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Executiv e Summary

With support from the National ScienceFoundation, the W. M. Keck Foundation, and Lawrence
University, we in the Department of Physics at Lawrence University have for two decadesbeen
dewveloping the computational dimensions of our curriculum, both at the introductory and at the
intermediate and advanced levels. We have equipped our introductory laboratory with computers,
assortedsensors,and suitable software; we have built a Computational Physics Laboratory (CPL)
that makesa wide spectrum of hardware and software available to studerts; we have deweloped a
curricular approach that introduces students to these resourcesand to prototypical applications;
we have incorporated computational dimensionsinto our advanced laboratory o erings; and we
have drafted sewral hundred pagesof instructional materials, some of which have in the last few
years been published. This report describes the history of these developmens at Lawrence, the
computational componerts of our curriculum, and the text written to support these componerts.

Basedon the premisethat twenty- rst certury physicists cannot function fully if they are
unaware of the role that computation can play in both theoretical and experimental endeasors and
if they lack at least someskill in applying computational approaces when appropriate, we have
structured a curriculum that

intro ducesfreshmento computer-basedstatistical data analysis, curve tting, graphical visu-
alization, and on-line data acquisition,

requires sophomoresto take a course called Computational Mechanics in which they learn
classical mechanics at an intermediate level, apply symbolic and numerical computation for
solving ordinary di erential equations, evaluating integrals, and generating graphical displays,
and use lATEX for preparing documerts,

expectsstudents to usecomputational resourceson their own initiativ e during the rest of their
time at Lawrence (and encouragegshat useby granting 24/7 accesso the CPL);

directs students to use computational resourcesin seweral upper-level courses;

o ers an elective junior/senior coursethat focuseson nite dierence and nite elemen ap-
proachesto partial di erential equations;and

supports the use of computers for the conduct of seniorindependert studies.

By the time of graduation, all physics majors at Lawrence have developed a comfortable familiarit y
with computational approacesto problems and some have becomequite adept at sophisticated
applications.

Among the outcomesof our two-decadelong e ort is a text, Computation and Problem
Solvingin Undergraduate Physics which hasgrown alongwith our curriculum but hasalsoexpanded
beyond our curriculum to include, asoptions, useof software pacagesdi erent from those chosenat
Lawrence. This book is now available in seweral di erent versionsto support inclusion of computation
in undergraduate physics curricula at institutions other than Lawrence.
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Preface and Acknowledgmen ts

The primary purposeof an undergraduate program in physicsis to generatea full realization of the
beauty, breadth, and power of the discipline and to dewvelop both an understanding of fundamertal
conceptsand the skills to usea variety of tools|b oth theoretical and experimental|lto apply and test
those concepts. In the last two or three decadesof the twentieth certury, computational approaces
to addressingboth theoretical and experimental problems have takentheir place alongsidethe more
traditional approades. The twerty- rst certury physicist unfamiliar with computational approaches
lacks skills that are now critical to the successfulpursuit of the eld.

To besure,computershave beenusedin undergraduate programsin departmerts of physics
at many institutions for quite sometime. The overwhelming majority of theseapplications, howewer,
has focused on introductory courses,in which|t ypically|studen ts either run instructor-written
programs or accesswveb-basedresources,both of which are designedto support the teaching of the
concepts of physics. Valuable though usesof computers to support the teaching of physics have
beenand cortinue to be, the exposure of undergraduate physics majors to computation cannot be
limited to those applications. The important objective for physics majors at the beginning of the
twenty- rst certury is not so much to learn how to use programs written by others to reinforce
fundamental conceptsasto learn how to usewhatever tools are appropriate and available to create
their own computer-basedsolutions. To this end, contemporary curricula must assurethat grad-
uates are familiar with the capabilities|and limitations|of available tools, are introduced to an
assortmen of standard algorithms applied in physical contexts to standard problems and, by the
time of graduation, are able to usecomputersnot only for the learning of physicsbut even more for
the doing of physics.

In the last few years,computation hasindeedbegunto nd its way into upper-level courses
in computational physics or as an inclusion in individual courseson other topics. Unfortunately,
these coursesoften comealong late in the studernt's undergraduate program, and students therefore
do not encounrter computational approacdes early enough for those approacesto becomealmost
second-natureby the time of graduation. Further, single courses,wherewer they occur during the
students' undergraduate days, are decoupledfrom the rest of the curriculum and typically introduce
only those resourcesneededfor the speci c course;they do not foster a broad appreciation of the
versatility and scope of computational approaces.

In the last couple of years, a systematic and cooperative e ort to explore ways to enhance
the use of computation in upper-level undergraduate physics and to provide materials to support
that e ort has nally begunto emerge.At the 2005summermeeting of the American Asscciation of
PhysicsTeaders(AAPT) in Salt Lake City, UT, for example,Bruce Mason, founder of ComPADRE,
Norman Chonady, editor of Computers in Sciene and Engineering (CiSE), and David Winch,
Professorof Physics Emeritus at Kalamazoo College, convenedan informal cradkerbarrel sessionon
the topic \Building a Physics Computing Community for Undergraduate Education”. The session
wasattended by key early adoptersof computational physicswho expressednany varied perspectives
on experiencesto date and prospects for the future. With support from CiSE, Robert Fuller,
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Professorof Physics Emeritus at the University of Nebraska, was commissionedto conduct a survey
of all usesof computation in undergraduate physics programsthroughout the courtry. That survey
produced baseline national data and led to the identi cation of invitees for cortributions both to
a sessionof invited papers and to a poster sessionat the 2006 summer meeting of the AAPT
in Syracuse,NY. Further, the Septenber/Octob er 2006 (Volume 8, Number 5) issue of CiSE was
dewoted to the theme \Computation in PhysicsCourses". It included the results of ProfessorFuller's
survey, Vv e articles about seweral approadces (texts basedon the invited papers delivered at the
Syracusemeeting), andlas a sidebar to Guest Editor ProfessorWinch's intro duction|abstracts
of the sewenteen invited posters mounted at the poster sessionat the samemeeting. The posters
themselvesare available from links at the CiSE website, speci cally

http://opac.ieeecomputersociety.org/opac?year=2006&volume=8&issue=5 &acronym=cise

On the ewe of the invited sessionat the Syracusemeetingand sponsoredby CiSE, a dinner discussion
among a dozenand a half of the current major players launched a collaborative e ort to dewelop
ways to include more computation in undergraduate physics programs. As next steps, CiSE Editor
Chonady is spearheadingthat e ort by o ering CiSE support to continue the national discussion
and by seekingthe support of professional societies and outside foundations for a developmert
project. The theme issueof CiSE is an example of publicizing the e ort. In Novenmber, 2006, the
Shador Educational Foundation convened a meeting of selectedplayers to brainstorm about and
plan the next stepstoward suc a project.

The Department of Physics at Lawrence University has been ahead of the pad. In the
mid 1980s,we recognizedthe growing importance of computation to the serious physicist. Since
that time, we have been striving to embed the use of general purpose graphical, symbolic, and
numerical computational tools throughout our curriculum. Developed over more than two decades,
our approad involves

intro ducing freshmanto tools for on-line data acquisition, statistical data analysis and curve
tting;

intro ducing sophomoresto the simulation of electronic circuits in Electronics,

introducing sophomoresto computer-basedsymbolic, numerical, and visualization tools in a
required coursetitled Computational Mechanics which developsclassicalmedianicsat aninter-
mediate level while giving particular attention to usesof computational resourcesn application
to medhanics problemsthat involve graphical visualization, ordinary di erential equations,in-
tegrals, eigervalues, and eigervectors, and to introducing the useof IATEX for the preparation
of documerts and reports;

incorporating computational approacesalongsidetraditional approadesto problemsin many
intermediate and advanced courses,most of which list Computational Mechanics as a prereg-
uisite;

providing more exposureto on-line data acquisition, data analysis, graphical visualization of
data, and report writing in a required junior coursetitled Advancd Laboratory;

o ering juniors and seniorsthe elective course Computational Physics which has Computa-
tional Mechanics as a prerequisite and focuseson numerical solution of the wave, di usion,
and Laplace equationsby nite dierence and nite elemen methods.

making computational resourcesavailable and, through 24/7 accessto the Computational
PhysicsLaboratory, encouragingstuderts to usetheseresourcesroutinely on their own initia-
tive wheneer that use seemsappropriate.
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In the twenty-plus years since the start of this endeavor, numerous materials have been drafted
and redrafted and tested and retested. These materials have now been assenbled into a exible
text that is customizableto re ect many di erent choicesof hardware and software. Details about
the Lawrence curricular approach and about this text, titted Computation and Problem Solving
in Undergraduate Physics are described in this report and also posted on the project web site at
www.lawrence.edu/dept/physics/ccli

This report, which is being distributed to all domestic departmerts of physicsthat o er the
badchelor's degree,embodies a progressreport on a project that beganslowly at LawrenceUniversity
in the late 1960sand has beenmore consciouslyand vigorously pursued sincethe mid 1980s. While
the project will continue to ewlve, it is now su cien tly well developed that documerting its current
state and some of the underlying motivations seemsin order. The author hopesthat this report
may prove useful to the steadily increasingnumbers of departmerts that are giving seriousthought
to including computational physicsin their undergraduate curricula. Commerts, suggestions,and
requestsfor additional copiesshould be directed to the author.
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Chapter 1

In tro duction

1.1 Underlying Convictions

Practicing physicistsroutinely confront a variety of tasksthat support their researt but are periph-
eral to their main objectives. While physicistsin di erent subareaswill probably disagreeabout the
relative importance of particular tasks, most will agreethat the more important and most frequert
of thesetasks involve

visualizing functions of one, two, and three variables graphically,
solving algebraic equations,

solving ordinary di erential equations,

solving partial di erential equations,
evaluating integrals,

nding roots, eigervalues, and eigervectors,
acquiring data,

displaying data graphically,

performing statistical analysesof data,

tting theoretically expected functions to data,
processingimages,and/or

preparing reports and papers.

More often than not, pursuit of thesetasks symbolically and analytically is at best tedious, di cult,
and prone to error and at worst essetially impossible. In many cases,however, these tasks can
be addressedby exploiting computational approadces. To facilitate their use of such approadies,
practicing physicists of the twerty- rst certury must be acquairted with *

a common operating system, preferably some a vor of UNIX or LINUX,

a good text editor, e.g. nedit [1] or xemacg2],

a spreadsheetprogram, e.g., Excel[3],

an array/n umber processor,e.g., IDL[4], MATLABI5 ], or OCTAVE[6],

a symbolic manipulator, e.g., MAPLE[7 ], Mathematica[8], or MAXIMA[9 ],

a visualization tool, e.g. Kaleidagraph[10] and (IDL, MATLAB, or OCTAVE),

1Citations in square brackets refer to items in the bibliograph y, which can be found starting on page 69.

1



2 CHAPTER 1. INTR ODUCTION

a standard computational language, e.g., FORTRAN or C or C++, at least sucient to
support comfortable use of subroutine padkageslike Numerical Recipes[1], ODEPACK]J12].
and MUDP ACK]J13],

a program for circuit simulation, e.g., Multisim 7[14] or SPICE[15];

a program for data acquisition, e.g. LabView[16],

a technical publishing system, e.g., ATEX[17],

a drawing program for creating publication quality gures and diagrams, e.g., Tgif [18], and
a preseration program, e.g., PowerPoint[19].

Undergraduate curricula that do not provide physics majors with at least an orientation to the
applicable algorithms and a reasonablespectrum of the appropriate computational tools are failing
to prepare their graduates for the activities that practicing sciertists will nd themseles doing
frequertly and extensively in the twenty- rst certury.

Beyond the substanceof the approacesintroduced, a curriculum that respondsto these
convictions must also make sure that students

are aware of the hazards assaiated with doing nite-precision arithmetic on oating-p oint
numbers.

are introducedto computational resourcesearly enoughsothat they can cortinue to usethese
resourcesat subsequen points in their undergraduate careers, thereby reinforcing the uni-
versality and broad applicability of those resources. An upper-level coursein computational
physicsis a valuable curricular inclusion, but students needto becomeacquainted with com-
putational resourcedong beforethey have either the mathematical or the physical badkground
to prot from a rigorous coursein computational physics.

use computational resourcesthroughout the curriculum, again to emphasizethe wide variety
of contexts in which computational resourcescan be a valuable aid to the conduct of careful
science. The point is best made|and the skills most reliably deweloped|if use of these
resourcespermeatesthe ertire curriculum.

focus initial ly on the tools themselwes. To be sure, numerous examplesdrawn from physical
contexts must be usedto motivate the study of techniques and tools, but the focus at rst
must be on the features and capabilities of the tools. Otherwise, knowledge of the tools ends
up being limited to the capabilities neededfor the speci ¢ problemsencourtered. Simply put,
encourtering computational tools asan appendix to tasks of higher priorit y leadsto a narrow,
unsystematic, and incomplete understanding of the capabilities of the tools and doesnot fully
set the stage for career-long, con dent use of the tools in widerland possibly unrelated|
cortexts.

In the broadest of terms, by graduation (and, with any luck well before that time), ead studert
should have deweloped not only the ability to recognizewhen a computational approach may have
merit but alsothe skill to pursuethat approac con dently, uently, e ectiv ely, knowledgeably and
independertly on his or her own initiativ e.

1.2 The Challenge

The task beforethe physicseducator is to designa physics curriculum that, without short-changing
important topics from the historical curriculum, nonethelessincludes exposureto and opportunit'y
to build skill in the use of computational approachesto a selectedimportant set of represenativ e
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problemsin physics. The skills must, of course,be developed within the context of numerousspeci c
problems from se\eral areasof physics. The end objective, however, is not so much the results of
the analysesof those problems asthe developmert of generalizableskills that preparethe studert to
apply appropriate computational tools to other problems asthey arise during the courseof a career
and that provide a solid foundation on which the studert can readily learn new computational
techniques as the needarises.

1.3 Overview of the Lawrence Response

The responsein the Department of Physics at Lawrence University to the challenge posedin Sec-
tion 1.2 involves building infrastructure (i.e., acquiring hardware and software), revising curricula,
and drafting instructional materials|all of which cortribute to our moving towards a full addressing
of the goalslaid out in Section1.1. More speci cally, we have

equipped our introductory and advancedlaboratories with appropriate hardware and software
|see Sections 3.2 and 3.4.2, respectivelyland built a Computational Physics Laboratory
(CPL)|see Appendix A.

introduced computer acquisition of data, statistical analysisof data, and least squares tting
in the introductory laboratories, as described in Section 3.2.

introduced simulation of electronic circuits in Electronics, as described in Section 3.3.1.

introduced Computational Mechanics, a required sophomorecoursethat orients majors to the
CPL, asdescribed briey in Section 3.3.2and more extensiwely in Section4.1.

intro duced relaxation methods for Laplace's equation in Electromagnetic Theory, as described
in Section 3.3.3.

reinforced techniques for graphical visualization and for numerical and symbolic solution of
ordinary di erential equations, evaluation of integrals, and nding of eigervalues and eigen-
vectorsin Quantum Mechanics as described in Section 3.4.1.

expandedthe majors' exposureto on-line data acquisition, techniques for data analysis and
curve tting, and useof publishing software for generating reports in Advancd Laloratory, as
described in Section 3.4.2.

intro duced Computational Physics an elective junior/senior course that focuseson partial
di erential equationsand the graphical visualization of their solutions, as described briey in
Section 3.4.3 and more extensively in Section 4.2.

incorporated computer-basedexercisesin other courses,as described at the beginning of Sec-
tion 3.4.

drafted and redrafted numerousdocumerts and, ultimately, a book, asdescribedin Chapter 5.

sought outside funding. A complete listing of outside support is included in the section titled
Acknowledgementson pagevii in the preface.

publicized our e orts in a number of talks, posters,and journal articles. A full listing of these
items is presered in Appendix A.6.
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The Lawrence approac to deweloping the abilities of students to use computational resourcesis
active; it requiresstudents to play a personalrole in their own learning; it forcesstudernts to defend
their work in writing; it gives students practice in preparing and delivering oral presenations; it
encouragesstudents to work in groups; and it permeatesour curriculum. More than any other
objective, we encouragestudents to use our computational resourceswhene\er they feel it appro-
priate to do so, and we expect that, by the time of graduation, students will have deweloped both
a secureknowledge of computer-basedapproacesand the initiativ e and con dence to exploit those
approadeson their own initiative .

In Chapters 3{5, we provide fuller detail on the seweral computational dimensionsof the
physicsmajor at Lawrence. For badkground, however, we beginin Chapter 2 with a brief description
of the broader institutional and departmental corntext.



Chapter 2

The Institutional and
Departmen tal Context

2.1 About Lawrence

Founded in 1847 and located in Appleton, Wisconsin, Lawrence University is a nationally ranked,
private, coeducational, residertial liberal arts collegeand consenatory of music with 130 full-time

faculty membersand 1400full-time students. Of the students, 1100are pursuing the bachelor of arts
degreein the college, 165 are pursuing the bachelor of music degreein the consenatory, and 135are
pursuing a v e-year program leadingto both degrees.About 10%of the students comefrom countries
other than the United States. A student-faculty ratio of about 11:1 fosters personalizedteaching
and responsivenessto individual student needs. Small classes,specialized tutorials, and extensive
faculty-student collaboration in researd characterize the Lawrence program. Jill Bed is currently

in her third year as presidert of Lawrence University, succeedingRichard Warch, who sened for
twenty- v e yearsprior to his retirement in June, 2004. For the past seweral years,applicant pressure
at Lawrence has beengrowing|2315 applicants,1304 admitted students, and an ertering freshman
classof 374 in the fall of 2006. As of 30 June 2006, endovmert stood at about $200M. In the
academicyear 2000{01, our Departments of Chemistry and Biology moved to a new 78,000square
foot, $18.1Msciencebuilding (which alsohousesreseart spacefor one physicsfaculty member) and,
in the fall of 2001, the Department of Physics moved into substartially renovated spacesenlarged
by 40% in Youngdild Hall, which was rst occupiedin 1963 but experienceda $10M renovation

during the academicyear 2000{01.

2.2 About the Departmen t

The Department of Physicsat Lawrence consistsof v e full-time faculty members. ProfessorDavid
M. Cook (Ph.D., Harvard, 1965;joined the faculty in 1965), who works in mathematical and com-
putational physics, and ProfessorJohn R. Brandenberger (Ph.D., Brown, 1968; joined the faculty
in 1968), whoseinterests lie in experimertal atomic physics, laser spectroscopy, and the foundations
of quantum medanics, will be retiring in June, 2008. Asscciate ProfessorJe rey A. Collett (Ph.D.,
Harvard, 1983;joined the faculty in 1995)is a condensedmatter physicist who studies phasetransi-
tions in thin Ims of liquid crystals. Asscaciate Professorof Physics Matthew R. Stoneking (Ph.D.,
University of Wisconsin, 1994; joined the faculty in 1997) studies non-neutral plasmas. Asscciate

5
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Professorof Physics Megan K. Pickett (Ph.D., Indiana University, 1995;joined the faculty in 2006)
is a computational astrophysicist and is ProfessorCook's successor.In addition, Lawrence Fellow

Joan P. Marler (Ph.D., University of California{San Diego, 2005;joined the faculty in 2005)is a fun-

damertal particle physicist in the secondyear of a two-year appointment. Finally, the Department

bene ts from the servicesof Mr. LeRoy Frahm, electronicstechnician, and Mr. Thomas Hesselman,
machinist and instrument maker. Seartes are currently underway for Professor Brandenberger's
successorand for a Ph.D. physicist to be o ered a three-year appointment as a Visiting Assistart

Professorof Physics, a cortin uing position that was createdin 1996and whoseholder changesevery
two or three years. With those hires, the Department will be fully staed at v e FTE in the years
after ProfessorsBrandenberger and Cook retire.

