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We consider the goals of the introductory course in classical mechanics taken by physics majors and
argue both that these goals are not well met in actual courses and that the goals themselves should
be rethought. We propose alternative goals and describe an introductory “modern mechanics”
course that addresses these alternative goals. Included in the description are several genres of
homework problems that are nearly absent from traditional mechanics courses at both the
introductory and intermediate levels. The intermediate mechanics course could be restructured to
exploit a broader foundation laid by the introductory course. 2684 American Association of Physics

Teachers.
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I. WHY TEACH CLASSICAL MECHANICS? B. The student view of the introductory course

The curriculum for undergraduate physics majors nor- It may well be the case that the parsimony and rich pre-
mally includes one semester of classical mechanics at thdictive power of classical mechanics are foremost in the
introductory level and one or two semesters at the intermeMinds of many physics instructors, but the typical student’s
diate level. Often there are additional required courses ifinal view of the introductory course is quite different. It is
mathematical methods which also emphasize classical m&ommon for students to see mechanics not as an example of
chanics. It is worth asking why so much required course’eductionist power, but rather as a disconnected jumble of
work is devoted to a subject that is outside the mainstream dhany special purpose formulas. Problem-solving techniques
most contemporary physicists’ interests. To begin to addresappear to students as a collection of weak methods that in-

this question, it is appropriate to examine the goals of thelude hunting for formulas with familiar symbols in them, or
introductory mechanics course. matching to similar worked-out examples. Problems that do

not map directly onto previously solved problems are viewed
as insoluble.

The traditional introductory mechanics curriculum shapes
and reinforces this deeply flawed student view, despite the

The goals physicists typically express for the introductorygood intentions of textboqk authors and teachers. Concepts
calculus-based mechanics course include learning systematftat should be seen as primamomentum, energy, angular
problem solving, gaining skill in using mathematics in an momentum are introduced late in the semester, and conse-
applied context, and learning the analytical value of separagduently do not appear central to the enterprise. An overem-
ing the world into system and surroundings. Higher-levelphasis on the kinematics of constant accelerativith no
goals may include instilling in students a sense of the unitynention of causes or interactioneads students to see
of physics, and communicating the value of a reductionist=(1/2)at? as by far the most important and fundamental
approach to understanding the world. At a more specifie@quation in all of mechanics. The power of fundamental prin-
level, it is believed that the important concepts of momen-<iples is masked when students are told by the textbook to
tum, energy, and angular momentum are best introduced inse tertiary derived equation number 6.34 to solve a prob-
the context of classical mechanics even though they haviem, rather than starting the analysis from a fundamental
wide applicability in later courses. The laboratory componenprinciple.
of the course has varied goals, often not well articulated, At a more global level, the unity of physics is obscured,
ranging from illustrating the theory to learning error analysis.rather than revealed, by the treatment of classical mechanics

Sometimes instructors state a goal of “teaching students tas a closed system, with no mention of connections to ther-
think” in general, but this goal is vague and unrealistic. First,mal physics, relativistic mechanics, or guantum mechanics.
this goal is deeply patronizing. Students come to us alreadp perceptive math major complained, after taking a tradi-
capable of thinking; what we can offer are particular analyti-tional mechanics course, that he felt betrayed when he dis-
cal tools peculiar to the physicist's approach. Moreover,covered(in our E&M course that classical mechanics had
much researciand everyday experiencdnas shown that limitations. He commented that classical mechanics had been
transfer of general skills from one domain to another is dif-presented to him as a closed axiomatic system of universal
ficult to achieve even when this difficulty is explicitly recog- validity, and remarked that such an approach was appropriate
nized and addressed. Many years ago the goal of teaching mathematics, but not in physics.
how to think was stated as the rationale for requiring the Many students see the physics they learn in the introduc-
study of Latin, but there is no evidence that Latin ever hadory mechanics course as unrelated to the real world, and
such an impact. Physics is no more likely to achieve this, andpplicable only in a special “physics” world of rigid objects
indeed it is not clear that physicists who are skilled in ana-on frictionless surfaces connected by massless strings in an
lyzing freebody diagrams are particularly insightful or ana-airless environment. It is easy to see how students can de-
lytical when thinking about problems in personal relations orvelop this viewpoint, because they are not asked to partici-
politics. pate in the process of modeling complex, real-world systems

