attaching
magnets, the magnetic intensity is recorded as a function dhe reflector disk.
distance. Since for a magnetic dipole placed in an external Air-track system:The basic arrangement using the air
magnetic field of intensityB, along thex direction, the net track remains unchanged from the one for the dynamics cart.
force experienced along thedirection is given by In this case, too, we have fabricated and used specially de-
signed accessory pieces to hold the magnets along and across
F=—q.l ‘9_Bx the track(Fig. 7). The Hall probe is mounted on the glider

X Gm ax '’ using a simple holder that plugs into the central hole on the
top plate of the glider. To decrease added mass, we reduced
the length of the acrylic tube holding the sensor to about 5
cm and also replaced the thick output cable by thin flexible
wires.

A good way of eliminating wobbling and unnecessary
is simply proportional to the magnetic field intensiBy . torque is to use symmetrical planar arrangements of magnets
Thus the measurement gives a direct on-line plot of the poaround the axis of motion, ensuring that the additional mass
tential energy as a function of distance. The method offers &f the glider does not cause the center of mass to shift from
great deal of experimental simplification and permits an inthe axis of the track.
vestigation of several potential shapes in a short duration
class. ; i

Dynamics cart systentigure 6 gives a schematic diagram C. Potential-well diagrams
of the mechanical arrangement. We have used Neodymium The actual measurement of the magnetic intensity using
magnets supplied by PASC® These magnets have a large the Hall probe is quite simple. Figure 8 displays a few illus-
magnetic moment and need to be used with due care. Theative configurations of the rider and field magnets and the
magnets are held along or across the track at a fixed heiglebrresponding potential-energy diagrams generated through
using specially designed mounting platforms that slide intaactual experiments. In these graphs, we have defined the po-
the edges of the track. The field magnet can slide along a sldéntial energy in regions far from the positions of the mag-
in the platform and can be fixed with any orientation in anets as zero and accordingly used the corresponding constant
horizontal plane parallel to that of the track. These degrees dflall probe reading to offset the measured values.

whereq,,| is the strength of the dipole, the potential energy

X
U(x)= —j F.dXx=q,,|By
0
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Table I. Student response to the questionnaire seeking their assessment of

188_' LA BRI B B B ML the potential-energy diagram activity.
- . ]
= 178 [ ] Scale 1 2 3 4 5
s C ]
T ; Not effective  Effective
A 168 [ ] .
-y [ Q Questlgn ‘
g : 1 Collecting data with the computer 1 6 10 14 16
= 1381 ] 2 Setting up the experiments 2 2 10 22 10
] F 3 Looking at potential-energy versus 1 7 11 20 8
= 148 [ ] distance graphs
E [ 4  Comparing the motion and 2 3 13 18 9

128t ~ L potential-energy

0.3 05 0.7 049 1.1 1.3 15 diagrams
Distance (m) 5 Performing graphing and 1 7 9 23 6

descriptions in writing
6 Answering the questions on the 1 1 14 27 4

worksheet
470 T T 1 7 Discussions with the group members 1 0 3 16 25
= ] 8 The potential-energy activity in 3 1 12 21 8
b= aen | 1 general
3 E|
}2 450 Difficult Easy
= 3 ] 9 Difficulty level of using the 1 10 11 19 5
< hardware/software
& 440 | 1
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o
a
0 1 )
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PE Y O ety for future secondary teachers at Kansas State University. We

developed an activity sheet to guide students along the de-
sired learning path. During the early stages of the lesson the
emphasis is on exploration of the experimental system and
e B B e S qualitatively describing the motion of the cart. Students are

& saol ] asked to indicate where the cart is moving relatively fast,
’g 510l relatively slowly, and where, if any place, the velocity is
a i ] zero. The students evaluate the kinetic and potential energy
& %90t 1 at each point along the path of the object, look at how the
5 sl | force varies as a function of position, plot the potential-
2 ss0[ ] energy diagrams, and interpret the shape of the energy well
= to predict the motion of the cart under varying initial condi-
'*% s ] tions. Then, they construct a variety of potential shapes using
z swo] : . - different configurations of magnets. With the Hall probe,
490, . et they generate on-line graphs of the potential-energy dia-

0.3 035 07 09 11 1.3 1.5 grams. The potential diagram is then used as a representation
Distance (m) of some unknown interaction. The students explore how an
) object will behave in this potential. On the basis of the given
EL%hgéssmgzgtjvgﬂi asked to create magnet arrangements to create potentigigy e they try to predict the motion under different initial
' conditions and proceed to empirically verify their hypothesis
and expectations. The arrangement allows us to pose open-
For each of these potentials, students obtain an interesti ded problems wherein the studen?s are a?’ked to cpnflgure
result by starting the cart moving with different velocities. 1€ Magnets so as to create a potential in which an object can
Then, they see variations in the change in motion, region§€ trapped in a certain region or have some other specified
where the cart is able to travel, and the regions where it get&0tion. Pondering over motion in potential-energy diagrams
trapped and executes local oscillations. The students magHCh as those in Fig. 9 provides a casual introduction to
also slide the cart gently across the region of interaction anéfl€alized models of particle interactions that the students will

retrace the potential-energy curve. Relating the speed th&hcounter in quantum physics.
must be imparted to the cart to cross a particular barrier or Student responsén Fall 1995, 47 students completed the

potential shape gives a kinesthetic experience of how an onit as an extra-credit activity. A questionnaire administered

ject moves in a potential well. immediately afterwards, asked the students to describe their
view of the effectiveness of these novel experiments. Table |
lIl. THE LEARNING PATH lists the questions asked and the student response on a Likert

scale of 1-5. Figure 10 summarizes these data graphically as
These experiments have been incorporated into the lab@ histogram for the two key questions, namely, the effective-
ratory activities accompanying a conceptual course for futur@mess of looking at potential energy versus distance graphs
elementary school teachétd?and a modern physics course (Q3) and comparing the motion and the potential-energy dia-
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added to the traditional mechanics course or as a preamble to
Student Assessment of the Activity a quantum mechanics course. The emphasis can be either on
the data capture and rigorous analysis to obtain potential-
2 ® energy functions from the force of interaction, or it can be on
§ generating on-line pictures of potential-energy diagrams and
:‘; 15 qualitative interpretation of motion of an interacting object.
g 10 _ A deliberate attempt has been made to use devices that are
3 Q3] . : . .
£ 5 ,_L (_I o readily available from commercial supphers.. For a rpbust
EN ; ‘ ‘ ‘ & classroom arrangement, however, we found it convenient to
1 2 3 4 5 fabricate additional accessory pieces. We have included a
Not Effective Effective functional description of these in the paper.
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PURE COWARDICE

When Dirac published his relativistic equation for the electron in 1928, he opened the way for
the discovery of quantum electrodynamics, which followed soon afterwards. The interpretatjon of
the Dirac equation pointed to the necessity of the positron, but initially Dirac did not actually
predict the existence of that particle. Instead, he indicated that somehow the expected positively
charged object might be identified with the proton, which was well known experimentally but is
almost two thousand times heavier than the electfimm which it differs in other important ways
as wel). When | asked him, many decades later, why he had not immediately predicted the
positron, Dirac replied in his usual pithy manner, “Pure cowardice.”

Murray Gell-Mann,The Quark and the Jaguar: Adventures in the Simple and the Corf\pleld. Freeman and Company
New York, 1994, p. 179.
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