In the mid 1980s,the Department of Physics adopted the goal of becoming one of the
premier small undergraduate physics departmerts in the courtry. To be sure, if a departmernt is to
be included in that group, the departmertal courseo eringslits curriculum|m ust be rst rate.
We are corvinced, however, that a departmental program must be much more than its curriculum.
In particular, we strive ead year to

foster out-of-classinteractions amongstuderts and betweenstuderts and faculty (twice-weekly
mid-afternoon teas, annual department-wide weelend retreat, fall picnic),

involve students in hosting visitors and candidatesfor positions,

discussmatters of departmental concernwith students,

actively recruit prospective students and involve current students in those e orts,
encouragestudents to work together,

provide spacesthat students can call their own,

maintain a departmertal colloquium series(talks by half a dozen outside visitors ead year,
by faculty members, by students who conducted summer researt at Lawrence or elsewhere,
and by students completing independert study projects),

engageaggressiely in faculty and student/facult y researt) in order to extend faculty produc-
tivit y and longevity sothat attempts at innovation and seartiesfor funding are basedupon a
continuous record of professionalinvolvemert and achievemert,

pursue outside support to nurture active researt and to keep facilities and equipmert up to
date, and

provide 24/7 accesdo student spacesthe computational laboratory, and departmental library
holdings.

Our faculty o ces lie side by side along a single hallway and student study spacesare near to those
o ces. Wetry to build a community in which we work together to help students grapple successfully
with coursematerial and to cortin ue the forward-looking developmen of the Department.

That we have had somesuccessn our e orts to becomea premier departmert is attested
to by seweral items:

Our raising since 1987 of more than $2.5M of outside support for faculty researt, curricular
dewvelopmert, summer stipendsfor studert researters, travel to meetings, and dissemination
of developmerts at Lawrence.

Our invited preseration as one of ten case-study sdcools at the October, 1998, AIP-APS-
AAPT national \Ph ysics Revitalization Conference: Building Undergraduate Physics Pro-
grams for the 21st Century".

ProfessorCook's invited talk on building undergraduate physics programs, the talk delivered
at the April, 2001, Washington meeting of the American Physical Scciety.

Our Department's hosting in April, 2002, of a visit by a team from the National Task Force
on Undergraduate Physics, a group that was seekinginsight into how we have strengthened
our program so asto passthat information on to departments striving to do likewise.
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ProfessorBrandenberger'sinvited talk on developing signature programs in physics, the talk
delivered at the May, 2002, Quebec City meeting of the Canadian Asscciation of Physicists.
Professor Cook's and Professor Brandenberger's invited talks on aspects of the Lawrence
physics program, the talks delivered at di erent sessionsof the March, 2004, Montreal joint
meeting of the American Physical Scciety and the Canadian Asscciation of Physicists.
ProfessorsBrandenbergerand Collett's invited workshop on signature programs, the workshop
conducted at the Tenth National Conferenceof the Council on Undergraduate Researt, held
at LaCrosse,WI, in June, 2004.

BetweenSeptenber, 2004,and June, 2006, two invitations to ProfessorBrandenbergerand two
separate invitations to ProfessorCook to provide outside reviews to departments of physics
at four dierent colleges,all interested in the insights gained by our experiencesbuilding a
physics program.

2.3 Signature Programs

In 1986, realizing that attracting strong majors would be dicult without something exciting to
attract them, Professor Brandenberger began the assenbly of a unique laser facility to support
course work in laser physics and optics as well as experimertal independert researd. In 1988,
ProfessorCook beganthe assenbly of the Computational PhysicsLaboratory, which brought a strong
computational dimension to our upper-level courses,supporting theoretical independent researt
and complemerting experimental independert researd aswell. Currently, a similar e ort in surface
physicsis emerging.

In time, we cameto refer to thesespecializedlaboratories asthe certral facilities supporting
signature programs, which we de ne asinnovative, high-visibilit y teaching e orts that focuson con-
temporary topics taught in well-equipped signature laboratories speci cally designedand equipped
for these programs. Becauseof their pedagogicdimensions, signature programs are not identical
to faculty researt, but the two are strongly coupled, and many of the experiments included in a
signature laboratory emergefrom faculty resear® programs. Signature programs a ect the total
departmental program in numerousways: they support specialty coursesthat lend distinctiveness
to a department; they intensify student/facult y interaction and increasethe drawing power of a
departmernt; they foster departmental pride; they support student projects at sewral levels; they
increasedepartmertal holdings of up-to-date equipmert; and|p erhapsmostimportant of all for the
long-rangefuture of a department and of physics programs nationally (seeSection2.4)|they sere
as staging areasfor the active recruitment of sciencestudens.

In the computational signature program|the program most relevant to the preser docu-
ment, the author has for the last twenty yearsbeenbuilding the Lawrence Computational Physics
Laboratory (CPL) and revamping the departmental curriculum sothat majors cometo use sophis-
ticated computational tools like IDL, MAPLE, and IATEX whenewer they deemit appropriate. We
have had outside support to the tune of nearly $725K for the acquisition of hardware, the con-
duct of summer programsin curricular developmen, the conduct of workshopsfor physics faculty
from around the courtry, and the support of releasedtime for writing curricular materials. In
particular, the required sophomorecourse Computational Mechanics (to be described more fully in
Sections3.3.2 and 4.1) which combines intermediate medianics with an introduction to computa-
tional approacesto problemsin physics, was introduced in 2002{03 to make sure that all of our
physicsmajors have developed a beginning acquairtance with our computational resourcesand have
deweloped skills that will support their corntinued use of these resourcesin subsequen studies. The
elective junior/senior course Computational Physics (to be described more fully in Sections 3.4.3
and 4.2), was introduced in 2004{05 to o er interested students an opportunity to extend their
knowledge and skills to include more advanced computational topics and techniques not coveredin
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the sophomorecourse. Neither of these courseswould have beenpossiblewithout the infrastructure
of hardware and software provided by the CPL.

In retrospect, Professor Brandenberger's decade-longexploration in the 1970sand early
1980sof laboratory computing was a precursor of and perhaps provided the germ for the notion
of the signature programs we conceived in the mid 1980s. Supported rst by a Digital Equip-
ment Corporation (DEC) PDP-11 laboratory computer and then a DEC MINC computer, Professor
Brandenberger's pilot program explored ways in which interfacing of computers with experimental
apparatus and on-line data acquisition would strengthen the undergraduate laboratory program.
This project, however, may have been ahead of its time, as it faded in the early 1980sbecause
expecting students to addressthe di culties (assenbly languageprogramming to accessnterfaces,
cortrol of the timing of measuremets, :::) assaiated with the then-available computers and mea-
suring equipmert was ultimately deemedto be lessimportant than exposingthem to the topics that
the computational componerts displacedfrom the undergraduate laboratory experience.

2.4 Recruiting of Ma jors

A particularly important componert of our e orts to build a strong program for physics majors
ertails active recruiting of able prospective students. Starting in 1987 and cortinuing ever since,we
have hostedannual weelend workshopsfor prospective students. Each year, about 25{30 participants
are selectedfrom 50{75 extremely able applicants. Selection of successfulapplicants is di cult.
Thosewhom we invite are especially able academically well rounded personally;, geruinely interested
in careersin the sciencesand highly motivated to success.Successfulapplicants spend a weelend
on campus, arriving in the afternoon on Friday, staying in the residencehalls with current physics
majors, and leaving Sunday morning. On Friday evening, participants, current majors, and faculty
members enjoy a sened dinner.! The dinner is followed by a sessionin which participants and
faculty members introduce themselwes to one another and, assistedby current students, faculty
members conduct a tour of the departmental facilities. From 8:30 AM until 4:00 PM on Saturday,
participants, working in teams of two and guided at ead station by a current physicsmajor, perform
seweral half-hour hands-onexperiments. In the rst years,almost all the experiments involved lasers
or computation. In more recen years, the spectrum has beenbroadenedto include other areasof
current interest within the Department. In the past few years, eight or nine experiments have been
selectedfrom experimernts titled

Build a Laser,

Holography,

Speedof Light (via time of ight of a laser pulse),

Diraction of Light (Schalow experiment with madhinist's rule),
Xray Diraction from Thin Films,

Con nement of Non-Neutral Plasmasand Plasma Oscillations,
Motion of Electrons in Magnetic Fields,
TransverseElectromagnetic Modesin a Laser,

Polarization and Malus' Law,

Scanning Tunneling Microscopy (with a bow to nanoscience),
Computational Physicsand Chaos(Lorentz attractor), and
Atomic Spectroscopy.

lwetry hard to persuade the prospective students that such meals are the norm at Lawrence, but then, fearing a
charge of false advertising, we correct that illusion by having them go through the standard food lines for lunch on
Saturday.
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Figure 2.1: Number of Physics Graduates versusYear. Annual recruiting workshopsstarted in 1987
beganin uencing this number with the classof 1991. The points for the classesof 2007 and 2008
are basedon current enrollments in those classes.

Saturday is busy, fast moving, and exhausting for participants and instructors alike. The day
concludesafter dinner with sewral evening activities (watch selectedvideos; attend a concert or
play; visit the gym for pick-up volley ball or basketball) that provide a way for participants and
current majors to interact informally and socially asa complemern to the intellectual and academic
activities of the morning and afternoon.

These workshops, which would not have been possiblewithout the signature laboratories
described in Section 2.3, have had an enormousin uence on the number and quality of physics
majors choosingto attend Lawrence. Each year six to ten of the participants and another seweral
individuals from our total applicant pool matriculate at Lawrence and pursue programs of study
that anticipate a major in physics. As shawvn in Fig. 2.1, these recruiting e orts have resulted in
our graduating an averageof ten majors ead year since 1991,the rst year a graduating classwas
aected by our recruiting e orts. 2 More than half of our majors graduate with honors; more than
half embark immediately on advancedstudiesin strong graduate programs around the courtry.

2For the sake of calibration, note that, in 2003, only 6% of the 500+ institutions in the country that oer only the
bachelor's degreein physics graduated ten or more majors; only 23% graduated 5 or more majors.
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Chapter 3

The Computational Comp onents of
the Lawrence Curriculum

Computers have been used in physics instruction at Lawrence since 1964 when studernts in the
introductory courseswere sent, card ded in hand, to the institution's IBM 1620computer to solve
ordinary dierential equations, nd energy eigenvalues for the quantum harmonic oscillator, and
analyzeexperimertal data. Teletypeterminals to atime-sharedcomputer camealongin 1969and the
rst institutionally ownedtime-sharedcomputer|la Digital Equipment Corporation (DEC) PDP 11-
45|w as installed in the early 1970s. Some of these early useswere spurred by Professor Cook's
rst sabbaticalin 1971{72 at Dartmouth College,then a leaderin educational applications of time-
sharedcomputing. More consciouslystructured e orts to bring computing into the ertire curriculum
trace to the rst Computational Physics Laboratory (CPL) in 1988 and the rst equipping of the
intro ductory laboratory with computers and hardware for on-line data acquisition in 19902 Since
that time, the hardware in the introductory laboratory hasbeenchangedtwice and and the hardware
in the CPL has been changedthree times. These two facilities now provide the infrastructure for
nearly all of the current usesof computersin our instructional program.

In broad outline, freshman prospective majors encourter LoggerPro[20], Kaleidagraph, and
Excel for data acquisition and analysis, curve tting, and graphical visualization. Fall-term sopho-
moresin Electronics encourter Multisim 7 for circuit simulation and cortinue to use Kaleidagraph
and Excel; winter-term sophomoresin Computational Mechanics experience a concenrated ex-
posureto IDL, MAPLE, and IATEX for solving ODEs, ewaluating integrals, visualizing functions
graphically, and preparing neatly printed problem solutions; and spring-term sophomoresin Elec-
tromagnetic Theory corntinue to uselDL and MAPLE for graphical visualization and for numerical
solution of Laplace's equation. Junior/senior coursesin quantum mecanics, advanced laboratory,
computational physics, mathematical methods of physics, plasma physics, and advanced mecanics
make further explicit useof computers,though the extent of those usesvarieswith the instructor. In
addition, at all points in our curriculum, students are free to usethe resourcesof the CPL whenewer
they deemit appropriate or useful, and many do soin Advaned Laboratory, senior independert
projects, and many other contexts. Indeed, our primary objective in incorporating an early|and
substartial|explicit  introduction to computation is to make sure our studerts dewvelop su cien t
skills early enoughin their studies at Lawrenceto assurethat, ultimately, they will have the neces-
sary knowledgeand the personalcon dence to pursue computational approades uently, e ectiv ely,
and independertly on their own initiative .

1The CPL is fully described in App endix A; nancial support is acknowledged on page vii in the preface.
2The con guration of hardware and software in this intro ductory laboratory is described in Section 3.2 and in
footnote 3 in that section; nancial support is acknowledged on page vii in the preface.
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Term | Term 11 Term 111
Fresh Freshman Studies Freshman Studies Elective
Elective *In tro Classical Physics *In tro Mo dern Physics
Calculus | Calculus |1 Calculus 111
Soph *Electronics *Computational  Mec hanics *E and M
Di Eqg/Lin Alg Elective Elective
Elective Elective Elective
Junior *Quan tum Physics Electiv e *Adv anced Lab
Elective Elective Physics Electiv e
Elective Elective Elective
Senior Capstone Physics Electiv e Elective
Elective Elective Elective
Elective Elective Elective
Available Physics Electives:
Group 1: Thermal Physics, Optics, AdvancedMechanics, AdvancedE and M, Mathematical
Methods of Physics, AdvancedModern Physics, Plasma Physics, Solid State Physics, Laser
Physics, Computational Physics, Tutorials.
Group 2: Independert Studies/Capstone.

Table 3.1: Typical Program of a Physics Major. Coursesin bold type are required for a minimum
major in physics; coursesmarked with an asterisk direct students explicitly to the computer and, in
most cases,nclude someinstruction in one or more of our computational resources.

3.1 Typical Program for Physics Ma jors

An ecient way to describe the Lawrence approad is to track the computational experience of
matriculating freshman physics majors as they move towards graduation four years later. Each
year, full-time students at Lawrence take three coursesin ead of three ten-week terms. Class
periods are 70 minutes long, and a one-term courseis treated o cially asthe equivalert of a 3-1/3
semester-hourcourse. While there are many variations, the typical program of a student pursuing
a physics major is shavn in Table 3.1, in which coursesmarked with an asterisk direct students
explicitly to the computer and the ten physics and four mathematics coursesshown in bold type
are required for a minimum major in physics, though the occasionalmatriculant will have su cien t
badground to justify bypassingone or two introductory courses,especially in calculus. Sewen to
ten of the (unquali ed) electiveswill be chosento satisfy various general education requiremerts.
On the order of ten electives (28% of the studernt's program) are completely unconstrained by the
requiremerts for the Lawrence degreeor for the major in physics, though most of our (typically)
ten graduates ead year will take coursesin physics, mathematics, and computer sciencebeyond
the minimum required for the major. In addition, many will electto undertake a senior capstone
project which, howewer, is not currently required for the major.
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Available physics electives, most of which are o ered every other year, are also showvn in
Table 3.1. Computational Physics makesextensive useof the CPL; in the rest of these courses,stu-
dents are freeland are often encouraged|to usethose resourceson their own initiativ e (and many
usethem regularly, particularly for graphical visualization and preparation of problem solutions and
papers). Majors are required to take three coursesfrom the eleven in Group 1 and may take as
many as v e more from Groups 1 and 2 before exceedingan institutionally imposedlimit of fteen
coursesin any single departmernt. Tutorials and independert studies, the latter being elected by
about half of all senior majors and sometimesextending over more than one term and leading to
honorsin independert study at graduation, o er a vehicle for students to study topics not included
in our regular courseo erings.

Beyond our regular curriculum during the academicyear, we encouragemajors to seek
scierti cally signi cant researt experiencesduring the summers. Each summer, four to six students
who are rising juniors or rising seniorswill be engagedas researt assistaris to Lawrence physics
faculty membersand, occasionally arising sophomorewill be o ered that opportunity. In addition, a
few (again four to six) Lawrencephysicsmajors will accepto ers to participate in REU programs at
other institutions around the country or in industrial or governmert laboratories. Theseo -campus
positions are usually limited to rising seniors.

3.2 The Freshman Year (Physics 150, 160)

As freshmen, prospective physics majors at Lawrence rst encourter computational approades
in the introductory, calculus-basedcourses(Physics 150, 160). The infrastructure supporting the
computational componerts in these courses(and, incidentally, the computational componerts in
seweral introductory and outreach coursesfor non-majors) is housedin the introductory physics
laboratory.® Computer-related hardware in that laboratory now consistsof eight Hewlett-Padkard
PCs running Windows XP, a Hewlett-Padkard monochrome laser printer, LabPro[20] interfacesand
seweral sensorsfrom Vernier Software and Tednology, and units for gathering data on radioactive
courting rates from Spectrum Tednologies,Inc. Studerts in these coursesalso use the NanoSurf
EasyScanscanning tunneling microscopes and atomic force microscopesthat are technically part
of our emerging surface physics signature laboratory. Available software includes LoggerPio, Excel,
Kaleidagraph, the software for driving the Spectrum Tedchnologiesand Nanosurfhardware, Multisim 7
for circuit simulation in Electronics, and Praat[21] for spectral analysis of sound wavesin Physics
of Music.

In particular, students uselLoggerPro, Excel, Kaleidagraph, and image-processingsoftware
assaiated with scanningtunneling microscopes. Exercisesassignedin the nine or ten three-hour
laboratory sessiondgn ead term routinely involve

3Computers have been used in this intro ductory laboratory since the late 1960s, when simple data analysis was
done on a Lawrence-owned batch-mode IBM 1620 computer, then through teletype accessto a remote IBM 360
computer, and then on in-lab oratory terminals to a succession of Lawrence-owned DEC PDP-11 and VAX time
shared computers. In 1990, an NSF grant for a project undertak en by then Assistant Professor John Gastineau, now
employed at Vernier Software, supported the acquisition of the rst micro computers (MA C SE30s), Vernier ULI cards,
and seweral sensors, and the laboratory took a large step in the direction of providing freshmen with an exposure
to on-line data acquisition, statistical data analysis, and graphical visualization of experimental data. Awarded in
1997, a grant from the NSF to Professor David M. Cook provided for the replacement of the original computers with
(then) state-of-the-art MA C 7300/180 and G3 computers and the acquisition of additional equipment and software
for Fourier analysis. While the proposal resulting in this grant focused on up-grading the intro ductory laboratory
to support the addition of a full laboratory to Professor Cook's course Physics of Music, it almost goes without
saying that other intro ductory physics coursesbene ted from this upgrade. Finally , in the summer of 2004, Lawrence
Univ ersity underwrote the updating of the equipment in this laboratory to its current status.
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automated data acquisition in seeral experiments (as described in the next two paragraphs),
statistical data analysisin essetially all experiments (Excel and Kaleidagraph),

least squares tting of linear and parabolic functions to experimental data in seweral experi-
mernts (Excel and Kaleidagraph),

graphical visualization (Kaleidagraph and software special to data-gathering equipmert),
creation of imageswith computer-cortrolled NanoSurf EasyScanscanning tunneling micro-
scopesand processingof those images,and

radioactive courting experiments using hardware and assaiated software for data acquisition
from Spectrum Tednologies,Inc.

Physics 150, the rst coursein this two-term rapidly paced sequencelists one term of
calculus as a prerequisite|not a corequisiteland deals with classical physics, mostly medanics
and electromagnetictheory; its current text is Young and Freedman? In the lecture portion of this
course,studerts are occasionally assignedexerciseshat sendthem to the laboratory computers for
graphing theoretical results or solving ordinary di erential equationsvia Euler and improved Euler
methods using editable Excel templates supplied by the instructor. By far the bulk of the exposure
to computers, however, comesin the laboratory meetings, in which students perform experiments
titled

Using the Laloratory Computers/Elements of Data Analysis, in which students are intro duced
to the descriptive statistics assaiated with multiple measuremets of single quartities and
to Excel as a tool for recording data and doing the requisite arithmetic to determine these
statistical parameters.

Position, Velccity, and Acceleration, in which students explore the relationships among these
kinematic quartities, learn how to work with a sonicranger, and havetheir rst encourter with
on-line data acquisition and graphical display using LabPro interfacesand LoggerPro software.