A. Goals of the introductory mechanics course
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by making simplifications, idealizations, approximations, es-structure and are not deformable, requiring students to learn
timates, and selecting a fundamental principle from which tassome concepts by rofghe table applies a “normal” force on
start. Nor are they asked to assess the consequences of thiblock because the instructor and the book sajdisstead
idealization by comparing their results to the behavior of theof reasoning them outinteratomic “springs” (bonds are
actual, messy, real-world system of interest. Rather, “probcompressed by the bobkAs a result, good students in tra-
lem solving” typically comes down to plugging numbers into ditional introductory courses become skilled at recognizing
formulas applicable to idealized systems. Physicists makaew incarnations of previously solved problems, and match-
good use of overly simplified models, but they are keenlying appropriate formulas to these known problem types,
aware of the idealization process, and the attendant limitarather than starting from fundamental principles in analyzing
tions on the validity of the results. None of these aspects ofystems.

physical modeling come through to the student. To be able to model complex systems and to attack prob-
lems by starting from fundamental principles, it is necessary
to augment the traditional tools of algebra and calculus with
the computational power of computers. Computer modeling
In light of these issues, it is important to ask what shouldcan be seen as a benefit rather than a cost. In all fields of

be the nature of the introductory mechanics course taken b§ontemporary science and engineering, computation has be-
science and engineering students. In order to structure a cu¢ome a pillar of the contemporary scientific enterprise as
riculum whose intellectual coherence is evident to student§entral as theory and experiment. We should seize the oppor-
as well as instructors, it is necessary to have a clear set ¢¢nity to involve students in computational science at this
goals to guide decisions about what topics to include, an@arly stage. Computers are now fast enough that it is unnec-
when and how to present them. We advocate the following€ssary to teach students complex or sophisticated approaches
The goa| of an introductory physics course should be to into numerical integration, because it is almost always possible
volve the student in an enterprise central to contemporargimply to use very small step sizes without noticeable speed
physics: the attempt to explain or predict a broad range openalty.

real physical phenomena, based on a very small number of There is certainly more than one way to design a curricu-
powerful fundamental principles. In order to address thigum which addresses these issues. Over the past decade, we

goal: have developed, taught, and refined an introductory calculus-
) ) based curriculum based on the goals listed above. In the

« The curriculum must require the students themselves tgy|iowing sections we describe this curriculum. In a final
engage in the process of constructing models, includingection we reflect on ways in which the intermediate me-

simplifying and idealizing messy, complex, real-world sys- chanics course might usefully build on such an introductory
tems, making approximations, making simplifying as-qurse.

sumptions, and estimating quantities.
« The curriculum must lead students to perceive clearly thafy MM oDERN MECHANICS
there are only a small number of fundamental mechanics
principles(the momentum principle, the energy principle, The new calculus-based introductory mechanics course is
and the angular momentum principlall of which can be embodied in the textbookatter & Interactions |I: Modern
applied to a very broad range of systems, over a largdlechanic$ (Vol. Il deals with electricity and magnetism
range of scaleggalaxies to subatomic particlednstruc- By “modern mechanics” we mean a course that deliberately
tion must teach students to start all analyses by applyingntegrates nonrelativistic and relativistic dynamics, thermal
one or more of these principles. physics, and the basic quantum phenomena of energy levels
« Twentieth century physics, especially atomic-level modelsand transitions between levels. This approach is obviously
of matter(but also astrophysical modglsiwust play a cen- nonhistorical, but one that authentically represents the way
tral role in the course. Students need to encounter the limieontemporary physicists actually practice their science. An
tations of classical models, as well as to see the power afarlier article deals mainly with the way in which thermal
classical and semiclassical models even at a microscopishysics is integrated with mechanics in the textbddlere
scale. we will focus on other aspects of the course.
Because the central feature of a curriculum is not what is
None of these criteria is met by traditional introductory presented, but what the students are asked to do, we begin
physics textbooks, which on the whole differ from each othemwith examples of homework problems in the text. We then
in only minor aspects. As a result, it is very difficult to in- give a detailed outline of the course to provide an overview
troduce any of these elements into introductory courses in af the intellectual and pedagogical context in which these
serious way; the lack of support from instructional materialsproblems are presented.
severely handicaps instructors and students who wish to 98
beyond the standard, sanitized curriculum. Almost all prob-
lems in standard introductorand intermediatelevel me- We show problems that require modelitidealization, es-
chanics texts involve systems in which all the idealization timation, approximatiop problems that involve microscopic
simplification, estimation, approximation, and modeling physical models of matter, problems drawn from astrophys-
have already been done, leaving the student to solve mafhs, particle physics, chemical physics, and condensed matter
problems involving anonymous 1-kg masses suspended frophysics, and problems requiring the application of more than
massless, inextensible strings on frictionless inclined planesne fundamental principle. It is important to note that with
Open-ended prediction of the motion of interacting system$ew exceptions no special-purpose formulas are available,
is absent from the curriculum, and only problems withand students must reason from fundamental principles. Prob-
closed-form analytical solutions obtainable with simple cal-lems of this kind are almost entirely absent from traditional
culus are included. Macroscopic objects lack microscopidntroductory(and intermediatemechanics textbooks.

C. Alternative goals for the introductory course

. Examples of homework problems
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B. Macro—micro connections (4) In 1997 the NEAR spacecraft passed within 1200 km
of the asteroid Mathilde at a speed of 10 km/s relative to the

Problems involving macro—micro connections engage Stuagiergig, Photos transmitted by the spacecraft show Mathil-
dents in explaining macroscopic phenomena with the aid og

X . . X - ; e's dimensions to be about 70 km by 50 km by 50 km. It is
microscopic models and in understanding microscopic phy Sresumably composed of rock; rock on Earth has an average

ics in terms of large-scale behavior. An important feature oyensity of about 5000 kg/fnThe mass of the NEAR space-
this problem genre is that the specific composition of a Mag 4t js 805 kg.(a) Sketch qualitatively the path of the space-
terial object is important, as is so often the case in the reai

d raft. (b) Make a rough estimate of the change in momentum
woria. . . of the spacecraft resulting from the encounter. Explain how
Balls and springs: A story lineA sequence of problems

. ; you made your estimate(c) Estimate the deflectioriin
and activities inMatter & Interactions spread over much of eters of the spacecraft's trajectory from its original
the semester, uses a simple ball-and-spring atomic model Qfaight-line path, one day after the encountey.From ac-
a solid to explain a variety of macroscopic behaviors. Firsty .41 opservations of the position of the spacecraft one day
students measure Young's modulifor a metal® They then

, : : i after encountering Mathilde, scientists concluded that
use Y to determine the effective stiffneds of the inter-  \athilde is a loose arrangement of rocks, with lots of empty

atomic spring-like forcé5 N/m for Pb, 16 N/m forA]..S Itis  space inside. What about the observations must have led
then possible to model the propagation of a disturbancenem to this conclusiod®
along a line of atoms, usings and the atomic mass, and  (5) Gjven published data on orbits of stars near the center
compare the speed of propagation with the observed speed gf our Milky Way galaxy obtained by infrared astronomy in
sound for Pb and Algood agreement is obtaineiThese  the last eight years, estimate the mass of the object around
results for the interatomic spring stiffness can be invoked aghich these stars orbit. Express your result in terms of solar
approximate values for the interatomic spring stiffness in vi-masses. This unseen object is very compact: it must be a
brating diatomic moleculésand bars of glowing irofi.Late iant black hole
in the course the students carry out statistical mechanics cal- () In the 1911 Rutherford experiment with 10-MeV alpha
culations for the Einstein model of a solidndependent particles, what was the distance of closest approach to the
quantized oscillatojsusingks and the atomic massThey fit  gold nucleus? Was there contact, which would have brought
predictions to data for the heat capacity as a function othe nuclear interaction into plaj?
temperature for Pb and Al and find that a good fit is consis- (7) During an occultation of a star by Pluto in 1988 it was
tent with the value okg obtained from measuring Young's observed that the density of Pluto’s atmosphere 50 km above
modulus. The cumulative effect of these activities is to em-the surface was 1/3 that at the surface. Spectroscopic data
phasize that a small number of powerful fundamental prinshow that the atmosphere is mainly NEstimate the tem-
ciples together with simple models of matter can explain gerature of Pluto’s atmosphete.
broad range of phenomena that seem initially to have nothing
to do with each other.