Free Fall, in which students usea spark-timer to obtain a record of position versustime for the
rst half-secondof the motion of an object falling from rest, enter the 25{30 measuredposi-
tions manually into Excel, use Excel to calculate velocities and accelerations,copy appropriate
valuesinto Kaleidagraph, and use se\eral di erent approades, including least squares tting
to linear and parabolic functions, to extract measuredvaluesof the accelerationof gravity with
uncertainties.

Hooke's Law and Simple Harmonic Motion, in which studerts explore the relationship between
force and extension and the relationship between period and suspended massfor a Hooke's
law spring, using Excel and Kaleidagraph to do arithmetic and least squares tting. Then,
using the sonic ranger again, a force probe, and LoggerPro, students return to on-line data
acquisition to explore not only position, velocity, acceleration, and force as functions of time
but also velocity as a function of position (phase plane), force as a function of acceleration
(F = ma), and force as a function of extension (F = kx).

Inelastic Collisions, in which the sonic ranger is again usedto gather data on the inelastic
collision of a moving cart with a stationary cart, and Excel and Kaleidagraph are used to
assesq1) the applicability of consenation of linear momertum, (2) the agreemen between
experimentally determined and theoretically predicted graphs of nal velocity versusinitial
velocity, and (3) the agreemem betweenexperimentally determined and theoretically predicted
graphsof nal kinetic energyversusinitial kinetic energy

4University Physics (11th Edition), Hugh Young and Roger Freedman (P earson/Addison-W esley, San Francisco,
2004, ISBN 0-8053-9179-7).
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Ballistic Pendulum (Cenco Apparatus), in which students use the rise of the pendulum to
measurethe velocity of the projectile, then predict the position with uncertainty at which the
projectile will hit the o or when red acrossthe room, place a target, and then subject their
prediction to experimental test. The computer plays a smaller role in this experimert than in
most others, but still is usedfor statistical analysesof measuredvalues.

Charge to Mass Ratio of the Electron, in which students measurethe currents (and hencethe
magnetic elds) necessaryto de ect an electron beam of known energy in circles of known
radii and then useleast squares tting of those measuremets to extract a value for e=m with
uncertainty .

The Driven String: Resonane and Standing Waves in which medanical drivers and suitable
signal generatorsacquired initially for the coursePhysics of Music are usedto study standing
wavesin a vibrating string. Students locate a dozenor more normal modes of oscillation and
useleast squares tting to extract information from graphs of frequency versusmode number
and of wavelength versusmode number.

Interference: Wavelengthof Light with a Steel Rule, in which studerts scatter a laserbeamo
of the rulings on a madinist's scale,measurethe positions of the maxima in the interference
pattern on the wall, and use Excel and Kaleidagraph to reducethe data (a fairly complicated
numerical process), plot a suitable graph, perform a least squaresanalysis, and ultimately
extract a measuremen of the wavelength of the light in the laser beam.

Physics 160, the secondcoursein this two-term sequencedealswith relativit y, quantum
medhanics, solid state physics, and particle physics;its current text is Tipler.® Studerts are free to
usethe laboratory computers as they work on the weekly assignmems but, again, the bulk of the
exposure to computers comesin the laboratory meetings, in which students perform experiments
titled

Speed of Light, in which students use a pulsed laser and an oscilloscog in a time-of- igh t
measuremen of the speed of light. Excel is usedfor reduction of the measuremets.

Special Relativity Simulation, in which students useEdwin F. Taylor's SpaceTime[22] to explore
length cortraction, time dilation, velocity addition, and the relativity of simultaneity. This
experiment is the only experiment in the intr oductory course in which studentsuse a computer
simulation rather than real physial apparatus.

The Photeelectric E e ct, in which the stopping potential of photoelectronsis measuredas a
function of the frequency of the incident light. Least squares tting of the data leadsto a
determination of Planck's constart and the work function of the photoelectric surface.

The Bohr Model and the Hydrogen Spectrum, in which students use a di raction grating to
measurethe wavelength of the lines in the Balmer spectrum. Those wavelengths are then
correlated with the predictions of the Bohr model. Excel is usedfor reduction of the measure-
merts.

Electron Impact Excitation of Helium (Franck-Hertz Experiment), in which students determine
the excitation energiesfor helium initially in its ground state by measuringthe current at a
collecting ring as a function of the energy of the bombarding electrons, assa@iating peaksin
the resulting current with transition energiesin the helium atoms. The computer plays only a
small role in this experiment.

5Modern Physics (4th Edition), Paul A. Tipler and Ralph A. Llewellyn (W. H. Freeman and Company, New York,
2003, ISBN 0-7167-4345-0).
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The Sanning Tunneling Microsmpe (STM), in which students use a computer-cortrolled
NanoSurf EasyScan STM to generate and examine images of the surface of graphite. In
this experimenrt, on-line data acquisition and subsequeh data analysis are integrated into a
single program that corntrols the ertire process.

Alpha, Beta, and Gamma Radiation, in which students use a computer-cortrolled Geiger
counter to explore the penetration of various radiations through dierent distancesin air
and in other absorbers.

Radioactive Decay Rate and Half-Life, in which students use a computer-cortrolled Geiger
courter to measurethe activity of a short-lived isotope as a function of time.

Gamma Spectrosmpy, in which students use a scirtillation courter and computer-cortrolled
pulse height analysisto measurethe gammaray spectrum emitted by available sourcesand to
identify the material of those sourcesby its spectrum

Throughout Physics150and 160, studerts are expectedto keepcomplete, accurate, careful
recordsof their work while in the laboratory, and their laboratory recordsare graded ead weeknot
only on the accuracyand thoroughnessof the physicsembodied but alsoon the quality of the record
as a record of what was done, how it was done, and what was thought along the way. Certainly,
this laboratory helps students develop their experimental skills and alsotheir skills at keepinguseful
recordsof experimental work. By the end of the freshmanyear, prospective majors have alsobegun
to dewelop their skills in the use of computational tools, particularly that subsetof such skills of
particular value in the laboratory.

3.3 The Sophomore Year

Beyond the freshman year, majors|of course|con tinue to use Excel and Kaleidagraph. A serious
introduction to \real" computation, howewver, emergesin the sophomoreyear. In that year (and
thereafter), students have 24/7 accessto our Computational Physics Laboratory (CPL), which
is equipped|see Appendix Ajwith  hardware and software in all the categoriesenumerated in
Section 1.1 except PowerPoint and LabView. Fall-term sophomoresare introduced explicitly to
circuit simulation in Electronics (Section 3.3.1); winter-term sophomoresseeseweral applications
in Computational Mechanics (Section 3.3.2); and spring-term sophomoressee additional usesin
Electricity and Magnetism (Section 3.3.3).

3.3.1 Electronics (Physics 220)

The course Electronics (Physics 220) meets three times a week, twice for three-hour laboratory
sessionsand once for a 70-minute lecture/discussion of the current topic. The bulk of the course
entails constructing various circuits and using assortedmeasuringinstruments (oscilloscopes, signal
and function generators,frequency counters, digital voltmeters,and digital multimeters) to examine
the properties of the circuits. About 70% of the courseis dewted to analog circuits, including LRC
resonar circuits and operational ampli ers, and 30% of the courseis dewoted to digital circuits. The
texts are Horowitz and Hill ® and Simpson/ the rst asa primary referenceand important addition
to the students' personallibraries and the secondfor most of the reading.

Spaul Horowitz and Win eld Hill, The Art of Electronics (Cambridge Univ ersity Press, Cambridge, England, 1989,
ISBN 0-521-37095-7), Second Edition.

7Robert Simpson, Intr oductory Electronics for Scientists and Engineers (Prentice-Hall, Englewood Clis, NJ, 1987,
ISBN 0-205-08377-3), Second Edition. This book is out of print, but sewveral copies are available in the laboratory .
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Throughout the term, students cortinue to hone their skills with Excel and Kaleidagraph.
In addition, early in the course, students are introduced to Multisim 7 software installed on the
computersin the introductory laboratory and, subsequetly, usethat softwareto completea number
of the weekly problem assignmems and, whene\er they feel it appropriate, to predict or interpret
experimertal results. Each student maintains a careful hand-written laboratory notebook, though
computer-produced graphs and spreadsheetswill frequertly be taped into that notebook. Towards
the end of the term, ead student writes a journal-quality article on one of the experiments. Most
will useMicr osoft Word for the drafting of this article but a few will by this time have learned|and
will use|lL ATEX. Many will use Multisim 7 to generatetheoretical predictions for comparisonwith
their experimental results.

3.3.2 Computational Mechanics (Physics 225)

Prior to the academicyear 2002{03, we o ered a traditional coursein intermediate mecanics, us-
ing Symorf or Barger and Olssor? as the text. In addition, we o ered an elective course called
Computational Tools in Physics which usedlocally produced documerts'® asthe text and, in that
period, provided the starting point in our nurturing of our students' abilities to take full advantage
of the resourcesof the Computational Physics Laboratory (CPL). That full-credit coursewas of-
fered in three 1/3-credit segmetms, one in ead of the three terms of our academicyear, and was
taken by sophomoresas an overload. Its topics were coordinated with the required coursestaken
by sophomoremajors. The rst term focusedon acquairting students with the rudimentary capa-
bilities of our CPL (the UNIX operating system, array processingand graphical visualization using
IDL, publishing sciertic manuscripts using IATEX and Tgif, symbolic manipulations using MAPLE,
and circuit simulation using SPICE and was coordinated with Electronics. The secondterm was
coordinated with the intermediate coursein classicalmedanics, and focusedon symbolic and nu-
merical approaciesto ordinary di erential equations(ODESs). The third term was coordinated with
an intermediate coursein electricity and magnetism*! and focusedon symbolic and numerical in-
tegration. Especially for those sophomoreswho did not elect Computational Tools in Physics we
included two short computational workshops|jone on IDL and the other on MAPLE|in  the re-
quired sophomoremedanics course. Thus, all sophomoreshad at least a small, forced exposureto
the CPL, and some|but unfortunately not alllsophomores had a fully comprehensie intro duction
to the available capabilities.

Beginning in the academicyear 2002{03, the course Computational Tools in Physics was
discortinued, and the required sophomore course titted Computational Mechanics (Physics 225),
which replacedthe coursein classicalmecdanics, becamethe starting point in our nurturing of our
students' abilities to take full advantage of the resourcesof the CPL. In brief, this coursecombines
about 60% of the material covered in a traditional coursein intermediate mechanics with about
40% of the orientation to computing covered in the discortinued course Computational Tools in
Physics The gain liesin the incorporation of the computational elemeris in a coursethat is required
of sophomoremajors, thus assuring that all majors have an early introduction to computational
approades, making possible the assumption of that badkground in all subsequeh courses,and
supporting independent use of our computational resourceseven if individual faculty members in
later coursesdo not make explicit assignmets involving those resources.

Computational Mechanics doesnot, of course,cover all of the topics treated in its prede-
cessor. In particular, Lagrangian mechanics and rigid body dynamics were moved to our elective

8Keith Symon, Mechanics (Addison Wesley, Reading, MA, 1971, ISBN 0-201-07392-7), Third Edition.

9Vernon D. Barger and Martin G. Olsson, Classical Mechanics: A Modern Perspective (McGra w-Hill, New York,
1995, ISBN 0-07-003734-5), Second Edition

105eeChapter 5.

11seeSection 3.3.3.
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junior/senior course Advaned Mechanics Thesetopics thus remain available to junior and senior
majors but are not any longer encourtered by all majors. We believe, however, that this lossis more
than compensatedby the acquairtance all of our majors now have with computational approaces
and by their and our ability to exploit computational approadiesat many points in our intermediate
and advanced curriculum.

Computational Mechanics is discussedin fuller detail in Section4.1.

3.3.3 Electricit y and Magnetism (Ph ysics 230)

In Electricity and Magnetism (Physics 230), which usesGriths 1? as its text, is almost always
taken by students immediately after they complete Computational Mechanics which is the main
prerequisite. Thus, at the end of their sophomore year, majors have an immediate reinforcing
of some of the computational topics addressedin Computational Mechanics Though the details
and the extent of computer use depend on the individual instructor, students in Electricity and
Magnetism use the CPL for graphical visualization of problem solutions worked out by hand; use
symbolic and numerical integration to evaluate electrostatic potentials, electric elds, and magnetic
elds; solve the Laplace equation using instructor-supplied templates written in IDL's language;and
review numerical approacesto trajectory problems(which weretreated more fully in Computational
Mechanics).

3.4 The Junior and Senior Years

With Computational Mechanics as a uniform badkground, subsequen theoretical and experimertal
coursesalike o er students many opportunities to cortinue honing their computational skills and,
depending on the instructor, someof these courseswill direct students explicitly to the CPL for an
occasionalexercise. Tedhniques for graphical visualization are used routinely on the students own
initiativ e in Optics, Advanad Mechanics Advanaed Electricity and Magnetism, Mathematical Meth-
ods of Physics and Plasma Physics all of which are alternate-year elective o erings. Most senior
capstone projects exploit the resourcesof the CPL, at least for graphical visualization and prepa-
ration of reports. Somerecert senior projects, notably thosein uid medanics, musical acoustics,
xray diraction, mapping of astrophysical data, multiphoton quantum transitions, and theoretical
explorations of the con nement of non-neutral plasmas, have made extensive use of thesefacilities.
Somephysics students usethe CPL in conjunction with coursesin other departmerts, particularly
mathematics. Further, oncestudents have learned to use IATEX in Computational Mechanics they
routinely usethat tool for preparation of written papersand reports. All of theseusesare facilitated
by our policy of granting sophomore,junior and senior majors 24/7 accesgo the CPL.

Three upper-level coursesmake more extensive and explicit use of the computer. Uses
in Quantum Mechanics Advanced Laboratory, and Computational Physics are discussedin Sec-
tions 3.4.1,3.4.2, and Sections3.4.3and 4.2, respectively.

12David J. Griths, Intr oduction to Electrodynamics (Prentice-Hall, Upper Saddle River, New Jersey, 1999), Third
Edition.
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3.4.1 Quantum Mechanics (Physics 310)

Quantum Mechanics (Physics 310), which useseither Griths 2 or Cook'* as its text, is almost
always taken by studerts in the fall term of the junior year and, hence, provides the third term of
a comprehensie, intermediate-level exposure to medanics, electromagnetic theory, and quantum
medanics. As with Electricity and Magnetism, the details and the extent of computer use depend
on the individual instructor. Studerts are always free to usethe resourcesof the CPL on their own
initiativ e and, by this point in their careersat Lawrence, they have acquired su cien t skill and
con dence that many in fact do seeways to usethe computer to support their study of quantum
mechanics. When one of our more computer-oriented faculty members teachesthis course,students
are explicitly directed to the computer for graphical visualizations of quantum wave functions, re ec-
tion and transmission coe cien ts, :::; for symbolic and numerical solution of quantum eigernvalue
problems (e.g., in nite and nite depth potential wells, simple harmonic oscillator); for symbolic
and numerical determination of the time-evolution of Gaussianwave padets; for symbolic and nu-
merical evaluation of integralsto nd matrix elemens and then, for example, explore perturbation
expansions,selectionrules, and the Stark e ect for higher valuesof n than are usually addressedby
hand; etc.

3.4.2 Adv anced Laboratory (Physics 330)

Tedhnically, the laboratory dimensions of our program are outside the purview of responsibility
for the author of this report. Nonetheless,the exposure that majors have to computation before
enrolling in Advancd Laloratory supports their con dent use of an assortment of computational
resourcesin that courseand also provides the badckground that facilitates learning about new com-
putational techniquesthat support experimental scienceto complemer the techniques they have
already learnedin support of theoretical science.

The course Advanad Latoratory is required for physics majors and is usually taken by
juniors either in the winter or the spring term. Students work individually, and eat has exclusive
accessto the equipmert when working on ead experiment. Typically, in ten weeks,ead student
doesthree or four experimernts. For the sake of a seriousexposureto researt, eah student spends
four or v e weekson the rst experiment and is expectedto study the pertinent literature, to do an
extremely thorough job of the experimert, to contribute somethingnewto the experiment or explore
somenew dimension of the physical system,to keepa careful laboratory record, to preparea journal-
quality paper on the experiment, and to give a talk to the rest of the classon that experiment. While
new experimernts are added and, occasionally an experimert will be retired, the current options
include the experimernts listed in Table 3.2. Most of these experiments involve use of Kaleidagraph
and other graphical visualization tools for examining acquired data, useof IATEX or other publishing
packagesfor preparing written reports, and use of PowerPoint or equivalent presenation software
for preparation of talks. The laboratory is equipped with seweral computers having interface cards
and with numerous measuring instruments that can output digital signals directly to computers,
and many experimerts therefore involve on-line acquisition of data and compel the studert to gure
out how to persuadethe physical apparatus to communicate with a computer. Linear, polynomial,
and non-linear least squares tting gures in numerous experiments. Occasionally students use
numerical simulations to support comparison of theoretical predictions with experimental results.

Bpavid J. Griths, Intr oduction to Quantum Mechanics (Prentice-Hall, Upper Saddle River, New Jersey, 2005,
ISBN 0-13-111892-7), Second Edition.

1 pavid M. Cook, Non-R elativistic Quantum Mechanics. This set of notes, whose writing was started in 1967 and
which has seennumerous revisions over the years, has grown to a fullthough  asyet unpublished|text. A particular
feature distinguishing the current version from other books at the same level is its incorp oration of computational
approaches alongside the more traditional analytic approachesto addressing quantum mechanical problems.
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Gamma-Gamma Correlation, Saturated-Absorption Spectroscoyy,

High T, Superconductivity, Non-linear Quantum Optics,

MossbauerE ect, Electrical and Optical Properties of Thin Films,
Muon Decay, Alpha and Beta Spectroscopy,

Compton E ect, Electron Paramagnetic Resonance,

Faraday Rotation, Scanning Tunneling Microscopy,

Optical Pumping in Rubidium, Atomic Force Microscopy,

Xray Di raction, Raman Spectroscoyy,

Quantum Beats, Optogalvanic Spectroscoyy,

Holography, Population Dynamics in a Laser Plasma, and
Child's Law, Laser Fundamertals.

Table 3.2: Experiments Available in Advancd Laloratory.

Those responsible for deweloping this courseare working to incorporate LabView into someof the
experimerts, but that inclusion is not yet available to studerts.

3.4.3 Computational Physics (Physics 540)

The main computational techniques of importance not included in Computational Mechanics apply
to generating and visualizing solutions to partial di erential equations(PDES). Someyearsago, we
tried to incorporate nite-di erence and nite-element approacesto PDEs into our junior/senior
electives Advaned Electricity and Magnetism and Mathematical Methods of Physics That e ort
failed, rstland primarily]b ecausethe necessarysacri ce of other topics (electromagnetic radia-
tion from acceleratedparticles, relativistic formulation of electromagnetic theory, Fourier analysis
and complex contour integration, :::) wasultimately deemedunacceptable,and secondbecause|at
the timejonly those students who had elected Computational Tools in Physics had the necessary
badground, soonly a few juniors and seniorswere preparedto prot from inclusion of those topics
in those courses. Once Computational Mechanics had been introduced and taught for two years,
howevwer, all junior and senior majors then indeed had the appropriate badkground. Rather than
resurrecting our earlier incorporation of computational approacdiesto PDEs into other courses,how-
ever, we introduced a new junior/senior coursetitted Computational Physics (Physics 540). This
elective courselists Computational Mechanics as a prerequisite, so students who elect Physics 540
can move quickly to seriouscomputation; they neednot spend a portion of the courselearning how
to log in and out, work with a text editor and a publishing padkage, send les to the printer, and
work with basic numerical and symbolic tools|skills that are critical to successfuliseof a computer
but at the sametime are decidedly peripheral to the computational tasksat hand. In short, to usean
analogy from foreign languages,students cometo Physics 540 already knowing the vocabulary and
the grammar, and they can begin right away to usetheseskills in application to the computational
topics themseles.