E. Problems requiring computer modeling

C. Particle properties In dynamics problems involving computer modeling, the
momentum principle is invoked to predict the behavior of
objects or systems of objectsGiven the initial positions of
the interacting objects, one can calculate the forces the ob-
jects exert on each other. These forces can be applied for a
short time to update the momenta, and the new momenta can
be used to update the positions of the objects. The student
writes a simple computer program to repeat this process
many times. Computers are now fast enough that it is not
hecessary to teach sophisticated numerical analysis tech-
erators of fast neutrons? WHy? _ niques; simply using a very small time step provides ad-
(3) In the fusion reactiop+d—He’+y, what is the ap-  equate computational accuracy. The total energy of the sys-
proximate input energy required to make nuclear contact, ijem can be graphed as a simple check on the accuracy of the
order to make the reaction go? What is the resulting photoga|cuylations. Simultaneous consideration of momentum and

energy? . ) energy also helps students distinguish between these con-
Note that the Coulomb force and associated potential encepts.
ergy are encountered frequently in this mechanics course, The use of an appropriate programming language allows
making accessible to students a variety of interesting phemytiple representations: in addition to graphs, students cre-
nomena such as those just described. The following introducate animations of the motion of physical objects. In observ-
tory E&M course can then build on some familiarity with jng the resulting simulated motion, the student has the op-
electric force and energy, and can focus on the more abStraﬁbrtunity to see the time-evolution character of the
concepts of field and potential. Newtonian synthesis. In these problems, kinematics is united
with dynamics: changes in motion are clearly caused by in-
D. Using published data teract.ions. Subjects .include thg motio_n of a planet arqund a
star, including noncircular orbif§, a binary star(see Fig.
The analysis of data obtained in actual experiments ofl),’° a spaceship coasting to the Modthe Ranger VII
observations provides a strong link to the real world andmission,?° a spring—mass systéfmwith either sliding fric-
helps clarify the relationship between theory and experimention, viscous friction, or air resistanééprojectile motion(a
Examples of such problems include the following. baseball with air resistang® and the Rutherford

The interactions of specific particles provide an intriguing
and instructive alternative to considering interactions of ge
neric objects. Such problems include the following.

(1) In the symmetric fission of uranium into two palladium
nuclei, how far apart are these nuclei when they start ou
with zero speed? Compare with twice the radius of a palla
dium nucleus?

(2) In a nuclear reactor, which elements make good mod
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statistical mechanics; Boltzmann factor
kinetic theory
heat engines

In the description that follows, the aspects of the curriculum
that are closely associated with thermal physics are men-
tioned only briefly, because those issues have been dealt with
extensively in Ref. 3.

A. Momentum

One of our primary goals is to lead students to perceive
the three fundamental principles as the central ideas of intro-
ductory mechanics. To this end, we introduce the momentum
principle immediatelfNewton’s second layyand use it as a
starting point for analyses throughout the course. After a
brief survey of the kinds of matter that will be analyzed
(elementary particles, atoms and molecules, solids, gases,
stars, the Solar system, and galaxiewe introduce the
physicist's notion of “interaction” and the ways in which
interactions can be detectédhange of velocity, change of
identity, etc). Momentum itself is an intuitively plausible
quantity; evidently the bigger the mass of an object, the more
difficult it is to change its velocity, so we expect that the
change in the produchy might be related to the strength or
duration of an interaction. We state that it has been found
experimentally that at high speeds it is the quantity

N

Fig. 1. A program written by a student produces a three-dimensional ani- . mv
mation of the motion of a binary star system. No prior programming expe- p= v (1)
rience is required. 1-vilc

whose change is proportional to the interactiand we com-

ment that this result was predicted by Einstein in the context
experiment* A different kind of student program involves of the theory of relativity. The momentum principle is in-
probability calculations that are central to the study of thetroduced first in its difference form, for sufficiently small
statistical mechanics of the Einstein solid mentioned earlietime intervalAt:

AP=F At 2

This form is particularly appropriate for computer modeling.
In this section we describe the main elements of our mod(The derivative form is discussed also, but not emphasized
ern mechanics curriculum, which is designed to develop angtrongly at this poinj.
support student ability to tackle problems of the kinds de- Starting with momentum immediately establishes momen-

scribed in the previous sections. Here is an outline of théum and the momentum principle as centrally important con-
curriculum: cepts.(Psychological studies of memory and learning show

Momentum “primacy” to be important: people more readily remember
things they have learned earlier and practiced Mdr&e-
ginning with momentum addresses other goals as well. It
establishes approximation as legitimate and useful: When is
it okay to approximate momentum loyr? Approximation is

[II. CONCEPTUAL ORGANIZATION

types of matter and types of interactions
using the momentum principle to predict future motion
a ball-and-spring model of a solid

Energy a radical idea to most beginning students, who have been
energy conservation including relativistic energy told that physics is an exact science. This early introduction
energy in macroscopic systems including thermal energgives students the opportunity to use the momentum concept
energy quantization for an extended periotseveral weeKsbefore energy is in-

Applications of the energy and momentum principles to troduced, _sign_ificantly deqreasing the Iikeéigwood that momen-
multiparticle systems tum and kinetic energy will be confuséd:

The power of the momentum principle emerges as stu-
multiparticle systems and the point-particle system dents engage in activities that would be impossible without
collisions including relativistic particle collisions it: predicting moment by moment the motion of several ob-

Angular momentum and quantized angular momentum Jects interacting gravitationalliplanets, comets, spaceships,
— - - binary stars The same principle is invoked to model sys-
applications requiring all three fundamental principles  omg interacting via other force lawspring—mass systems,
Thermal physics with and without friction, solids modeled as lattices of mi-
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croscopic masses and springs, projectiles with air resistancds zero and the rest energies cancel out, indicating an aware-
These and other activities allow practice with kinematics inness of the possibility that the rest energies might chahge.
context—changes in momentum occur as a result of interac- We make contact with what students have learned in their
tions; there are no unmotivated accelerations. The integratiochemistry courses and introduce the most immediately acces-
of computer modeling as a serious component of the introsible aspects of quantum mechanics: energy levels and tran-
ductory course reflects the importance of computation irsitions between energy levels associated with photon emis-
physics and other scientific and technical disciplines. sion or absorption. Our intent is to introduce some key
This class of problem is completely absent from most tra-elements of the quantum picture to make sure that students
ditional textbooks, which stress the small number of analytiencounter the idea that classical mechanics is not a closed,
cal solutions accessible at the introductory ley@lojectile  universal theory but only an important approximation, valid
motion, circular motion, simple harmonic motijgror prob-  for macroscopic systems. Students work with systems with
lems in which it is possible to deduce unknown forces, giverguantized energy levels, including the hydrogen atom and
known constrained motiofsuch as a block sliding without the quantum harmonic oscillatdmwith application to di-
tumbling down an incling As a result, students in the intro- atomic molecules
ductory course never see for themselves the predictive power Several aspects of the treatment of energy may be more
of the momentum principle. striking to experts than they are to the novices in the begin-
In contrast, we deliberately choose to spend little time oming course. We report these briefly here.
traditional dynamics problems involving freebody diagrams. Building on intuitively and kinesthetically plausible no-
Acquiring some measure of expertise with complicated freetions (energy is associated with motion; exerting a force
body problems requires a large investment of time and effortthrough a distance requires the expenditure of something;
but we observe that these techniques have little direct transrou can’t get something for nothinghe energy of a particle
fer to other domains and later courses. In fact, there is almos$ introduced by finding a function of the speed whose
no connection with other courses taken by physics majorschange is equal to the work. In one dimension, we have
Students in some engineering disciplines do take later

courses in statics and dynamics, but our engineering col- dE=Fdx=@dx (4)
leagues report that they depend very little on their students’ dt =’

experience in the introductory physics course, in part be-

cause the approach in the engineering course uses different d_E: @ (5)
notation and has different emphases. dx dt’

ca(l:?i?ig/ 'ati%eﬁét?;grgfgzggtgxgjIssu?rc:)isncri]i?]\ées\?vinsetrrzlsgpplllﬁ other words, the spatial derivative of the particle energy is
L ) -equal to the time derivative of thigelativistic) particle mo-

this important concept in the context of energy, where it : .

plays a key rolgand where it receives inadequate attentionmentum'(One advantage of this approach is the use of an-

n racitonsl mecharics coursese lso emphasize the 0o AINES el han iiegas o ¢ e vhen some s
concept of system in collisions involving conservation of Y 9

momentum and of angular momentum. courses. A function that satisfies this relation is

mc
E=——. (6)

1—1%/c?