Computational Physics is discussedin fuller detail in Section4.2.
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Central Courses

Two coursesin the Lawrencephysicscurriculum have substartial computational componerts. Com-
putational Mechanicsis o ered ewvery year, is required in the winter term of the sophomoreyear, and
provides all majors with an introduction to the resourcesof the Computational Physics Laboratory
(CPL). Computational Physics is an elective junior/senior coursethat is o ered in alternate years,
lists Computational Mechanics as a prerequisite, and senes the 20{25% of our majors who seek
a more advanced understanding of computational approacesthan is provided by the sophomore
course. Becausethese two coursesare certral to the computational dimensions of the Lawrence
curriculum, they are described more fully in this chapter than in the previous brief description in
Sections3.3.2 and 3.4.3, respectively.

4.1 Computational Mechanics (Physics 225)

The main objectives of Computational Mechanics (Physics 225) are corveyed by its catalog de-
scription, which assertsthat it \in troducessymbolic and numerical computation through examples
drawn mainly from classicalmedanics but also from classicalelectromagnetismand quantum me-
chanics" and that it \emphasizescomputer-basedapproacesto graphical visualization, the solution
of ordinary dierential equations, the evaluation of integrals, and the nding of eigervalues and
eigervectors". Prerequisitesfor the courseare Intr oductory Classial Physicsand Di er ential Equa-
tions and Linear Algebm, which itself has three terms of calculus as prerequisites. The text for
the medanics componert, Notes for Computational Mechanics?! is written by ProfessorCook and
is comparablein level and sophistication to Symor? or Barger and Olssor? but is abbreviated to
include only those topics coveredin the course;the text for the computational componerts is Com-
putation and Problem Solvingin Undergraduate Physics (CPSUP), alsowritten by ProfessorCook.*
Over the years, the writing of successie drafts of the materials that ultimately found their way into
the version of CPSUP usedfor this courseand ultimately the writing of that book was supported
by grants from the NSF; the actual designof the courseand someof the polishing of the text was
supported by the 2001 grant from the W. M. Keck Foundation.®

Iwhile these notes may ultimately be published, as of December, 2006, they are still very much in draft form.

2Keith Symon, Mechanics (Addison Wesley, Reading, MA, 1971, ISBN 0-201-07392-7), Third Edition.

3Vernon D. Barger and Martin G. Olsson, Classical Mechanics: A Modern Perspective (McGra w-Hill, New York,
1995, ISBN 0-07-003734-5), Second Edition

4Both the development of this book and its customizable structure are described more fully in Chapter 5.

5Seethe section titled Acknowledgments on page vii in the preface for more details on these grants.
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Week 01 | Orientation to LINUX (including text editor)
Kinematics/Dynamics of Translation/Rotation
Impulse/Momentum/W ork/Kinetic Energy
Gravity/Electromagnetic Force/Friction/T ension

Week 02 | Orientation to IDL/TGIF (basic capabilities, visualization)

Week 03 | Equations of motion (constart force/torque, force dependert
onlyont, :::only onx, ::: only onv)

Potential energy SHM, and equilibrium

Work and potential energyin 3D

Week 04 | Velocity-dependert forces

Damped and driven SHM

Resonance

Coupled and small amplitude oscillation

Week 05 | HOUR EXAMINA TION
Orientation to IATEX
Cerntral Forces/E ectiv e Potential Energy, Orbital Equations

Week 06 | Planets, Satellites, Comets
MID-TERM READING PERIOD

Week 07 | Orientation to MAPLE
Using MAPLE to solve ODEs
Algorithms to solve ODEs numerically

Week 08 | Using IDL to solve ODEs numerically

Week 09 | HOUR EXAMINA TION
Symbolic Evaluation of Integrals

Week 10 | Algorithms to Evaluate Integrals Numerically
Using IDL to Evaluate Integrals Numerically

Week 11 | FINAL EXAMINA TION

Table 4.1: Weekly Schedule for Computational Mechanics

4.1.1 Outline of the Course

As is evidert from the catalog description, Computational Mechanics hastwo distinct but intertwined
topics, medanics and computation. The schedule for this courseis displayed in Table 4.1. The
coursebeginswith a tutorial exerciseto acquairt students with the features of the workstations in
the CPL and with the LINUX operating system. Concurrertly, students review and extend their
intro ductory studies of translational and rotational kinematics and dynamics, impulse, momertum,
work, kinetic energy and common forces. They spend the secondweek of the term entirely in the
CPL becomingacquairted with the generalcapabilities of IDL, especially for graphical visualization
of scalar functions of one, two, and three variables, and with Tgif for generating drawings. In the
third and fourth weeks,the coursereturns to the fundamertal laws of medchanicsto setup and solve
the usual problems in one-dimensionalmotion via standard analytic techniques, and to extend the
de nition of potential energyand consenative forcesto three dimensions. Then, in the fth and sixth
weeks,after a pausefor evaluation, students encourter the elemerts of IATEX and spend se\eral days
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on the standard analytic approacesto the certral force problem. The remainder of our ten-week
term is spent mostly in computationally related activities, including an orientation to MAPLE, a
discussionof numerical algorithms for solving ordinary di erential equations(ODEs) and evaluating
integrals, and an introduction to routines built into IDL for solving ODEs and evaluating integrals.
Examplesinclude many of the problemsalready discussedanalytically but alsointroduce non-linear
and chaotic systems. Sample integrals are found in the evaluation of potential energies,momerts
and products of inertia, and electric and magnetic elds and potentials. In the rearrangemen that
generatedComputational Mechanics from its predecessora more traditional intermediate coursein
classicalmedanics, only Lagrangian medanics and rigid-b ody dynamics were omitted to provide
the time for the addition of the computational topics. In the Lawrencecurriculum, thesetwo topics
are included in an elective alternate-year, junior/senior elective titted Advaned Mechanics

Computational Mechanics is a rapidly pacedand intensive course. Students in the course
spend quite a bit of time in the CPL. Especially during the rst few weeksof the term, when
studerts are inexperiencedwith the available computational tools, we arrangefor a more experienced
studert|often a student who had worked as a researt assistart to ProfessorCook in the previous
summer|to be available in the CPL for four to six scheduled hours eadh week to help studerts
in the course strengthen their wings so that, later in the term, they can be expectedto y more
con dently on their own.

4.1.2 Sample Problems from Assignmen ts

Becausethey refer to chapters and exercisesrom the texts, detailed syllabi for this coursewould not
be particularly meaningful and are not included in this report. Instead, to give a bit of the a vor of
the course, seweral represertativ e problems assignedduring the term are collected in Appendix B.
Note that, after students have learned a bit of IATEX in week5, they are required to complete their
solutions to one or two problems ead weekusing that publishing tool.

4.1.3 Examinations from a Recent O ering

The examinations givenin arecer o ering of this coursealso corvey something of the expectations.
In each o ering, there are two one-hour examinations and one three-hour nal examination. The
secondof the two hour examinationstypically contains both an in-class, closed-mok timed part and
an out-of-class, open-book but closed-classmateat-the-computer part. The rst hour examination
may or may not have an at-the-computer componert and, becausethe enrolimert in the course
exceedsthe available equipmert, the nal examination will not involve any work at the computer.
The rst hour examination and the nal examination, however, may well ask students to lay out
what they would do were they able to accessa computer. Copies of the three examinations from
the winter, 2006,0 ering of Computational Mechanics are contained in Appendix C.

4.2 Computational Physics (Physics 540)

The main objectives of this alternate-year o ering are corveyed by its catalog description, which
assertsthat it \treats computational approacesto problemsin physicswith particular emphasison
nite-di erence and nite-element methods for solving partial di erential equationsasthey arisein
electromagnetictheory, uid medanics, heat transfer, and quantum medanics, and on techniques
for graphical visualization of the solutions". The prerequisite for the courseis Computational Me-
chanics which simple statement hides the seweral physics and mathematics prerequisites for the
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stated prerequisite course. The text for the courseis ProfessorCook's CPSUP, supplemened with
assorteddocumertation for the various programs used during the course. The dewvelopmert of this
courseand the drafting and revising of the portions of CPSUP usedin this coursewere supported
by the 2001 grant from W. M. Keck Foundation.®

421 Outline of the Course

The daily schedulefor Computational Physicsis compiledin Table 4.2. Becausestudents spend quite
a lot of time at the workstations in the CPL and becauseit usually doesn't take very long in class
to setthe stage for lengthy exercisesat the computer, this coursemeetsfor lecture on averagel.5
times per week. At other times, students work on the regular assignmers, which are commonto all
students and involve (relativ ely) straightforward exerciseshat invoke the computational strategy of
the week. The coursebeginsby orienting studerts, all of whom have taken Computational Mechanics
but most of whom have not taken a formal coursein programming, to the elemers of structured
programming, rst in pseudaode (which allows focusing on conceptsrather than syntactic details)
and then in FORTRAN and IDL.

After spendinga day and a half deriving the standard second-orderpartial di erential equa-
tions of mathematical physics (wave equation, di usion equation, Laplace equation) and discussing
the multitude of physical contexts in which one or another of these equations appears, the course
introduces nite di erence methods and appliesthem to

discretize the di usion equation in the spatial coordinate(s) but not the temporal coordinate,
yielding a possibly large set of rst-order ordinary di erential equationsto be solved simulta-
neously subject to appropriate initial and boundary conditions. (The solution of ODEs using
IDL wastreated in Computational Mechanics; in Computational Physics studerts review use
of IDL but then move to using the large FORTRAN solver LSODE, which givesthem their
rst experiencewriting driving programsto invoke existing and well tested subroutines.)

discretize the wave equation in the spatial coordinate(s) but not the temporal coordinate,
yielding a possibly large set of second-orderordinary di erential equationsto be solved simul-
taneously subject to appropriate initial and boundary conditions.

discretize the Laplace equation in all coordinates, yielding a possibly large set of algebraic
equationsto be solved by an iterativ e approach. Students rst follow a supplied template to
write programs, either in IDL or FORTRAN or C, to implement the standard iteration for
a variety of di erent boundary conditions and geometries. Later in the term, studerts learn
about multigrid approachesto speedthe corvergenceof the iteration and, instead of trying to
code this more di cult approad themselwes, encourter again the needto write driving pro-
gramsto invoke existing subroutines, this time MUD2SP and MUD3SP from the MUDPACK
padkage of solvers for elliptic partial dierential equationsin two and three dimensions.

discretize the wave and di usion equations in all coordinates, obtaining a set of algebraic
equationsthat support the systematic stepping of the initial valuesinde nitely into the future
and, following templates developedin lecturesand the text, write their own IDL or FORTRAN
or C code to solve a number of problems with di erent initial and boundary conditions.

About 35% of the time in our ten-weekterm is dewoted to this segmen of the course.

The nal topic of the course,to which about 30% of the time is dewoted, addressesnite
elemen approadesto partial di erential equationsthough, for simplicity of the initial developmert,

6Seethe section titled Acknowledgements on page vii in the preface for more details on these grants.
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Day 01 | Programming Structures and Strategies

Day 02 | Programming in FORTRAN and IDL

Day 03 | Analytic/Ph ysical Derivation of PDEs (wave,

di usion, Laplace,and uid dynamics equations)
Day 04 | Finite Dierence Methods (Part I)

Day 05 | ASSIGN 1 DUE; Driving Programs for LSODE (Part 1)
Day 06 | Driving Programsfor LSODE (Part 1)
Day 07 | No class;Work on Assignmert 2

Day 08 | ASSIGN 2 DUE; Finite Di erence Methods (Part 1)
Day 09 | Finite Dierence Methods (Part 111)
Day 10 | No Class;Work on Assignmert 3

Day 11 | No Class; Work on Assignmert 3
Day 12 | Oral presenrations on Assignmert 3
Day 13 | ASSIGN 3 DUE; MUDPACK/Multigrid Tedhniques (Part 1)

Day 14 | MUDPACK/Multigrid Tedniques (Part 11)
Day 15 | No Class; Work on Assignmert 4
Day 16 | ASSIGN 4 DUE; Finite Element Methods (Part 1)

Day 17 | Finite Elemert Methods (Part 1)
Day 18 | Finite Elemert Methods (Part I11)
Day 19 | MID-TERM READING PERIOD; No Class

Day 20 | No Class; Work on Assignmert 5
Day 21 | ASSIGN 5 DUE; FEMs with MAR C/MENT AT (Part 1)
Day 22 | FEMs with MARC/MENT AT (Part II)

Day 23 | Project Proposal Due; No Class; Work on Assignmert 6
Day 24 | Oral Presenations on Assignmert 6
Day 25 | ASSIGN 6 DUE; No Class; Work on Projects

Day 26 | No Class; Work on Projects
Day 27 | THANKSGIVING VACATION
Day 28 | THANKSGIVING VACATION

Day 29 | No Class; Work on Projects
Day 30 | No Class; Work on Projects
Day 31 | Oral Preserations on Projects; Final Paper Due

No Final Examination

Table 4.2: Daily Sdedule for Computational Physics The vertical blocking corresponds to the
weeksof the term, which happenedto start on a Friday in the year to which this schedule applies.

the approach is rst applied to ordinary di erential equations. In both oneand two dimensions,the
dewvelopmen of the technique focuseson a generalsecond-order,self-adjoirt, linear, inhomogeneous
equation. The overall strategy is laid out, and templates for coding in FORTRAN and IDL are
worked out for specic examplesof such equations, and students then modify those templates to
adapt them to other examples. After the technique hasbeendescribed and practice with very simple
examplescompleted, the coursespendstwo days describinghow to usea pair of commercialprograms
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called MAR C (a venerable solver of partial dierential equations by nite elemen methods) and
MENT AT[23] (a more cortemporary GUI interfacefor de ning problems,automeshingthe geometry;
creating the input le for MARC, and examining the output produced by MAR C). Studerts then
complete an assignmen that asksthem to adapt strategies illustrated in the class discussion of
MAR C/MENT AT to slightly di erent situations.

4.2.2 The Pro jects

Becausethey referto chapters and exercisedrom the texts, detailed syllabi would not be particularly
meaningful and are not included in this report. Further, no examinations are given in this course.
Beyond the weekly written assignmers (which all students complete using IATEX), students also
complete two medium-length projects, the rst (a componert of Assignmert 3) an assignedproject
using nite di erence techniquesand the second(a componert of Assignmen 6) an assignedproject
using nite elemen technigues. At the end of the term (the entirety of Assignmert 7), eat student
completesa nal, longer project of his or her choicebut subject to the instructor's advanceapproval.
On ead of these projects, ead studernt preparesan oral presenation (15 minutes for the rst two
projects; 25{30 minutes for the end-of-term project) deliveredto the classand also a written paper.
The general level of the course and the types of problem that students are expected to be able
to addressare corveyed by the portions of the assignmetts describing thesethree projects. Those
portions of Assignmerts 3, 6, and 7 are preseried in Appendix D.



Chapter 5

CPSUP

The computational componerts of the Lawrence curriculum and the text which is the topic of this
chapter ewlved together, and the text has played an important role in supporting our curricular
developmerts. Titled Computation and Problem Solving in Undergraduate Physics (CPSUP),* the
text had its origins in the mid 1980swhen, as has been detailed in the previous chapters of this
report, we at Lawrencedecidedthat, to be properly preparedfor their future careersin physics, our
majors neededto have a substartial exposureto computational approacesto problems alongside
the more traditional analytic approades and they neededto have that exposure early enough so
that we could require them to use computational resourcesin subsequeh coursesand so that they
would have the knowledge and con dence to usethose resourceson their own initiative whenever
it seemedto them appropriate to do so. In the rst decadeof this project, activities focusedon
acquiring hardware and software, developing a successiorof curricular modi cations, and generating
numerous|ultimately 65or 70|do cumerts that described the featuresof the operating systemand
the seweral acquired software padkagesand illustrated how to apply those software padcages|b oth
symbolic and numeric|to selectedrepresertativ e problemsdrawn from seeral di erent subareasof
physics.

By late 1998, it was clear that dewvelopmerts at Lawrence might well be of interest to the
wider communityla realization that prompted the submission of a proposal to the Educational
Materials Developmert (EMD) track of the CCLI program of the NSF.? The objectives of the
proposedactivity were

to standardize the format of and expand the extensiwe library of instructional materials devel-
oped at Lawrenceinto a exible publication to support introduction of usesof computational
resourcesinto the upper-level undergraduate physics curriculum;

to conduct week-longsummerworkshopsfor physicsfaculty from around the courtry, not only
for evaluation and assessmenbut also for dissemination; and

to publish the nal product.

The bulk of the writing took place during the summersof 2000,2001,and 2002and during a sabbat-
ical year early in that period. In the summers,student assistarts drafted solutionsto represenativ e
exercises.Thus, the end result is not only a book, which runs to about 900 pagesif all componerts

1Greater detail about CPSUP can be found at the URL http://www.lawrence.edu/dept/physics/ccli . A review
was published in the American Journal of Physics, Vol. 74, No. 7 (July, 2006), pp. 653{655.
2SeeNSF Grant DUE-9952285 as listed in the section titled Acknowledgements on page vii in the preface.
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are included, but also an accomparying manual corntaining solutions to nearly 200 represetativ e
exercises.

In this chapter, the text itself is described in fuller detail. While the writing of this text was
prompted by the absenceof curricular materials appropriate to what we wanted to do at Lawrence,
the attempt in the nal version was to create a text that would have potential usein a variety
of contexts. In this chapter, we state the challenges,describe the structure of the resulting book,
speculate about possibleusesof CPSUP, describe the strategy adopted for meeting the publishing
challenge,and outline the future growth of CPSUP.

5.1 The Challenges

That dierent departmens use di erent hardware and software posesa major challenge to the
writing of a widely useful text. The variety of options and combinations is so great that any single
choice (or coordinated set of choices)is bound to limit the usefulnessof the end result to a small
subsetof all potentially interested users. The strategy adopted by CPSUP to addressthis challenge
involvesassenbling di erent versionsof the basic materials from a wide assortmen of componerts,
someof which|the genericcomponens|will beincluded in all versionsand others of which|those
speci ¢ to particular software padkages|will be included only if the potential user requeststhem.
Thus, the speci c software and hardware treated in any particular version will be microscopically
\tailor-able" to the spectrum of resourcesavailable at the user's site. One version, for example,
could include the generic componerts and only the componerts that introduce the features of and
apply IDL, MAPLE, C, and IATEX while another might include the generic componerts and the
componerts that intro ducethe featuresof and apply MATLAB, MATHEMA TICA, and FORTRAN
(including Numerical Recipes).

A second challenge arises because,even among sites that use the same hardware and
software, someaspects of local ervironments are still unique to individual sites. Rules of citizenship,
practices and policies regarding accourts and passwords, the features and elemenary resourcesof
the operating system, the structuring of public directories, badkup schedules, after-hours access,
licensing restrictions in force on proprietary software, and numerous other aspects are subject to
considerablelocal variation. CPSUP itself makes no attempt to addressthis challenge and does
not constrain local options in these matters. Throughout the book, individual usersare directed
to a publication called the Local Guide for site-speci ¢ particulars. A suggestedtemplate for that
guide will be provided. This guide will have to be created at ead site, though a template for that
guide|sp eci cally, the guide usedat Lawrence|accompanies CPSUP.

Third and fourth challengesare consequencef the microscopic customizability. The
market for any single version is likely to be small. Thus, any potential publisher must be able
not only to assenble and print the desired version on demand (the third challenge) but also (the
fourth challenge)to respond economicallyto orders for relatively small numbers (5{10) of copiesof
a particular version. The author's way to addressthese challengesis laid out in Section5.5.