We show that the separation of particle energy into rest en-

The second fundamental principle introduced is the energgrgy plus kinetic energy is useful, and develop the low-speed
principle. The book’s central focus is on the very careful andapproximation to the kinetic energy, furnishing another op-
precise specification of system and surroundings, which igortunity to discuss approximations and range of validity.

required to be able to apply the energy principle, In the usual way, the concept of energy is generalized to
multiparticle systems by defining potential energy as the

AEsysieni= WHQ, 3) negative of the work done on the particles by forces internal

in arbitrarily complex situations. The distinction betweento the system, and we state the energy principle:
work (due to forces exerted by objects external to the sys- AE — W, +Q @)
tem) and potential energ{associated with pairs of interact- system~ Tlext T
ing objects within a systemis carefully made, including whereQ is the energy transfer due to a temperature differ-
how these terms appear to the left or the right of the equalence between the surroundings and the system. We include
sign depending on the choice of systéh. thermal energy in the analyses very early, in order to inte-

We are now in a position to use two fundamental prin-grate mechanics and thermal physitsThe macroscopic
ciples simultaneously in an analysis, reinforcing the distincthermal energy of a solid is identified with the atomic-level
tion between them. The simplest applications involve addinginetic and potential energy of the ball-and-spring model.
energy calculations to previously done computational prob- A significant innovation involves the zero of potential en-
lems, both to check the accuracy of computations, and tergy. In the nonrelativistic context, traditionally presented to
examine the forms of energy in interacting systems. students, potential energy has an arbitrary additive constant,

The contemporary, microscopic emphasis of the coursand only differences in potential energy are physically mean-
makes it natural to include problems involving a change ofingful. It is normally considered to be a mere convenience
particle identity (for example, neutron decayto make it that 1f potential energies are adjusted to go to zero at infin-
clear that there is no conservation principle for mass. Wety. However, in the contemporary relativistic context, poten-
have been encouraged to see students often include rest gial energymustgo to zero at infinity. For example, consider
ergies in energy calculations even when they kni@n c?) a positron and electron each of masdnitially at rest far

B. Energy
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from each other. Thérelativistic) energy of the two-particle E. Thermal physics

system is 2n¢?, with no additive constant possiblether- . . . .
. While thermal physics has been entwined with other as-
wise the four-momentum would not transform propgrie- ects throughout the course, the final portion of our modern

cause of this constraint, the electric potential energy must g%echanics course deals more deeply with thermal topics.

to zero at infinite separatiofi. : :

There are pedagogical advantages to invoking the absolu gu?sw \I/Cﬁt ethsn?glgegsrségrgsmgftgﬂgglrsulaa?g tﬁghé?‘ﬂguéf an
character of potential energy in the r_elat|V|st|c_context. Stu'Einstein solida ball-and-spring model in which each atom is
dents are often uneasy about negative energies such as

. ; ! as Bi8deled as three isolated qguantum oscillators, yy andz)
encountered with attractive forces. In the larger relat|V|st|cigs temperature as a function of energy, and its heat capacity

context the energy of a system is never negative. Rather, th . : :
energy of a multiparticle system can be either more or Ies?s a function of temperature. The ball-and-spring story line

than the sum of the rest energies of the individual particleseadim‘:J o this aciivity was discussed in the section on
but always positive. facro—micro homework problems. Again as suggested by

Moore and Schroeder, an additional step in the analysis leads
) o to the concept of the Boltzmann factor, which is applied to
C. Applying the momentum and energy principles to understanding thermal aspects of diatomic gases.

multiparticle systems Kinetic theory is an additional application of the concepts

With two fundamental principles, we are now in a position ©f momentum and collisions, with connections to the previ-
to attempt a deeper analysis of multiparticle systems. ExQUS Section on statistical mechanics. A final chapter deals
pressing the kinetic energy as translational kinetic energyith heat engines, as an application of the entropy principle
(associated with the motion of the center of masisis ki-  (second law of thermodynamicsinalyzing heat engines by
netic energy relative to the center of mass, introduces a cottSing the concept of entropy is much preferable to the usual
cept that is important in later physics courses and in physicaféduence, in which entropy is defined by considering a heat
chemistry courses. To sustain a careful and precise treatme@fdine whose working substance is an ideal gas, a procedure
of energy for multiparticle systems, the concept of thethat_ls too abstra_\ct to be mganlngful a_lnd Whlch encourages
“point-particle system” is introduced, as described in Ref. 3.the incorrect notion that an ideal gas is essential for a heat