5.2 The Structure of CPSUP

The essetial idea for the book emergedfrom a recognition that the badkground for and setup of
particular problemsto be addressedwith a computer are independert of the speci ¢ hardware on
which and software padkage with which the solutions would be pursued. It ought therefore to be
possibleto create a single book that could be produced in various versions. The book would be
assenbled from generic componerts that would be common to all versions and software-speci ¢
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Chapter 1. Preliminaries
Chapter 2. Introduction to IDL
Chapter 3. Introduction to MATLAB
Chapter 4. Introduction to MACSYMA
Chapter 5. Introduction to MAPLE
Chapter 6. Introduction to Mathematica
Chapter 7. Introduction to Programming
Chapter 8. Intro duction to Numerical Recipes
Chapter 9. Solving Ordinary Di eren tial Equations
Chapter 10. Introduction to LSODE
Chapter 11. Evaluating Integrals
Chapter 12. Finding Roots

Appendix A. Introduction to IATEX

Appendix  B. Introduction to TGIF

Table 5.1: Top-Lewel Table of Contents for CPSUP.

componerts, dierent subsetsof which would appear in dierent versions. At the coarsestlevel,
that exibilit y is illustrated in the top-level table of contents in Table 5.1. Chapter 1 stands alone;
Chapters 2 and 3 introduce the generalfeatures of two commonarray processorsChapters 4, 5, and
6 introduce the features of three di erent computer algebra systems;Chapters 7 and 8 introduce a
programming languageand the numerical recipeslibrary; Chapters9, 10, 11, and 12 addressse\eral
important categoriesof computational processing;and the appendicesintro duce a publishing system
and a program for producing drawings. Any particular versionwould include at leastoneof Chapters
2 and 3 and one of Chapters 4, 5, and 6, and Chapters 9, 11, and 12|though theselast three would
be assenbled with only those componerts that illustrate the programs included in the selections
from Chapters 2{6. Chapters 7, 8, and 10, the assiated sectionsin Chapters 9, 11, and 12, and
the appendiceswould be included only if desiredby the end user. While the pedagogicobjective is
for students to become uent in the useof a spectrum of computational tools, and the chapters are
organizedby program or by computational technique, the focus throughout is on physical contexts.

The top-level table of contents, however, does not accurately corvey the full structure of
the text. Chapters fall into two groups. Each of Chapters 2, 3, 4, 5, 6, 8, and 10 and Appendices
A and B, for example, focuseson the basic features of a particular application program. Though
these chapters draw their examplesfrom physical situations and concludewith numerousphysically
oriented exercises,they still focus on the capabilities of the application program rather than on
the physicsillustrated in the examples. Their format re ects a corviction that students must rst
focus attention on the application program itself before being ready to usethe program to address
problemsin physics. For example, Chapter 3, the table of contents of which is shawn in Table 5.2,
is represenativ e of chapters in this group. Speci cally, Chapter 3 introducesthe main features of
MATLAB, a program for processingarrays of numbersand creating graphical visualizations of one-,
two-, and three-dimensional data sets. The other chapters in this group have a similar structure.
Many of the sectionsin these chapters are structured as tutorials that lead the reader through the
main features of the correspnding program, are to be studied at a computer, and lean in some
measureon vendor-supplied documenrtation and on-line help to encourageand guide self-study.

Shawvn in Table 5.3, the structure of Chapter 11 on evaluating integrals exempli es the
structure of the chapters in the secondgroup, ead of whose members focuseson a particular
computational technique. Presumably, before approacing any particular section in this chapter,
the student would have studied the relevant sectionsin earlier chapters. The rst sectionin ead of
thesechapters (here Section 11.1) setsseweral physical problems, the successfuladdressingof which
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Section 3.1 Beginning a Sessionwith MATLAB
Section 3.2 Basic Entities in MATLAB
Section 3.3 A Sampling of MATLAB Capabilities

Section 3.4 Properties, Objects, and Handles

Section 3.5 Saving and Retrieving a MATLAB Session
Section 3.6 Loops, Logical Expressions,and Conditionals
Section 3.7 Reading Data from a File

Section 3.8 On-line Help
Section 3.9 M-Files

Section 3.10 Eigernvaluesand Eigernvectors

Section 3.11 Graphing Scalar Functions of One Variable
Section 3.12 Making Hard Copy

Section 3.13 Graphing Scalar Functions of Two Variables

Section 3.14 Graphing Scalar Functions of Three Variables
Section 3.15 Graphing Vector Fields

Section 3.16 Animation

Section 3.17 Advanced Graphing Features

Section 3.18 MiscellaneousOccasionally Useful Tidbits
Section 3.19 References
Section 3.20 Exercises

Table 5.2: Sectionsin the Chapter on MATLAB.

bene ts from exploitation of the computational technique with which the chapter deals. Subsequeh
sections|here Sections11.2{11.4|describ e how onemight usea symtwlic tool in application to some
of the problems set in the rst section, thenlhere Section 11.5|describ e appropriate numerical
algorithms generically and nally|here  Sections11.6{11.12|illustrate how those algorithms can
be implemented with avariety of tools. Each chapter concludes|here Section11.13|with numerous
exercisesthat students can useto hone their skills. Listings of programs dewveloped in the chapter
are included as appendicesto the chapter rather than to the book asa whole. The genericsections|
here Sections11.1,11.5,and 11.13|w ould beincluded in all versionsof the chapter; ead individual
instructor would selectwhich of the remaining sectionsare appropriate to that instructor's site and
only those sectionswould be included in a version for that site.

Yet onelevel further down in the overall structure, Table 5.4 showsthe presert list of sample
problemsfor Chapter 11. They range over seweral subareasof physics and reveal that evaluation of
integrals, perhapsas functions of one or more parameters, plays an important role in many areasof
physics.

5.3 Potential Uses

As illustrated by our usesat Lawrence, CPSUP is suitable for a sophomorecourseaimed at intro-
ducing physics majors to computational approacesto problemsin physics. Through selection of
sectionsand choice of the examplesin medanicsor in electromagnetictheory or :::, the text would
alsofunction well asa supplemer to support introduction of computational approacesin the stan-
dard coursesin the intermediate-level program of a typical physicsmajor. Sinceit is in many places
structured as a tutorial, CPSUP could also support self-studies, independert studies, or tutorials
by individual students interestedin learning how to apply computation to physics|and occasional
studerts at Lawrence have usedthe materials in that mode. Finally, especially after a student has
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Section 11.1 Sample Problems
Section 11.2 Evaluating Integrals Symbolically with MACSYMA
Section 11.3 Evaluating Integrals Symbolically with MAPLE

Section 11.4 Evaluating Integrals Symbolically with Mathematica
Section 115 Algorithms for Numerical Integration
Section 11.6 Evaluating Integrals Numerically with IDL

Section 11.7 Evaluating Integrals Numerically with MATLAB
Section 11.8 Evaluating Integrals Numerically with MACSYMA
Section 11.9 Evaluating Integrals Numerically with MAPLE
Section 11.10 Evaluating Integrals Numerically with Mathematica
Section 11.11 Evaluating Integrals Numerically with FORTRAN
Section 11.12 Evaluating Integrals Numerically with C
Section 11.13 Exercises

Appendix 11.A Listing of trapezoidal.f

Appendix 11.B Listing of trapezoidal.c

Table 5.3: Sectionsin the Chapter on Integration.

11.1.1. One-Dimensional Trajectories

11.1.2. Center of Mass

11.1.3. Momernt of Inertia

11.1.4. Large-Amplitude Pendulum (Elliptic Integrals)
11.1.5. The Error Function

11.1.6. The Cornu Spiral

11.1.7. Electric/Magnetic Fields and Potentials
11.1.8. Quantum Probabilities

Table 5.4: Sample Problemsin Section11.1.

spent sometime with some of the chapters, CPSUP should be a useful referencework to have in
one'slibrary. Broadly, CPSUP is a exible text that canbe usedin a variety of ways|including as
the text for stand-alonecourses,asa supplemert to existing courses,and asthe text for tutorials and
self-study|to  support introduction of computational approacdesto problems in physics alongside
the more traditional analytic approades.

While the motivation throughout CPSUP liesin and all examplesare drawn from physical
contexts, the ultimate objective is for students to dewvelop a sound understanding of the capabilities
of a spectrum of computational tools, of a variety of computational technigues, strategies, and
algorithms, and of the ways in which those capabilities and techniquescan be productively exploited
to addressseriousand substartial problemsin physics. Students cannot pro tably attempt to run
in this arena, however, before they have learned to walk. While CPSUP draws its examplesfrom
physical contexts and students working their way through the book will learn physics, the book
assumesthat the student has completed at least an introductory calculus-basedsurvey coursein
physics to justify placing the greater emphasison the computational tools and techniques. That
focusalsoleadsto a two-fold organization basedon the most important capabilities of the tools and
on generally useful computational techniquesrather than on the standard subdisciplines of physics.
The typical user will jump around in CPSUP to study only those sectionsthat relate to available
software packages, only those illustrativ e exercisesthat apply to the particular subdiscipline of
physics of concern. Though someof the later sectionsin the book depend on someearlier sections,
the linkagesare not particularly tight. Thus, the order of presenation in the book doesnot compel
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any particular order of treatment in a course or program of self-study.

5.4 Workshops

For purposesof both evaluation and dissemination, the 2000 NSF grant and its 2003 supplemen
supported four week-long summer workshops at Lawrence. In ead workshop, participants raced
through exercisesthat familiarized them with the Lawrence computational ervironment, with the
primary featuresof IDL or MATLAB (1 day), and of MAPLE or MATHEMA TICA (1 day), and
then with applications of theseprogramsto addressproblemsin physicsinvolving ordinary di eren-
tial equations (1 day), evaluation of integrals as functions of parameters (1 day), and nding roots
(1 day). A total of sewenty faculty members represening sixty-six distinct physics departments
from around the courtry participated in these workshops and provided feedbad on the growing
manuscript. A few served more formally as beta testers, and seweral are among those who have
continued to use CPSUP in the years after its completion. Dissemination also occurred as a con-
sequenceof talks and posters|see a full listing in Appendix A.6|presen ted at national meetings
and occasionalannouncemeis emailed and/or US-mailed to the chairs of departments o ering the
bachelor's degreein physicsand others on a growing locally maintained mailing list.

5.5 Addressing the Publishing Challenge

Presen-day customizable and print-on-demand publishing is not yet capable of providing the mi-
croscopic section by section customization that CPSUP requires, especially when the number of
copiesordered of any particular versionis likely to be small (5{20). Until an on-going seard for a
commercial publisher meetswith successthe book is being self-publishedby the author.® With the
assistanceof TEX, IATEX, and an assortmert of assaiated piecesof software, the processof producing
a PostScript le containing the genericcomponerts and the selectedsoftware-speci ¢ componerts for
any particular versionis almost trivially easy Onceall the appropriate IATEX source les containing
the text of the various componerts (with embeddedformatting and indexing commands)have been
createdand, in addition, a buyer-speci c le cortaining true/false valuesfor the ags that selectthe
componerts to beincluded is available, the processinvolves

running IATEX,

running IATEX a secondtime to setthe internal crossreferencesand table of contents correctly,
running IATEX a third time, especially if insertion of the proper internal referencesin the
secondpasscausesthe pagination to change?

running makeindex to generatethe le from which the index will be produced,

running IATEX onelast time (third or fourth time) to produce an output le that contains the
proper index, and

running dvips .

After about v e minutes of processortime on a contemporary desktop computer, the PostScript le
for a 400{900 page book is in hand!"! That le is then sert electronically to a nearby commercial
print shop,whosesta membersprovide it asinput to a fascinating machine that digeststhe le and
producesbound copiesas output, all without human intervertion. That commercial establishmen

3Self-publishing has its drawbacks, but one advantage of the approach and the assciated on-demand printing is
that typos, grammatical infelicities, and unclear passagesdiscovered now and then can be corrected immediately and
beright in all subsequert printings.

4The system prints a warning during the second passif a third passis necessary
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Version # Institutions # copies

Class-sizel Adoptions

Maverick versions 4 43
IDL-MAPLE+other componerts 5 38
IDL- Mathematica+other componerts 5 92
MATLAB-MAPLE+other componerts 5 39
MATLAB- Mathematica+other componerts 11 106
TOT AL 30 318
Single Examination Copies Sent
Full 10 10
IDL-MAPLE+other componerts 7 7
IDL- Mathematica+other componerts 11 11
MATLAB-MAPLE+other componerts 16 16
MATLAB- Mathematica+other componerts 29 29
TOT AL 73 73

Table 5.5: Summary of Distribution of Self-Published Copies of CPSUP from 1 August 2003to 1
August 2006. Versionscontain IDL-MAPLE, IDL- Mathematica, MATLAB-MAPLE, or MATLAB-
Mathematica and various selectionsfrom the other options. The few versionscontaining more than
one of IDL and MATLAB and/or more than one of MACSYMA, MAPLE, and Mathematica are
identied as \maverick versions". In the column labeled “# institutions', institutions to which
copieswere sert in more than oneyear are tallied oncefor ead year. Beyond the above-erumerated
distribution, sewenty copiesof the full version (asit existed at the time of ead workshop) are in the
hands of those who participated in the workshops,and four di erent institutions have purchaseda
total of sewen copies,mostly of the full version, aslibrary acquisitions.

then ships the completed books to the buyer. The processis economicaleven for as few as half
a dozen copies. Copies can be produced and delivered in about three weeks. Since its essetial
completion in the summer of 2003, one or another version|see Table 5.5|of CPSUP has been
adopted for classuseat thirt y institutions and examination copies,again of one or another version,
have beenrequestedby sewenty- v e individual physicsteachers.

5.6 The Future of CPSUP

The rst edition of CPSUP hasbeenessetially complete sincelate 2003. The seard contin ues for
a commercial publisher with the capacity to provide customization economically for small orders.
In the meartime, self-publication by the author will cortinue.

As with most large projects, as deadlinesloom the scope is scaledbadk. CPSUP was
originally to include chapters on statistical data analysisand curve tting, partial di erential equa-
tions, Fourier analysis, and image processing. Chapters on Monte Carlo techniques and examples
from thermal and optical physicsare candidatesfor inclusion. Other software packages(particularly
OCTAVE, which is a shareware version of MATLAB, MAXIMA, which is a shareware version of
the now unavailable MACSYMA, and MathCAD) could defensibly be incorporated as options by
including chapters speci cally on thesepadkagesand by adding sectionsillustrating the useof these
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padagesin other chapters. And other languageslike Java, publishing padkagesbeyond IATEX, and
drawing programs beyond Tgif should perhapsbe made available as options.

Beyond the exibilit y easily to accommalate a variety of choices of hardware and soft-
ware, the structure adopted has also the corveniert|p erhaps even fortuitous|capabilit y of easy
expansion. With support from the 2001W. M. Keck Foundation grant, a step in the direction of a
secondedition hasalready beentakenwith the drafting of at least parts of the chapters that support
the courseComputational Physics Chapter 13 on nite dierence and nite elemern approadesto
partial di erential equations, Chapter 14 on the padkage MUDPACK, which contains FORTRAN
solvers that use multigrid techniques to addresselliptic partial di erential equationsin two and
three dimensions,and Chapter 15 on MAR C/MENT AT, which is a commercial pair of programs for
setting up and solving partial di erential equationsby nite elemen techniquesare well along. As
of Decenber, 2006, the genericparts of these chapters are complete, but the software-speci ¢ parts
exist only for the software padcagesin useat Lawrence.

As the author moves towards retirement from full-time teaching, he expects to dewte
more of his e orts to lling in these gaps. Chapters on many other computational topics and on
other software padkagesmay well comeinto being. Further, oncethe publishing wrinkles have been
satisfactorily worked out and the structure of the les has beenre ned and documerted, other
authors may be attracted to cortributing componerts on their favorite topics or software padkages,
so the book may expandto o er asoptions a wider and wider spectrum of hardware and software
and to include topics not originally incorporated and, more particularly, topics that go beyond the
knowledge,skill, and/or energyof the initial author. Periodically, reports of progresson thesefronts
will be postedon the project website at the URL http://www.lawrence.edu/dept/physics/ccli
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Computational Physics Lab oratory

A.1 A Brief History

In 1987, corvinced that the sciertic careersof its majors would be signi cantly enhancedby a
broad exposureto computational approacesto problemsin physics, the Department of Physics at
Lawrence successfullysought support amourting to about $400,000from the W. M. Keck Foun-
dation, the National ScienceFoundation, and se\eral vendorsto conduct a pilot project designed
to nurture both the personalinitiativ e and the individual skills to use sophisticated computational

tools intelligently and independertly. To this end, we have created the Lawrence Computational

Physics Laboratory (CPL), which gives45 or so physics majors ead year (typically 12 seniors, 13
juniors, 20 sophomores)and v e faculty members exclusive 24-hour per day accessto an impres-
sive collection of computational hardware and software as well as a library of pertinent manuals,
text books, and locally prepared documerts. In addition, we have engagedin faculty developmert,

and|most importantly|w e have embedded humerous computer-basedclassram demonstrations
and homework exercisesin many of our upper-level o erings, thereby encouragingand supporting

cortinued independert useboth in our junior/senior coursesand in senior-lewel independert studies.
This pilot project has received national attention, being described in seweral published papers and
invited talks (seelater section). Its existence sered as the basis for convening a small national

conference(Summer, 1990) at Lawrence (supported by the Sloan Foundation), and it hasstimulated
several individual visits to the Lawrence campus.

In 1993, additional funds amounting to about $150,000were received from the National
ScienceFoundation and the W. M. Keck Foundation to permit addition of 3D graphics capabilities
and color printing capabilities to the Computational Physics Laboratory initially equipped by the
grants received in 1987 and 1988.

In 1998, grants from Lawrence University allowed us to begin replacing the oldest SGI
equipmert with up-to-date SGI equipmert. This processwill be ongoing, two or three older units
being replaced eath year with state-of-the-art equipmert.

In early 2000,a grant of $177,026(supplemerted in 2003with an additional $3781)from the
Educational Materials and Developmert (EMD) track of the Course, Curriculum and Laboratory
Improvemert (CCLI) Program of the National ScienceFoundation provided support for the collection
of numerouslocal instructional documerts into atext and the conduct at Lawrenceof four week-long
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summerworkshopsfor physicsfaculty membersfrom around the United States. The resulting book,
titted Computation and Problem Solving in Undergraduate Physics (CPSUP), is exible in design.
Through the inclusion of componerts using the selectedsoftware padkages,the book can be adapted
to respect the particular hardware and software available at speci c institutions. Details can be
found at the project website at the URL http://www.lawrence.edu/dept/physics/ccli

In Decenber, 2001, the Department received a third grant from the W. M. Keck Founda-
tion. Of the $400,000total grant, $106,853was allocated to further developmert of the CPL. The
primary objectives of this infusion were to introduce a required sophomorecoursein computation
and medanics, to introduce an elective junior/senior coursein computational physics, and to in-
creasethe extent to which computational resourcesare usedthroughout the physics curriculum at
Lawrence. In anticipation of increaseduse generatedby those changesin our curriculum, the grant
supported an expansionof the total number of workstations in the laboratory and an upgrading of
the sener, the existing workstations, and the printers.

In the remainder of this appendix, we enumerate the current spectrum of hardware and
the most frequertly usedpiecesof software and list the seweral papers and presenrations that have
arisenin the context of dewveloping this resourceand writing the text already mertioned.

A.2 Hardw are

The rst computational physicslaboratory, which wasconstructedin 1988,wasequippedwith Digital

Equipment Corporation (DEC) VAXstations and a VAXserver running VMS. By the early 1990s,
VMS wasfading and UNIX wasascendingasthe operating systemof choicefor scierti ¢ workstations
and, with outside grant support from the NSF and the W. M. Keck Foundation, we reequipped the
CPL with Silicon Graphics (SGI) Indigo workstations and a Challenge S sener, all running IRIX,

SGl's implementation of the UNIX operating system. Subsequetly, theseworkstations in turn were
replaced by SGI O2 and O2+ workstations and an SGI Origin200 sener. In January, 2006, we
o cially replacedthe SGI hardware with Hewlett-Packard hardware running the LINUX operating
system. Currently, hardware in the CPL includes

eleven Hewlett-Padkard xw9300 workstations, ead with a single AMD Opteron 248/2.2GHz
64-bit processor,1 GB of memory, one 80 GB hard drive, an NVIDIA Quadro FX3400 video
card, and 17" at-screen monitor and running the FedoraCore 4 implementation of the LINUX

operating system. Two of these machines are in faculty o ces; the remaining nine are in the
Computational Physics Laboratory, to which about 50 sophomore,junior, and senior majors
ead term have 24/7 access.

a Hewlett-Padkard ProLiant DL380 le sener with a single Intel XEON 3.20GHz/1MB 32-
bit processor,1GB of memory, four 72GB harddrives (two of which mirror the other two),
and one DAT tape drive for badkup purposesand running the Red Hat Enterprise 3.x imple-
mentation of the LINUX operating system. This sener is housedin the serwer closetthat is
maintained by personnelin Lawrence'sCerter for Information Technology (IT), whereit is on
an uninterruptable power supply.

a Hewlett-Padkard 4200dtn monochrome network PostScript printer with two paper trays and
a capability for duplex printing when requested.

a Tektronix Phaser 350 color network PostScript printer.

nine SGI O2 or 02+ workstations and an SGI Origin200 serwer, which have o cially been
replacedbut will remain in useaslong asthey continue to function. Servicecortracts are no
longer maintained.
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The CPL is housedin a single, attractiv ely decorated,quiet, well lighted, and inviting room of about
1200squarefeet, to which, becausewe issuekeys, upper-division physicsmajors have 24-hour access.