Both relativistic and nonrelativistic collisions are analyzed€ngine to function.
using the momentum and energy principles. Rutherford scat- Additional discussion of the thermal aspects of the course
tering is analyzed in some detail, and the students write '@y be found in Ref. 3.
computer program to study how the impact parameter affects
the scattering angléhe recoil of the gold nucleus is part of V. THE INTERMEDIATE MECHANICS COURSE
the model. Because the students have been working with ) . o
momentum for many weeks before this study of collisions, The broader foundation laid by this introductory mechan-
they are applying familiar concepts to unfamiliar processedcs course could provide the impetus and rationale for re-
rather than app|y|ng an unfamiliar momentum Concept to aﬁtructunng.the |nte.rmed|ate mechanICS course taken by th|rd'
unfamiliar process. Traditionally, momentum is not intro- year physics majors. The goals usually stated for the
duced until late in the course, requiring students to digestntermediate mechanics course are to introduce a higher level
two new concepts at the same tirmllisions and momen- of abstraction, to give students practice in more complex

tum) and leaving little time to learn the momentum conceptProblem solving with increased depth in mathematical phys-
well. ics, and to provide a foundation for fourth-year quantum me-

chanics, especially through the introduction of Lagrangian
and Hamiltonian viewpoints. We believe these goals to be
too narrow, and refer to our previously stated goals for intro-
The final fundamental principle, the angular momentumductory mechanics in considering the content and approach
principle, is introduced in its full form, including the separa- of the intermediate course.
tion into translationalorbital) and rotational(spin) angular The higher level of abstraction attained in the intermediate
momenta. The initial emphasis is on systems subjected tmechanics course should be strongly coupled to the idea that
zero torque, where the angular momentum of the systerall reasoning in mechanics is based on a small number of
doesn’t change, especially in collisions. We find these propowerful fundamental principles. This minimalism can un-
cesses significantly easier for the students to deal with thafortunately be missed by students struggling to master the
processes where a torque changes the angular momentuspate of new mathematical techniques that traditionally fill
The quantization of angular momentum is discussed in thishis course, yet it may be the most important idea we can
chapter, with application to the Bohr model of the hydrogenteach here. In reformulating fundamental principles more ab-
atom. stractly(as in the Lagrangian and Hamiltonian formulatigns
At this point in the course, students can analyze situationthere is an opportunity to explore this minimalism at a higher
where all three major mechanics principles may come intdevel. Edwin Taylof* has urged cogently that we pursue this
play in one problem: momentum, energy, and angular mogoal by beginning with the principle of least action, from
mentum. Because at this point students have worked extemvhich all other formulations can be derived; alternatively,
sively with momentum, they rarely confuse angular momen+this principle might be the punch line of a restructured
tum with linear momentum. We find that the introduction of course.
angular momentum significantly sharpens their understand- Modeling the real world should play a major role. Adopt-
ing of the nature of a fundamental principle, one which ising this focus does not necessarily change the list of topics to
very widely or even universally applicable. At this point be covered, but it does require that a significant number of
even strong students may ask in wonderment, “Does théarger, real-world problems be integrated into the course.
momentum principle really apply even to a rotating system?"Real systems, both macroscopic and microscopic, in all their
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messy complexity, need to be the focus of a significant fracfiReference 2, Problem 10.15, p. 381. _ .
tion of our analyses at the intermediate level. Idealizing com- The textbook is yvntten in such a way that any computing environment
plex systems and making assumptions and approximation referred by the instructor can be usgd, but we recommgnd the use of the
. ; . . L Python language/programming environment. VPython is a particularly
ar(_a no less Important at the m,termed'ate level, these_thmk_lng appropriate tool because of its support of vector computations and three-
skills can be developed only in the context of situations in- gimensional visualization. Sehttp://vpython.ory VPython is free, multi-
volving specific objects and materials instead of generic ob- piatform, and open source.
jects of massm. Computational modeling should be inte- ®Reference 2, Problem 2.1, p. 66.
grated here as well, because it offers a venue for observingReference 2, Problem 2.2, p. 67.
the evolution of a system predicted or described by the for; Reference 2, Problem 2.7, p. 68, and Problems 4.1-4.2, p. 158.
; ; Reference 2, Problem 3.4, p. 109, and Problem 5.1, p. 203.
mal methods, and for applying computationally cumbersomtgzReference 2 Problem 5.4. E 204, P
concepts develqped_ln the courseich as rotation matrices ZReference 2. Problem 5.3, p. 203,
and mome_m of inertia tensors . . %Reference 2, Problem 8.1, p. 288.
Connections to modern physics, especially to quantumsgordon H. Bower and Ernest R Hilgar@iheories of LearningPrentice-
mechanicgto which students have typically been introduced Hall, Englewood Cliffs, NJ, 1981 5th ed., Chap. 13, pp. 430 and 431.
in their sophomore-level courseshould be made explicit in  #°R. A. Lawson and L. C. McDermott, “Student understanding of the work-
this course, and the rationale for and value of semiclassicalenergy and impulse-momentum theorems,” Am. J. P85, 811-817
analyses should be explored as another example of the brogﬁl%?- _ _ .
applicability of fundamental principles. Physics education re- - ©'Brien Pride, S. Vokos, and L. C. McDermott, “The challenge of
. matching learning assessments to teaching goals: An example from the
search frequently reminds us of a fac_t we w_ould be plgaasedwork_energy and impulse-momentum theorems,” Am. J. Phfis 147—
to forget: students generally do not pick up important ideas 157 (199g.
by osmosis; explicit instruction is required to make these?s. sherwood and R. Chabay, “Predicting effects of instruction: Distin-
connections between formal classical mechanics and otheruishingP from K andL,” AAPT Announcer 31 (4), 103 (2002).

domains. 298, Sherwood, “Pseudowork and real work,” Am. J. Ph{d, 597—602
(1983. Also see B. Sherwood and W. Bernard, “Work and heat transfer in
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hard problems. II. Reform course,” AAPT Announcg2 (2), 121 (2002. tic kinematics is left to a subsequent modern physics course. However, in
2R, Chabay and B. Sherwoohlatter & Interactions. I. Modern Mechanics a longer version of the course offered to physics majors at Purdue Univer-
(Wiley, New York, 2002. See(http://www4.ncsu.edutrwchabay/mii. sity, Mark Haugan weaves relativistic kinematics into his teaching of mod-
3R. Chabay and B. Sherwood, “Bringing atoms into first-year physics,” €'n mechanics. See M. Haugan, “Preempting student difficulties with spe-
Am. J. Phys67, 1045-1050(1999. cial relativity,” AAPT Announcer32 (2), 134 (2002.
“Reference 2, Problem 3.1, p. 108. ¥Reference 3.
SReference 2, Problem 3.2, p. 108. 2Fred Reif(private communicationhas pointed out that the elimination of
SReference 2, Exercise 3.13, p. 95. the additive constant for potential energy because of the absolute rest
’Reference 2, Problem 3.9, p. 110. energy associated with a particle is analogous to the elimination of the
8Reference 2, Problem 6.4, p. 228. classical arbitrary additive constant for entropy because of the existence of
Reference 2, Problem 10.1-10.4, pp. 378-379. lowest-energy ground states; entrapystgo to zero at absolute zero.
Reference 2, Problem 4.15, p. 161. 33T. Moore and D. Schroeder, “A different approach to introducing statisti-
HReference 2, Problem 8.10, p. 291. cal mechanics,” Am. J. Phy$5, 26—-36(1997). A specific realization of
?Reference 2, Problem 4.16, p. 161. these ideas is found in the statistical mechanics section of the textbook by
Reference 2, Problem 2.11, p. 70. T. Moore, Six Ideas that Shaped Physics/Unit T: Some Processes are Irre-
Y“Reference 2, Problem 2.17, p. 72. versible (\WCB/McGraw-Hill, Boston, 2008
Reference 2, Problem 8.2, p. 289. 34E. Taylor, “A call to action,” Am. J. Phys71, 423—-425(2003.
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