Personnelin Lawrence's Department of Instructional Tedcnology Servicesregularly assist
with overall systemmaintenance,in particular changingthe badup tapesand monitoring the overall
health of the sener, but the bulk of the responsibility for maintenance (installing software upgrades,
trouble shooting when system malfunctions occur, :::) lies with the faculty member in the Depart-
ment who overseeshe facility.

A.3 Software

Available software in the Computational PhysicsLaboratory re ects not only the spectrum of capa-
bilities enumerated in Section 1.1 but also a deliberate focus on professionally-deeloped, generally
useful packages. In addition to operating systems[UNIX, Linux, Windows-XP), windowing systems
(X, Windows), system utilities, languagecompilers (C, C++, FORTRAN), graphicssupport (IDL,
MAPLE, Kaleidagraph), spreadshee{EXCEL), and text editors (xemacs,nedit, notepad), available
software includes

MAPLE (from Waterloo MAPLE Software, Inc.)|[for doing algebraand calculussymbolically.

IDL (Interactive Data Language,from ITT Industries, Inc.)[for processingarrays, producing
graphical displays (including animated displays), and processingand displaying images.

NUMERICAL RECIPES (from Numerical RecipesSoftware)]F ORTRAN and C subroutines
for doing numerical analyses.

ODEPACK (from the Lawrence Livermore library of public-domain software)|F ORTRAN
subroutines for solving a wide variety of ordinary di erential equations, both single equations
and (possibly large) systemsof equations.

MUDPACK (from the University Corporation for Atmospheric Researt))|F ORTRAN sub-
routines for solving elliptic partial di erential equationsby multigrid methods.

SPICE (from the University of California Berkeley)|for designing and analyzing electronic
circuits.

MAR C/MENT AT (from MSC Software, Inc.)|[for setting up and solving problems in heat
o w, structures, elasticity, and electromagneticswith nite elemer methods.

TeX and IATEX (from Stanford University)|for preparing technical manuscripts.

We also have single licensesfor MATLAB (from the MathWorks, Inc.) and Mathematica (from
Wolfram Asscciates, Inc.).

A.4 The CPL Library

Beyond the hardware and software in the CPL, students have accessto a small library of printed
materials, including an assortmen of software manuals, a selection of books on computational ap-
proachesto problemsin physics, and notebooks containing about 60 student-written 5{25 pagedoc-
uments detailing computationally basedstudies undertaken by students at Lawrence. While these
documerts are still available, many have beensupercededby the book CPSUP already mentioned.
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A.5 Network Connections

All workstations in the CPL are connectedto the University network and, through a rew all, have
accesgo the world wide web.

A.6 Publications about the Pro ject

A.6.1 Published Books and Papers

D. M. Cook, Solutions to Selested Exercisesto accompary Computation and Problem Solving
in Undergraduate Physics (Lawrence University Press, Appleton, WI 2004). These solutions
have been published electronically and are available to users of the book from a password-
protected website.

D. M. Cook, Computation and Problem Solving in Undergraduate Physics (Lawrence Univer-
sity Press,Appleton, WI 2004). Information about this book and details regarding examination
copiesand orders can be found at the URL http://www.lawrence.edu/dept/physics/ccli

D. M. Cook, \Computers in the LawrencePhysics Curriculum: Part I", Computersin Physics
11 (3; May/Jun), 240{245 (1997); \..., Part 11", Computers in Physics 11 (4; Jul/Aug),
331{335(1997).

D. M. Cook, R. Dubisch, G. Sowell, P. Tam, and D. Donnelly, \A  Comparisonof Seeral Symbol
Manipulating Programs: Part 1", Computersin Physics 6(4; Jul/Aug), 411{420 (1992);\...,
Part 11", Computersin Physics 6(5; Sep/Oct), 530{540 (1992).

D. M. Cook (editor), Computing in Advaned Undergraduate Physics, the proceedingsof a
conferenceheld 13{14 June 1990, at LawrenceUniversity. Published in November, 1990, these
proceedingscortain 19 papers on usesof computers in undergraduate curricula around the
country and record also the discussionsfollowing ead paper. The proceedingswere widely
distributed to institutions o ering bachelorsdegreesn physicsand cortinue to be occasionally
requested.

D. M. Cook, \Incorp orating Usesof Computational Tools in the Undergraduate Physics Cur-
riculum” (lead paper in the above proceedings).

D. M. Cook, \Computational Exercisesfor the Upper-Division Undergraduate Physics Cur-
riculum", Comput. Phys. 4(3; May/June), 308{313(1990)

D. M. Cook, \In tro ducing Computational Tools in the Upper-Division Undergraduate Physics
Curriculum", Comput. Phys. 4(2; Mar/Apr), 197{201 (1990)

A.6.2 Invited Talks and Posters
ProfessorCook has presenied physics colloquia, invited talks, or invited postersat

the winter meeting of the AAPT, Seattle, WA (January, 2007);

(poster) the summer meeting of the AAPT, Syracuse,NY (July, 2006);

the March meeting of the APS, Montreal, QB (March, 2004);

the International Conferenceon Computer Science,San Francisco, CA (May, 2001);
the Washington meeting of the APS, Washington, DC (April, 2001);
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the winter meeting of the AAPT, SanDiego, CA (January, 2001);

the Physics Revitalization Conference: Building Undergraduate Physics Programs for the 21st
Century, Arlington, VA (October, 1998);

the summer meeting of the AAPT, CollegePark, MD (August, 1996);

the summer meeting of the AAPT, Boise, ID, (August, 1993);

the summer meeting of the AAPT, Orono, ME, (August, 1992);

the Davidson College (NC) Conferenceon Computational Physics, (October, 1991);

the spring meeting of the Pacic Northwest Asscciation for College Physics, University of
Puget Sound (April, 1991);

the summer meeting of the AAPT, San Luis Obispo, CA (June, 1989);

Michigan Tednological University (Septenber, 1991);

University of Wisconsin{Eau Claire (October, 1990);

Hope College (November, 1989);

Kansas State University (Septermber, 1989); and

University of Nebrasla (Septerber, 1989).

A.6.3 Contributed Talks and Posters
ProfessorCook has presenied cortributed talks and postersat

(poster) the summer meeting of the AAPT, Salt Lake City, UT (August, 2005);
(poster) the summer meeting of the AAPT, Sacrameno, CA (July-August, 2004);
the summer meeting of the AAPT, Sacrameno, CA (July-August, 2004);

the summer meeting of the AAPT, Rochester, NY (July, 2001);and

the summer meeting of the AAPT, Guelph, ON (July, 2000); and

the summer meeting of the AAPT, Spokane, WA (July, 1995).
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App endix B

Problems from Assignmen ts in
Computational Mec hanics

B.1 Problems from Assignment 1

Assignmert 1 involves a review and embellishmert of kinematics and dynamics of translation and
rotation; Newton's laws; impulse, momertum, work, energy and power; gravitational and electro-
magnetic forcesand friction; and force diagrams. The assignmen also includes a tutorial intro duc-
tion to the Computational Physics Laboratory (CPL) but no computationally basedproblems are
assigned.

Sample 1.1: Work your way through the \whirlwind tutorial" cortained in Section 2 of
the Lawrenae Local Guide. This tutorial helps you determine your user name and initial passvord,
leadsyou through the login process,helps you changeyour password, and then guidesyou through
a few exercisesdesignedto familiarize you with the rudimentary capabilities of software available
in the CPL. There is nothing to hand in for this \problem", but it must be done by the due date
for this assignmem, since subsequeh assignmets will assumethat you are already familiar with
the contents of this tutorial. Note also the schedule when a consultart will be in the CPL to o er
assistance.

Sample 1.2: A hemisphereof radius a and total massM uniformly distributed throughout
its volume with density = M= % a®) is located with its certer at the origin and its at surface
in the xy plane. (a) Find the position of the certer of massof this hemisphere. (b) Calculate the
momert of inertia tensor with respect to the x, y, and z axes. Hint: Use spherical coordinates, in
which x°= r%in °cos © y°= r%in %sin © z°= r%os © and dm®= dv°= r® sin °drod °d ©

Sample 1.3: The position vector r (t) of a particle or massm moving in a circle is given by
r = Rcos! tT+ Rsin! tf

whereR and ! are constarts. If the particle hasmassm, nd as functions of time (a) the angular
momertum L about the point r(0), (b) the force F, and (c) the torque N about the point r(0).
Then, (d) verify that the angular momertum theorem dL=dt = N is satis ed.

Sample 1.4: Consider the spool of massM , inner radius ri, outer radius r,, and momert
of inertia | about its axis. As shawvn in Fig. B.1, a force F is applied by pulling on a string wound
on the spool. (a) Assuming that the spool rolls without slipping acrossthe o or, show that the
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Figure B.1: Systemsfor Sample Problem 1.4.

accelerationa |[measured positive to the rightjof this spool and, in terms of that acceleration,the
frictional forcef are given by
_ T(rocos rj) )
T Mro(d+ I1S(Mr2)

f = Tcos M a

(b) Determine and defend conditions on suc that the spool will move to the left. ::: to the right.
(c) Shaw that there is an angle for which the spool remains at rest. (d) At this critical angle, nd
the maximum T for equilibrium to be maintained. Assumea coe cien t of static friction ¢ and
remember that the static frictional forceis constrained by f sN.

Sample 1.5: Supposethe total massM of a planet of radius R is uniformly distributed
throughout the volume of the planet so that the density (mass per unit volume) of the planet is

=M =(§ R3®). Shaw that the force of attraction of this planet for a point particle of massm
located outside the planet at a distance z from the certer of the planet is directed toward the certer
of the planet and has magnitude GM m=2z2, i.e., shaw that the force exerted on the particle in these
circumstancescan be computed by supposingthat the planet is a point particle of massM located at
the center of the planet. Hint: Choosea coordinate systemwhoseorigin is at the certer of the planet
and whosez axis is directed from the certer of the planet towards the particle sothat r = zK. In that
coordinate system,a masselemert would belocatedat r°= r%in %cos °+r%in %sin °'+rocos °k
and have massdm®=dv’= r®sin %dr°d °d ° With an elemen of shrewdnessthe resulting
integral over the planet doable. Optional: Redothe calculation assumingthat the obsenation point
is inside the planet, i.e., that z < R.

B.2 Problems from Assignment 2

In doing Assignment 2, students spend much of their time at the computer learning the basic
capabilities of IDL and Tgif and doing exerciseshat involve, particularly, graphical visualization of
assortedfunctions. They also learn that Newton's laws generatedi erential equations and deduce
those di erential equationsfor seweral physical systems.

Sample 2.1:  Considertwo circular disks, ead of radius R, located with their certers on
the z axis such that their planes are parallel to the xy plane. Let the rst disk have its certer
at the point (0;0;b=2) and the secondat the point (0;0; b=2). If the top disk carries a uniform,

constart charge density and the bottom disk carries a uniform, constart charge density , the
electrostatic potential at the point (0;0; z) is given by
2s . s 3
b ? b b ? b
V(z)= —4 R2+ = = R2+ z+ — + z+ —
(2) 7, z 5 z > z 5 z >
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Obtain graphs of V(z)=( R=2 () versusz=R for various values of b=R and write a paragraph de-
scribing these graphs. Hint : Remenber the IDL function abs.

Sample 2.2:  The Planck radiation law givesthe expression

8 ch 1
5 ech=(kT) 1

for the distribution of energyin the radiation emitted by a black body. Here, c is the speedof light,
h is Planck's constart, k is Boltzmann's constart, is the wavelength of the radiation, and T is the
absolute temperature. Using appropriate dimensionlessunits, plot this function (a) as a function
of for sewral T and (b) as a surfaceover the T -plane. Write a paragraph about the way the
peak changesin position, height, and width as T changes. Hint: Choose a referencewavelength
o arbitrarily and recast the expressionin terms of the dimensionlessvariable = = (. Then,
note that To = ch= ok) hasthe dimensionsof temperature and re-expressthe temperature T in
terms of the dimensionlessquartity T = T=Ty. (You might nd it informative to evaluate Ty for
o = 550nm.)

u(; T) =

B.3 Problems from Assignment 3

Assignmert 3 is particularly long and extends over two weeks. It covers the topics identied for
weeks3 and 4 in Table 4.1 and hasonly limited incorporation of the computer. It is followed by the
rst hour examination. (SeeAppendix C.)

Sample 3.1: Find the minimum velocity of impact of a projectile on the surface of the
moon and the speedwith which the projectile must be launched upward from the earth if it is to
arrive at the moon with this minimum velocity. Hint : Sketch a graph of the potential energy of the
projectile along a line from the earth to the moon, perhapseven uselDL to generatea careful graph
of that function.

Sample 3.2:  The Lennard-Jonespotential energyU, ; (x) is important in chemical bonding
theory and is given by
12 6
_ Uy _ 1 1
ULJ - 4 X? Xie OI‘ —_— - 4 Xﬁ Xie
where and areconstarts andr = r= . (a) Sketch a graph of this potential energy (b) Use DL
to obtain a careful graph of U ; (x)= versusx= . (c) Locate any equilibrium points, (d) determine
which onesare stable, and (e) nd the frequency of small oscillations about about any equilibrium
point that is stable.

Sample 3.3: The equations of motion for a projectile moving in the xz plane in air under
the downward gravitational attraction of the earth and subject to a linear viscousdamping force are

dtz ~— T dt : dtz 9 4

(a) Show that

MVyo
b

- m2g  mvyg _ mg
— 1 bt=m . — + 4 1 bt=m
x(t) e ; z(t) 7 b e y t

if the projectile starts at the origin at t = 0 with an initial velocity v(0) = vyoT + VoK. (b) Show
that the highest altitude readched by this projectile is given by
mv m?2 by,
Zmax = bZO 7b29 In 1+ 7m§;)
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Hint : The highest point occurswhen v, (t) = 0. (c) Expand this result for zmax in a power seriesin
b, keepingterms up to rst order in b, and verify that the zeroth order term givesthe correct result
in the absenceof damping. Note the expansionIn(l + x) = x x?=2+ x3=3+ , which is valid
whenx 1.

Sample 3.4: A object of massm passesthrough x = 0 at t = 0 with a positive velocity
Vo. From that point, the object experiencesonly a velocity-dependen force that is given either by
(@ F = bxor(b) by F= cx2 Foread case,nd v(x), v(t), and x(t) and then commert on the
limits of ead of these expressionsast becomeslarge.

Sample 3.5: Consider a system of two identical blocks of massm moving along a straight
line on a horizontal frictionless surface. Let ead block be connectedto the wall at its end of the line
by a spring of constart k and let the blocks be connectedto ead other with a spring of constart k°.
(a) Find the normal modes of oscillation, the natural frequenciesof those modes, and the normal
coordinates for the system; (b) draw graphs of the two natural frequencies(in units of ! g = k=m
versusthe strength of the coupling spring (in units of k%k; (c) nd xi(t) and x,(t) explicitly if
x1(0) = X410 and x»(0) = 0, and (d) useIDL to draw graphs of X;=Xj0 and X,=Xjo versus! ot for
sewral di erent valuesof k°=k, carrying your graphs far enoughin time to embrace 20 or 30 cycles
of motion at the frequency! g.

B.4 Problems from Assignment 4

Assignmert 4 is dewoted to a study of certral forcesand the planetary problem. This assignmem
alsointro ducesstuderts to IATEX, and studerts are expectedto uselATEX to preparetheir solutions
to a couple of the problems on this and all subsequeh assignmeits.

Sample 4.1: Consider a particle moving in a circular orbit under the inverse square
gravitational forc&, for which f () = GMm= 2. (a) Shawv that the period of this motion is
givenby T = 2 3,=GM. (b) Show that the the speed of the particle in its orbit is given by
Vian = GM= ¢q. () Supposethe particle is orbiting the earth, whoseradius is Re. Show that
theserelationships reduceto

s e s

Re eq P Re

T=2 — = D Vian = R —
g Re tan g e eq

where g is the acceleration of gravity on the earth. (d) Find expressionsfor the period T94€ and
the orbital speedv:?® for a particle whoseorbit grazesthe surfaceof the earth, and then determine
thesequantities numerically, expressingthe period both in secondsand in hours and the speedboth
in metersper secondand in miles per hour. (e) Find the radius of the orbit whoseperiod is 24 hours
and the speed of the particle in that orbit, expressingthe rst asa numerical multiple of R and
the secondas a numerical multiple of v22*®. (f) UselDL to obtain careful graphs of T=T93?¢ and

tan
Vtan :Vtgarr?ze versus eq:Re.

Sample 4.2:  Explore the motion of a particle of massm when it movesunder the in uence
of the potential energyU( ) = K 4, whereK is a positive constart. Determine (a) the energy and
angular momertum of a circular orbit of radius a; (b) the period of that special orbit; (c) and the
period of small radial oscillations about that special orbit.

Sample 4.3: Using the orbital equation, nd the certral force necessaryto produce an
elliptical orbit with the force certer at the certer of the ellipse. Hints: In Cartesian coordinates, the
equation of an ellipsewith its certer at the origin is (x=a)2+ (y=b2 = 1. Recognizingthat x = cos
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andy = sin , beginby showing that this ellipseis described by the equationu? = A cog + B sin?
in polar coordinates. Here, A = 1=, B = 1=I¥, and u = 1= . Answer: f( ) = K , whereK is a
constart.

Sample 4.4: Show that the eccertricity , the square of the angular momertum L, and
the energy E for an elliptical orbit in an inversesquareforce F = = 2 are given in terms of the
perigee , and apogee , by

B.5 Problems from Assignment 5

Assignmert 5 provides an intro duction to the generalcapabilities of MAPLE and then addresseghe
useof MAPLE to solve ordinary di erential equations.

Sample 5.1: The Legendrepolynomials Py, (x), which are valid and useful over the interval
1 x 1,canbedened in many ways. They emergeasthe coe cien ts in the Taylor expansion
of the generating function

1 *
Xt) = pe—x= = Pn(x) t"
W= e,

Alternativ ely, they can be determined from the recursion relationship
@n+ 1)xPn(x) = (n+ 1)Pnsa (X) + NPy 1(X)

provided we include the rst two Py(x) = 1 and P;(x) = x to get started. Yet again, they can be
found from application of multiple di erentiation asimplied by Rodrigues' formula

1 d

2
g & D"

Pn(x) =

a. Usethe generating function and MAPLE's capabilities for evaluating Taylor seriesto nd the
rst half-dozenLegendrepolynomials, extracting ead as an expressionbound to a variable.

b. Start by binding the value 1 to P[0] and the value x to P[1]. Then, using the recursion
relationship, nd the next seeral Legendrepolynomials.

c. Find the rst half-dozen Legendre polynomials by using the command diff to ewaluate Ro-
drigues' formula. Hint: You might nd that using a loop would simplify your approad.

d. Be clewver and, using either matrices or loops constructed in MAPLE, nd the valuesof all of
the integrals 7
1

Pn (X) Py (X) dx
1

where n and m take on independently the valuesO, 1, 2, 3, 4, 5. (There are 36 integrals to
be evaluated. Try to be e cien t in your coding, and remenber the command map which will
be useful in constructing a single statemert that evaluates the integral of ead elemern in a
multi-element structure.)

e. Within MAPLE, obtain graphs of the rst six Legendrepolynomials over the interval 1
x 1.
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f. It is known that a function f (x) de ned over the inferval 1 x 1 can be expandedin a

seriesof Legendre polynomials of the form f (x) = an Pn(X) where the coe cien ts a, are
given by z
n+ 171
an = 5 f (X) Pn(x) dx
1

Find the rst six coe cien ts for the expansionof the function f (x) = Owhen 1< x < 0and
f(x) = 1when0< x < 1. Then, construct the (partial) seriesrepresening this function and
obtain a graph of that approximation to comparewith the graph of the original function.

g. MAPLE actually knows quite a bit about many of the important special functions of math-
ematical physics. In particular, the padkage orthopoly can be loaded with the command
with(orthopoly)  and is described fully in the MAPLE manuals. Take a look at that docu-
mentation and then usethe function Pin that padkageto determine the rst seweral Legendre
polynomials.

Sample 5.2: Using MAPLE, nd complete (symbolic) solutions to ead of the following
problems,and useMAPLE alsoto verify that the solutions you obtain actually do satisfy the original
ODE and initial conditions.

d?x . . . . .

a. az = a, X(0) = Xxg, v(0) = vp, where a is constart, i.e., nd position as a function of time
for a particle moving under the action of a constart force and launched with arbitrary initial
conditions.

d?x . . . .

b. m az = eEgcoslt+ ), x(0) = Xo, V(0) = vg, i.e., nd position as a function of time for
a charged particle moving under the action of a sinusoidal force and launched with arbitrary
initial conditions.

c mdzx— mg+ b dx *

Mgz = ™9 dt
particle releasedfrom rest at the origin and allowed to fall freely under the action of gravity
and a viscousretarding force proportional to the squae of the speed.

, X(0) = 0,v(0) = 0, i.e., nd position as a function of time for a

d. the dierential equationsfor x(t) and z(t) in P4.502}

Sample 5.3:  Considera systemof two objects of di erent massesn; and m, connectedby
a spring of constart k. Supposethe blocks are constrainedto move along a straight line. Measuring
from an arbitrarily selectedorigin on that line, let the coordinates of the particles be x; and x5,
respectively. The equations of motion for this systemare

d?x d2x
mi dt21 = k(X2 X1) ) mZTZZ = k(X2 Xl)
Let the systembe put into motion with arbitrary initial conditions
dx1(0 dx»(0
X1(0) = x10 ; X2(0) = X20 ; (;t( ) 10 (jt( ) - V20

Using MAPLE, solve this initial-v alue problem for x1(t) and x»(t) and then examine the behavior
of the particular quartities
myXy(t) + moXa(t)
mq + Mo
which are, respectively, the position of the certer of massof the system and the position of the
secondblock relative to the rst block.
1P4.50 is the problem preserted in this appendix as Sample 3.3.

X (t) =

and  Y(1) = xo(t)  xa(t)
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B.6 Problems from Assignment 6

Assignmert 6 dealswith the numerical solution of the ordinary di erential equationsthat appear in
classicalmechanics.

Sample 6.1: In a previous problem,? we found that the potential
_ a’(a® + x*) Ux) _ 1+x°
V)= Uo 8a%4 + x4 or Up 8+ x*

where X = x=a admits a variety of motions (bound motion in either the left or the right well when
1 1

7 E=V %; bound motion over the whole well when 3 E=V%  0; unbound motion when
E=V% > 0). Find the equation of motion for a particle in this well, castit in a suitable dimensionless
form, and then explore eat of the di erent typesof motion possible. Be sureto look both at graphs
of x and v = dx=dt versust and|esp ecially for the periodic motions|at the phaseplane plots, v
versusx|all in suitable dimensionlessunits. It might be interesting to examineperiod asa function
of energy for this oscillator. Write seweral paragraphs describing and presering evidencefor your
discoveries. Hint : Perhapsa suitable dimensionlesgime would bet = ! ¢t, where! g is the frequency

of small amplitude oscillations when the particle is con ned to one side of the well.

Sample 6.2:  Explore the behavior of the Van der Pol oscillator described in dimensionless
form by the equation
d’x _ dx
—=—(1 X’ X
@ :

obtaining graphs of position versustime, velocity versustime, and velocity versus position (the
phase-planetrajectory), eat for seweral di erent initial conditions. Convince yourselfthat the nal,
steady-state path in the phaseplane is independert of the initial conditions.

B.7 Problems from Assignment 7

Assignmert 7 introducesthe use of MAPLE for symbolic and IDL for numerical evaluation of
integrals and then applies those capabilities to seweral physical contexts, not all of them originating
in classicalmedanics.

Sample 7.1: Considera surfacein the xy plane having uniform massdensity and having
the shape of a cardioid givenin polar coordinates by the function r( ) = a(1 cos ). Using symbolic
integration, nd (@) the certer of massof this object, (b) the momert of inertia tensor of this object
about the x, y, and z axes, and (c) the radius of gyration about the z axis. Hints: The (vector)
position Ry, of the certer of massand the ij elemen of the 3 3 momert of inertia tensor | are

de ned by R 7
d dm
Rom = R 0 1y = [(x3+ x5+ x3) §  xix;]ldm
where x1, X2, and Xz symbolize x, y, and z, respectively; j is the Kronecker delta, which has the
value 1 wheni = j and the value 0 otherwise; and the radius of gyration is de ned in the text.

Sample 7.2:  The n-th order Besselfunction can be de ned by the integral
A

Jn(x) = 1 cos(f xsin )d
0

2This problem is not included in this appendix.
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By ewaluating this integral numerically as a function of x for di erent valuesof n, obtain graphs of
Jo(x), J1(x), and J,(x) over the range0 x 10.

Sample 7.3: A circular current loop of radius a lies in the xy-plane with its certer at the
origin and carries a current | ° counterclockwise as viewed from a point on the positive z axis. The
magnetic eld at a point in the xz plane is given by

z
B(x;2) _ zcos %+ (a xcos Ok
0l =2 a o [X2+ 22+ a2 2axcos 932

Explore both componerts of this magnetic eld numerically as functions of x=a for various values
of z=a, including z=a= 0:0 (which will require somecreativity for dealing with the point x=a = 1.0,
at which the integrand divergesat one point in the range of the integration variable).



App endix C

Examinations from Computational
Mec hanics

C.1 Hour Examination #1 { 1 February 2006

Physics 225: Computational Mechanics Hour Examination 1 1 February 2006

This examination is a closedbook examination, but calculators, integral tables, and CPSUP are
allowed. Answer all questions,and be sure to include enoughnarrative with each solution so that |
can understand easily what you were thinking as you solved the problem. The examination is to be
completed by the end of the classperiod. Each of the three questionswill receive the sameweight
in the grading. The following information maylor may not|b e useful.

r

U(I’) = U(rref) F(ro) dro i Vean =!'r 5 N = Fganr
I ref
dL d d? d 1
| =—=N ; =—==—- : 1=— ; L=1Il ; Kpg==Il?
dt ’ dt ~ dtz dat =’ Pt T o

QUESTION 1. Torque Depending Only on Time

An object of massm movesin a circular path of
radius d lying in the xy plane and certered at the y
origin. The object experiencesa sinusoidally vary-
ing torque givenby N (t) = Ngsin! ot. Thus, with

(t) being the angular position of the object at

time t, the equation of motion is m
d2
| — = Npgsin! ot f
a2 0 0 \
X
where | = md? is the momert of inertia of the

object about the z axis. Supposethat, at t = 0,
the object is at rest [! (0) = d =dt ;o = 0] at the
angular position for which (0) = O, i.e., at rest
at the point r = df on the positive x axis.

49
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(a) By solving the above di erential equation subject to the given initial conditions, show that

. d No . No :
i) = ot = T, 1 cos! ot and i (t) = W Iot sinlot

(b) Show that the power input P (t) to this object by the applied torque is given by
N 2
P(t) = Il—osin! ot 1 cos! ot
‘0
Hint: Convert the expressionP(t) = F v = Fn (1) Vian (t) into the descriptive terms appro-

priate to rotation.

(c) Show that the result in part (b) is dimensionally correct, i.e., that the quantity NZ=(1! ) has
the units J/s (Joules/second).

QUESTION 2. Conserv ation of Energy

Supposea particle of massm movesalong the positive x axis under the action of an attractive force
that variesinversely asthe fourth power of its position from the origin, i.e.,

4

a’a

F= Fo—l
034

whereala lengthland Fgla force|are positive constarts. Supposethat, initially , the particle is
projected toward increasingx with speedvg from the point x = a.

(a) Declaring that the potential energy shall be zeroat x = 1 , show that the potential energy
assaiated with this force is given by

F0a4
3x3

U(x) =

(b) Write out the IDL coding that will generatethe graph in Fig. C.1 shaving U(x)=(Foa) versus
x=a. Pay attention not only to the curve but alsoto the labels, rangeson the axes,etc. Note: |
am asking only for coding that will producethe graph on the screen,not for coding to produce
printed hard copy of the graph.

(c) With what minimum speed should the particle be projected from x = ja if it is to escae
altogether from the in uence of the force? Hint : Apply consenation of energy
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; ‘U(‘x)/‘(FO‘ a) versus x/a

-

-5 L
0.0 0.5 1.0 1.5
x/a

N
o

Figure C.1: Figure for Question 2, Part (b).

QUESTION 3. Dynamics of a Non-trivial System

x=0 X

A system consistsof a spring of constart k and two blocks, ead of massm. One end of the spring
is attached to a wall and the other end is attached to one of the blocks, which slideswithout friction
on a horizontal table. A masslessjnextensible, and perfectly exible rope runs from the other side
of this rst block, over a pulley of radius R and momert of inertia | about its axis of rotation,
and to the secondblock, which hangsfrom the rope over the pulley and edgeof the table. Let the
position of the block on the table be measuredfrom its location when the spring is neither stretched
nor compressedjgnore friction in the bearings of the pulley, and assumethe rope and pulley move
together without slipping.
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(&) Draw and label a complete force diagram for ead of the three main objects in this system
(each block and the pulley).

(b) Describe briey in words ead force to which you give a symbol on the diagram.

Given sucient time, you could write down the consequence®f Newton's secondlaw, identify
all necessaryauxiliary conditions, and manipulate them to concludethat the primary equation of

motion for this systemis
2

d=x
Me el + kx = mg (C.1)

whereme = 2m+ | =R?. (Note: | did not ask you to deducethis equation.)
(c) Starting with Eq. (C.1), and assumingthat x(0) = xo and v(0) = vg, show that the quantity

1 1
5Me v2 + Ekx2 mgx

is consened. Hint : Remenber that d?x=dt? = v dv=dx.

REMINDER:  Pledge.

C.2 Hour Examination #2 { 1 Marc h 2006

Physics 225: Computational Mechanics Hour Examination 2 1 March 2006

This examination has two parts. Part | is closed book, but calculators and integral tables are
allowed; it is to be completed by the end of the classperiod. Part II, which will be given to you
when you turn in Part |, is open book but closedclassmate(and closedother physics majors). To
complete Part |1, you will needto usethe facilities of the CPL. Part Il is to be turned in no later
than 5:00 PM on Friday, 3 March.

Answer all questions,and|b oth in Part | and in Part Il] be sure to include enoughnar-
rative with each solution so that | can understand easily what you were thinking as you solvel the
problem. The weight to be given eat questionin the grading is shovn with the question. In total,
the in-classportion, which contains two questions,will count 40%and the out-of-classportion, which
also contains two questions,will count 60%.

PART I: IN-CLASS CLOSED-BOOK PORTION

Possibly useful information:

U= _Gmlmz_ : ]FJ _ .Gmlm_zz
Jra rqj Jra raj

QUESTION 1: Motion near an Asteroid (weigh=20%)

Supposean astronaut of massm is located initially at the
surfaceof a spherically symmetric asteroid of massM and
radius Rq. Suppose,further, that sheis capableof launch- 0
ing herselffrom a point on the surfaceof the asteroid with

a velocity of magnitude vq in any direction.

(a) Apply consenation of energy to show that the es-
Eape velocity from this asteroid is given by Vege =
2GM =Ry.
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(b) By matching certrip etal to gravitational forces, show that, if the astronaut launches herself
along a tangert to the surface of the asteroid, the particular value of vq that wilblgunch her
into a circular orbit of radius Ryli.e., a grazing orbitlis given by Vgice = Vesc= 2.

(c) Supposenow that the astronaut's launch speed satis es Vgie < Vo < Vese, SO that she can
launch herselfinto an elliptical orbit by \jumping" at speedvg along a path that is tangent to
the asteroid's surface at the point of launch. Find an expressionfor the eccenricity of the
astronaut's orbit. Your answer may involve vg, Ve , and Rg but not G, m, and M. Hints:
(1) Remenber that the orbit in an inverse-squaregravitational force is given by

vg=v2

circle

r = Rg——H=
) 01+ cos

where is measuredfrom the line from the certer of the asteroid to the perigee,and (2) the
astronaut's initial point is at the perigeeof the orbit.

QUESTION  2: Orbits in Inverse Cub e Force (weigh=20%)

Consider a particle of massm moving in the xy plane with position and velocity givenin Cartesian
coordinates by
A A A A
r=x1+yl ; V=vl+v]

Supposethat the particle movesunder the in uence of an attractiv e inversecube force sothe equation
of motion|Newton's secondlaw| is given by

v _ o

m— m £ K
dt ~  dt2 3

In these expressions,K is a positive constart. In a coordinate system whoseorigin coincideswith
the force certer, whosex axis runs from the force certer through the initial position of the particle,
and whosey axis lies in the plane of the orbit, the initial position of the particle has only an x
componert but the initial velocity may have both x and y componerts. To set a notation, take

r(0)=al ; v()= %(O) = Veo T+ ol
where a, vyxo and vyo are (known) constarts.

(&) Show that the angular momertum L of this particle about the origin is consened. Hint:
Evaluate dL=dt whereL = r mv.

(b) Find the x andy componerts of the equation of motion and then, intro ducing the dimensionless
coordinates X = x=a and y = y=a, show that

@x _ X . dy_ y
g2 (R2+y3)2 g2 (XP+¥P)?

Along the way, of course,you will have to deducethe relationship betweent and t.

REMINDER:  Pledge.
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PART I1I: OUT-OF-CLASS OPEN-BOOK PORTION

In this portion of the examination, you may consult any printed or on-line materials that are available
to you but consultations with your classmatesand other physics majors are o -limits. This portion
is to be completed and handedin by 5:00 PM on Friday, 3 March.

QUESTION 3: Symbolic Approac h with MAPLE (weight=30%)

An object of massm movesin a circular path of
radius d lying in the xy plane and certered at the y
origin. The object experiencesa sinusoidally vary-
ing torque givenby N (t) = No(1 cos! gt). Thus,
with  (t) being the angular position of the object

at time t, the equation of motion is m
d2
| =— = No(1 cos! gt f
e of ot) \
X
where | = md? is the momert of inertia of the

object about the z axis. Supposethat, at t = 0,
the object is at the angle (0) = 0 and is at rest,
i.e., it hasangular velocity ! (0) = d =dt ji= = O.

Using MAPLE,

(a) Solwve this equation subject to the given initial conditionsto nd (t) and! (t) = d (t)=dt.

(b) Verify that the solution you have obtained indeedsatis es both the original di erential equation
and the initial conditions imposedon it.

(c) Remenbering that the power input to this systemis given by P(t) = N(t)! (t), nd an
expressionfor P (t) and plot a graph of P (t)=(N2=I! o) versus! ot.

Submit your solution to this question by printing the MAPLE notebook in which you work the
solution out. Be surein your submitted output that your argumert movesdirectly and smoothly
from the starting point to the desiredend results, that your notebook readslinearly down the page,
and that ead stepin the solution is carefully motivated/explained/defended. Do not include all the
statemerts that you try before nding the onesthat work. | want to read a clear presenation of
your approad, unencunbered by false starts and error messages.

QUESTION  4: Numerical Approac h with IDL (weight = 30%)

In the closed-took portion of this examination, you corvinced yourselfthat, in Cartesian coordinates,
the orbit of a particle under an inverse cube certral force was described in dimensionlessform by

the equations
#x__x . &y y
dt2 ~ (72 + 72)2 g2 T (72 + 72)2
Use ludiffeq _23 and/or ludiffeq 45 to examine the behavior of this system when the initial
conditions are given by
X0 =1 ; w(O)=0 ; y0)=0 ; v(0)=Vyo

You will needto give attention to
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Creating the appropriate pro- le to de ne theseequationsfor ludiffeq 23 or ludiffeq _45.

Using (ludiffeq _23 and/or ludiffeq _45) and plot to generatethe solution and a graph of
the orbit for vyo = 1 (which should produce a circular orbit) and for two other values of this
velocity, one slightly larger than 1 and the other slightly smaller than 1. In ead case,choose
the time interval over which you generatethe solution wisely to showv enough of the orbit to
reveal its full character.

Verifying that the solutions you ultimately acceptare accurateat leastto the resolution of the
graphs|and preserning evidenceto support your contentions in this regard. Remenber that
you have both ludiffeq _23 and ludiffeq _45 at your disposal, that eadh of theseroutines has
a keyword tol , and that energy and angular momertum given in dimensionlessform by

2 4 g2 1

E=vi+v —— L=xv, VV
T g7y y YW

are|or should be|conserv ed.

Submit your solution to this question by creating a IATEX documert that includes (1) su cien t
narrative and su cien t sample IDL code to explain your approach and (2) the graphs assciated
with your presenation of your solution.

C.3 Final Examination { 15 Marc h 2006

Physics 225: Computational Mechanics FINAL EXAMINA TION 15 March 2006

This examination is a closedbook examination, but referenceto CPSUP is permitted and, unless
otherwise noted, calculators and integral tables are allowed. The examination is designedto take
no more than three hours. Each student is to answer Question 1 and any four of the remaining ve
guestions (Questions 2, 3, 4, 5, and 6). In all cases,be sure to include enoughnarrative with each
solution so that | can understand easily what you were thinking as you solvel each problem. In the
grading, Question 1 will carry weight 3 and ead of the remaining questionswill carry weight 2.

Possibly useful information:

Gm1m2 1 2 1 5 1 )
jro i 2 9 5 5
X Z
(1+ )=1+qg+::: ; MRem= miri ; W= F dr

REMEMBER : You must answer Question 1.
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QUESTION 1: Gravitation; Small Amplitude Oscillations
y
mé
M Ty M

O O«

< »
<

a a

Two objects, eath of massM, are xed on the x axis, one at x = +a and the other at x = a.
Another object of massm is constrainedto stay on the y axis but is free to move along that axis.

(&) Show that, when m is located at the point r = yf, the potential energy of m is given by

2GMm
[a2 + y2]l:2

U(y) =

(Don't work too hard. | am not asking you to evaluate an integral of the force, merely to use
the known potential energyof a massnear a secondmassto construct the potential energyin
the presen situation.) Were you to draw a graph of this function, | would hope you would
deducesomething like the graph at the end of this question. (Note that | did not ask you to
generate|or ewven defend|this graph.)

(b) Locate the one equilibrium point and classify it as stable or unstable on the basis of features
of the potential energy

(c) Find the y componert of the forceon m by evaluating an appropriate componert of the gradient
of the potential energy and shaow that the equation of motion of m is

d?y 2GMy
a2~ (a2 + y?)3=2

(d) Examine the equation to which this equation of motion reduceswheny a, i.e., wheny? can
be ignored relative to a2, and determine the frequency of small amplitude oscillations about
the equilibrium point.

Now, if you introducethe dimensionlesscoordinatesy = y=aandt = P 2GM =a3t, you will nd that
the equation of motion becomes
&y _ y
di? 1+ )
(Note that | did not ask you to deducethis form.)
(e) Youwishto draw a graph of the position y of this object asa function of time t wheny(0) = 1:0

and vy(0) = 0. The ODE doesnot have an analytic solution, so you will have to invoke IDL
and usea numerical method. Chooseludiffeq _23. Describe what you would do to
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e ect that solution,
obtain the desiredgraph, and
assesghe accuracy of your solution.

In particular, be specic about the coding that you would use, both to de ne the ODE for
IDL and to generateand plot the solution. Note: | am asking only how you would produce a
graph on the workstation screen,not how you would produce hard copy of the graph.

U/(Q‘GM‘WW‘/‘CO versus y‘/‘g

0.0 T T
[ \\ // —
o= \ /
1.0
150, ‘ . ‘ ]
6 4 2 0 2 4 6

REMEMBER : You are to answer any four of the remaining v e questions.

QUESTION 2: A Pro jectile in a Strange Atmosphere

A projectile is red from the origin with an initial
velocity vo = Vxol + VyoK into a strange atmo- Z

spherein which air resistanceacts only horizon- bv.
tally. The projectile thus experiencesthe forces
shown in the gure to the right. You may assume
that the projectile remainsin the xz plane. mg
(&) Apply Newton's secondlaw to determine the Vo

equations of motion for this projectile.

(b) State the initial conditions to be imposedon the solution to the equationsin part (a).

(c) Solwe the equations obtained in part (a) subject to the initial conditions you identied in
part (b) to show that

MVyo

_ 1
x(t) = 5 1 e bt=m : z(t) = égt2+ Voot
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(d) Explain briey what is meart by the range of a projectile and then nd an expressionfor the
range of this projectile.

QUESTION 3: Orbits in Inverse Square Forces

In previous work, we have learnedthat a satellite of massm orbiting a planet of massM and radius
R is an ellipse characterized by eccertricity and constart angular momertum L. If we choosea
coordinate systemin which the force certer is at the origin and the angle is measuredfrom the
perigee(point of closestapproad), the radial coordinate of the orbit is given as a function of
by the equation
_ L2=(m2GM)

()= 1+ cos
where = 0 for a circular orbit and 0< < 1 for elliptical orbits.

(a) For a geneal elliptical orbit, supposethat at perigee the speed of the satellite is v, and its

distance from the force certer is .

i. Starting with the de niton L = r mv, show for that orbit that L = mv, p.
ii. Using the result just obtained, show that,

2

I )
( ) — Vgraze R
R 1+ cos

. . p_——
where, as we have deducedin earlier work, vgraze = GM=R.

(b) Now, supposea satellite is initially in the speci ¢ circular orbit of radius 4R. (Don't overlook
the 4.

i. By requiring the gravitational force to provide for the requisite certrip etal acceleration,
show that the speedof this satellite is given by vg = %vgraze.

ii. At a fateful instant, a very short but powerful burn of a rocket boosts the speed of this
satellite to %vgraze, thus putting the satellite into a new (elliptical) orbit whose perigee
is at the point where the boost was applied. Find

the eccertricit y  of this new orbit.

the radial coordinate of the new orbit at apogee(point of furthest distance from the
force center).

The rst of these quartities will be a pure number; the secondcan be left as a multiple
of R.

QUESTION 4: Center of Mass; Integration with  MAPLE and IDL

A slenderrod of length | (assumel > 0) lies along the x axis with one end at the origin and the

other end at x = |I. The rod carries a total massM distributed non-uniformly with massper unit
length (x) given at coordinate x by (x) = Ax2e **'. Remenbering that
z
1
Renm = M rdm

and taking M as a given (i.e., do not trouble to determine how A and M are related'),

1If you must know, A = M=[I3(2 5=¢)].
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(a) Deducean integral for the x coordinate Xy of the certer of massof this rod.

(b) Describe how you would use MAPLE to ewaluate the integral. Be specic about the state-
ment(s) you would submit to MAPLE.

(c) Cast the integral in a dimensionlessform and then describe how you would use lugsimp in
IDL to ewaluate it and assesghe accuracy of your result. Be speci c about the coding you
would use,both to de ne the integrand for IDL and to evaluate the integral oncethe integrand
has beende ned.

QUESTION 5: The Lagrangian Approac h

K K k

AN AN AN —

In the text and in class,we found the equations of motion for the illustrated system by examining
the forcesexperiencedby the two blocks and invoking Newton's secondlaw. This problem leadsyou
through an alternate, simultaneously mysterious and wondrous, way to deducethesesameequations
from a starting point that focuseson enemy rather than on forces. Takethe table to be horizontal and
frictionless, let the springs be neither stretched nor compressedwhen the systemis in equilibrium,
and let the state of the system be described by the coordinates x(t) and x5(t), which measurethe
positions of the blocks from their equilibrium positions, and the velocities x;(t) and x,(t). Using
the symbols x4, X2, X3 and x»,

write down the kinetic energyK of the system.
write down the potential energyU of the system.
ewvaluate the LagrangianL dened by L = K U of the system.

pretending|this isthe mysteriouspart|that x1, X2, X3 and x, areindependert of oneanother,
evaluate the quartities
Q Q@

— and —

@ @

nally , admitting that the positions and velocities are time dependen, evaluate

e a_,
d @ @

and marvel at the result. (Done correctly, this processwill lead you to the equation of motion for
block 1 without the hassleof guring out the forcesand making sure that all of them have been
taken into accourt!)
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QUESTION 6: Natural Frequencies and Normal Mo des

Two objects, eat of massm, are suspended as shawvn
from the ceiling with two springs, eat of constart k.
With x; and x, measuredfrom the positions of equilib- K
rium under gravity, we can for this systemimagine that

gravity isn't presert at all. A force analysis then leads _X
to the equations of motion - !
mx; =  kxp+ k(X2 X1)
and k E——
mxz = K(Xz2 Xi1)
X2
m

(a) Find the (two) natur@l frequenciesof this system

asmultiples of ! g = k=m.

(b) Determine how the blocks should be displacedinitially so that, when releasedfrom rest, the
systemwill oscillate in a mode corresponding to onely our choice|of the frequencies.

Hint : Begin by assuminga solution of the form

X1(t) = xgpcos! t ;  Xo(t) = Xggcos! t

Reminders: (1) Pledge. (2) Please make sure you have clearl vy indica ted the question
you have elected to omit.



App endix D

Options for Pro jects In
Computational Physics

Each of Assignment 3 covering nite di erence methods and Assignment 6 covering nite elemen
methods in Physics 540 cortains a small number of problemsto be solved by everyone in the class
and one assignedproject for ead student. Completion of ead of theseassignmeits involves

reading appropriate sectionsin the text to learn about the method coveredin the assignmen,
solving and writing out solutions to one or two exercisescommonto the ertire class?
with respect to the assigned\big" exercise,putting a special e ort into

generating a solution and
writing a carefully written documert that
{ describesin somedetail how the problem wassetup and solved (including a discussion
of any particular wrinkles that had to be addressed),
{ defendingthe accuracy of the solution,
{ exploring the solution in as many creative ways as possibleand, in particular, asa
function of any parameters|if any|in the exercise,
{ making any other commerts that seemappropriate, and
{ discussingthe features of the solution and its dependenceon the parameters, and

preparing a 15-minute oral summary of the solution and its properties and delivering that
summary in class.

The problemsthat are assignedo individual studerts for ead of thesetwo assignmets are tabulated
in SectionsD.1 and D.2, respectively.

Assignmert 7 contains only a project, this time of the student's choice but subject to the
instructor's approval. Students spend about three weeksworking on this project, which can involve
any of the techniques addressedduring the term but must be substartial and challenging. The
handout describing this assignmer is preseried in SectionD.3.

10n Assignment 3, the two common exercises involve (a) modifying a template discussed in the text to solve a
1D ODE and (b) adding a convergencetest to a program for solving Laplace's equation. On Assignment 6, the one
common exercise involves using a commercial nite element program to nd the electrostatic potential and charge
distributions in an annular region with Diric hlet boundary conditions at both the inner and outer radii.
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Figure D.1: Diagram for Big ExerciseB1.1 and B1.2.

Big Exercise #1 (Assignmen t 3)

Each student will be assignedone of the following problemsasa componert of Assignmen 3. Should
the coursesometimeenroll more than six students, additional problemswill be found.

Bl.1

B1.2

B1.3

A two-dimensional plate is made by taking a square of side 1 unit and cutting a square of
side 0.5 unit out of one corner as shavn in Fig. D.1. Supposethe temperature along sides
af and abis maintained at 0 C, the temperature increaseslinearly from 50 C at eand at c
to 100 C at d, and sidesf e and bcare insulated. If the ertire plate is initially at 0 C, use
LSODE to study the approad of the temperature to equilibrium and, in particular, determine
the equilibrium temperature.

Considera thin membrane stretched over the frame shown in Fig. D.1. Introducea coordinate
systemin which the point a de nes the origin and the linesaband af |eac h of unit length|lie
along the x and y axes, respectively. In the chosencoordinates, the point d has coordinates
(%; %). Supposethis membrane to be drawn aside from the plane of the paper so that the
rectangle gdcbais undisplaced and the square gdf e assumesa shape given by u(x;y;0) =
64x(% X)(y %)(1 y). Suppose further that this membrane is then releasedfrom rest.
Use LSODE to study the subsequet motion of the membrane. In particular, obtain surface
plots of the shape of the membrane over the xy plane for enoughdi erent times to make the
character of the motion clear. Remenber that, in a dimensionlesspresenation, the motion of
the membrane satis es the two-dimensionalwave equation

@u _ @u , @u
@ e’ @
Supposea quantum particle of massm is initially in the state

2 gk ox

1 2_
( X; O) = p _e (x+5 a)“=2a
a
which represeits a particle (1) whosewave function initially is Gaussianwith a width on the
order of acertered at x = 5a and (2) the expectation value of whosemomertum is hkg and|
assumingnon-relativistic motion|(3) the expectation value of whosevelocity is vo = hko=m.

Supposealsothat the particle movesunder the in uence of a static potential energy given by

8
0 X< a
3

1 X
V(x) = = =
(x) _BZVO 1+cosa a X a

0 X>a
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Solve the Sdredinger equation,

@ _ hae

@ 2m@
and obtain graphs of j ( x;t)j? versusx for seweral values of t, extending your graphs over
a time at least as great asteng = 2Xo=(hko=m). Time permitting, comparethe behavior for
di erent valuesof ky. In e ect, you arelooking at the scattering of a particle of incident energy
E = h%ko=2m from a potential hump having the shape of a single hump of the cosinecurve.
Hints: (1) Cast the problem in dimensionlessform using a as the unit of length, nding a
suitable unit of time, and introducing a dimensionlesswave number k = kpa. (2) Recognize

ih +V

that the quantum wave function is complex,write = | + i ;, and show that the real and
imaginary parts of the (dimensionless)Scedinger equation are

@r — @ i +V : ; @i — @ r Vi i

@ @2 @ @2

(38) Seeka solution over the interval 10a x  10a and assumethat the wave function is
and remains zero at the two ends of this region for all time, though you can't then generate
the solution for too long, sincethis assumptionwill certainly not be valid forever.

In (two-dimensional) polar coordinates (; ), the Laplace equation is

rZ:EQ @4.%@2:0 :) 2@";+ @4.@2:0
@ @ @ @ @ @
Supposea solution is sough in the region0< a b, 0 2 subject to the boundary
conditions
u@ )=fC) 5 ub; )=9()

and the requiremert that the solution be periodic with period 2 in . Let = (b a)=n
and =2 =mandthenlet ;=a+i ;i=0/12:::;nand ;=) ;j=012::;m.
Finally let u;; = u) j; j). Discretize this equation. In particular use a certral di erence

formula to approximate the derivative @=@. You should nd ultimately that

Uierj § 2+ 30 2 *uoy 2 3 U fUy o1 2
tii = 27 2+2 2
Determine how this equation must be modied wheni = 0,i = n and/or j = 0,j = m, and
then write a program to solve this equation when
(
f()=0 : g = 100 < <0
R 100 0

Finally, compile, link, and run your program to explore the solution in somedetail.

Demonstration that the full discretization of the wave equation & = c?u®leadsto an unstable
method unlessc® t2= x? 1is extremely dicult. To illustrate this the instability, recast
fdmwaveldto solve the wave equation subject to the boundary conditions u(0;t) = u(l;t) = 0
and the initial conditions u(x; 0) = 0, @i(x; 0)=@ = 0. The solution should, of course,be zero
at all subsequen times, since we have started the string in its equilibrium position with zero
velocity. Now, supposethat a computer-roundo error occurs sud that, instead of being zero
at all nodes, u(x; t) = 0 everywhere exept at one node near the middle of the string and,
at that node u(x; t) mistakenly acquiresthe value 1 (one). Useyour program to solve this
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problem for choicesof the parametersthat make = 0.5 and other choicesthat make = 1.5.
Look at the solution with print or plot frequency 1 and compare the way in which that one
disruption of a value at the end of the rst time step propagatesforward in time for the two
values of

Demonstration that the full discretization of the diusion equation u = ?u®leadsto an
unstable method unless 2 t= x2 1=2is extremely dicult. To illustrate this instabilit y,
recastfdmdiffusld to solvethe di usion equationsubject to the boundary conditions u(0;t) =
u(l;t) = 0 and the initial condition u(x;0) = 0. The solution should, of course, be zero at
all subsequen times, since we have started the temperature distribution with its equilibrium
values. Now, supposethat a computer-roundo error occurssudh that, instead of being zeroat
all nodes,u(x; t) = 0 everywhereexapt at one node near the middle of the rod and, at that
node u(x; t) mistakenly acquiresthe value 1 (one). Useyour program to solve this problem
for choicesof the parametersthat make = 0:25and other choicesthat make = 1:0. Look at
the solution with print or plot frequency 1 and comparethe way in which that one disruption
of a value at the end of the rst time step propagatesforward in time for the two values of

Big Exercise #2 (Assignmen t 6)

Each student will be assignedone of the following problemsasa componert of Assignmen 6. Should
the coursesometimeenroll more than six students, additional problemswill be found.

B2.1

Supposea linear elemert e is characterized by three nodesat x{?, x{¥, and x{. Further, let

the solution '~(¢) on that elemen be approximated by the quadratic function
'~(e) = a(e) + b(e)x + C(e)xz

(a) Find the constarts a®, B®, and c¢{® that will make this function match the speci ¢ values
{9 L8 and &) at the points x = x{2, x{? and x{?, respectively. (b) Substituting these
valuesinto the above expressionand grouping terms appropriately, castthe result in the form

S
(e) = (e (8
(€) = "ie Nie(X)
i=1

and shaw that the shape functions Ni(e) (x) appropriate to this three-noded linear elemen are

1 X x2
(e) Q)
(x X)(x X)
NIPe)= = 1) (602 = o
1 x® @)z e x0T X7
@ [y (o2
NED (o = 2 R U A 0
2 X)=— © ene (XD xOyx® xe)
1 X3 (X3 )2 2 1 3 2
CINCIN
Lol e (o xX0x x5

@y - 1 _
N;7(x) = — 1 xi? 2 =
LT OO e 6@ )
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where
1 x? )2
= 1 oy
1 (Y2

Finally, (c) show that|with = (x x!¥)=I®|these functions reduceto

NPo=2 ) 5 5 NPm=aa ) NP=2

when x5 is midway betweenx(® and x?, i.e., whenx5? = x{% + 11(® and x§? = x{ + 1(®),
and (d) obtain graphs of thesethree shape functions over the interval 0 < < 1. Hint: You
may nd a symbolic manipulating program to be useful at many points in this problem.

Accepting the shape functions Ni(e)(x; y) given in the text when the approximating function
'~(x;y) = a+ bx+ cy is applied to a triangular elemert in two dimensions,(a) verify for eah
nodei that the shape function is zeronot only at the two nodesnot identi ed by its index but
also along the ertire line joining those two nodes, and (b) nd the functions to which these
functions reduce when (Xo;Y¥o) = ( 1;0), (X1;¥1) = (1;0), (X2;¥2) = (0;1) and use IDL to
draw a surfaceplot of eat of thesethree functions under these circumstances.

The boundaries of a squareregion are maintained at zero potential. Centered in this outer
squareis a secondsquare with edgesone-quarterjmore or less|the length of the edgesof
the larger square. The region inside the smaller square contains a charge distributed with a
constart charge density. Thus, the potential in this region satis es the Poissonequation

@u , Gu _

@ @2 0
subject to the boundary conditions that u(x;y) = 0 everywhere on the perimeter of the larger
square. Further, supposethat the inhomogeniey = ( has someconstart nonzero value|

what value is merely a matter of scaling| inside the smaller square and is zero outside the
smaller square.

Verify that this equation is elliptic and separable.

Find the potential throughout the entire region inside the larger square.

Generatea surfacegraph of the potential over this region.

Generate an equipotential map showing cortours at judiciously chosenvalues of the po-
tential.

& o o

e. Generatea map shawing the eld linesin the square.
f. Generate graphs of the charge densitiesinduced on the edgesof the square.

Hint : (1) Probably you can calculate electric elds and charge densitiesmost easily within the
visualization program you use. Don't try to incorporate those quartities in the output of the
program invoking mud2sp.f. (2) Remenberthat E= r V andthat = oE 5.

Instead of the inhomogeneily described in the previous exercise,supposethe charge density
inside the larger squareis nonzeroonly in two squareregions having edgesone-sixteerth the
edgeof the larger square,that the chargedensity is constart and positive in oneof theseregions
and constart (same magnitude) and negative in the other. Further, let thesetwo regionsbe
symmetrically positioned along the diagonal of the larger square. Find the potential in the
larger square and obtain the same spectrum of graphs as those identied in the previous
exercise.
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Figure D.2: Geometry for Exercise B2.5.

B2.5 Find the steady state temperature distribution in the geometry showvn in Fig. D.2. All arcs
are semicirclesor quarter-circles of radius 1 unit, and the straight patches are either 2 or 4
units in length. As indicated by the shading, the straight patchesare insulated. Each circular
arc is maintained at the indicated temperature in degreesCelsius. Assumethat the material
of which the shape is constructed has uniform thermal conductivity and heat capacity.

B2.6 Find the electrostatic potential in the geometry of Fig. D.3 when the large semicircle and
the diameter are maintained at 0 Volts and the region inside the inner circle contains electric
charge distributed uniformly with density 1 C/m 2. Note that you will needto meshthe area
inside the inner circle aswell asthe areabetweenthe inner circle and the outer boundary of the
region of interest, but you must do soin a way that presenesthe nodesalong the inner circle.
To specify the charge density, you will have to provide a \b oundary condition" on and within
that inner circle. | think|but | am not sure|that you want to migrate from the Main menu
through the Bound ary Conditions menu to the Electr ost atic menu from the "Boundary
Condition Class' panel in the Bound ary Conditions menu. The “Face Charge' button in
that menu may be the one you want in order to apply a distributed charge to a selection of
faces.

D.3 Big Exercise #3 (Assignmen t 7)

Your last obligation|there is no nal examination|to Physics 540 is to complete an extended
project of your choice (but subject to my approval), presert an oral report on that project in the
last week of the term, and hand in a carefully written paper on the project by noon on Saturday at
the end of the term. A brief written project proposalis due at the beginning of week7. | o er the
following suggestiongto stimulate your thinking about this project. | am, of course,willing to listen
tolJand to help re nelan y other proposalsthat you might have.

B3.1 The normal modes of oscillation of a square menbrane. This problem can be approaced
by using nite di erence methods to generatean equivalent matrix eigervalue problem and
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Figure D.3: Geometry for Problem B2.6.

then solving that problem numerically to obtain both the lowest seweral eigervalues (natural
frequencies)and the shapesof the membrane in ead mode. This exercisewould involve writing
your own IDL or FORTRAN codeto implemert the numerical solution, though you would want
to nd and uselDL routines or Numerical Recipes routines for the actual solution onceyou
have set up the matrix whoseeigervaluesand eigervectors are to be found.

A three-dimensional electrostatic problem in Cartesian coordinates whose solution would in-
volve using the multigrid subroutine mud3sp.f.

The two-dimensionallLaplace equationin cylindrical coordinates with somechoice (or choices)
of boundary conditions. This problem would be approadced using the multigrid subroutine
mud2sp.f, though care would be neededto set up the problem in non-Cartesian coordinates.

The temperature distribution inside a three-dimensionalregionthat is cylindrically symmetric.
This exerciseshould be doable with mud2sp.f, though care would be neededto set up the
problem in non-Cartesian coordinates.

The normal modes of oscillation of an irregularly shaped two-dimensional membrane, which
would involve learning about somefeatures of MAR C/MENT AT not discussedin class.

A situation using MAR C/MENT AT to set up and solve a problem in a fairly simple three-
dimensional geometry.
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