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What's on the cover?

Inter-nuclear potential energy is stored in the position of tast
nucleus relative to asourcenucleus, and is the result efectric
potential energy andnuclear strong potential energy . (In
Physics 7A we considered the "Lennard-Jgmatential,” which was
actually the inter-atomic potential energy of the relative
positions of twoatoms, when their nuclei avery distant fromeach
other.)

A gradient relation can beused torelate forces andPE
graphs. The magnitudesof the forces exerted between these
interacting atoms can bealculated from the slopes of the

PE, o-naeer 9raph; thedirectionsof theforcesinvolved must point
towards decreasing potential energy.

The process shown on the cover page ifatothermidusion
(which is the reverse of exothernfigsion ).

When the nuclei are not ontact with eaclother(as shown in
(a)), theonly contribution to inter-nucleapotential energy is the
electric potentiakenergy of the nuclei exerting repulsit@rces on
each otherand has a t/dependence. Bringinthe nuclei closer
together(as shown in (a) (b)) results in increasingheir electric
potential energy, and thus increases the inter-nuclear potential energy
of this two-nucleus system.

However, if these nuclei ateought close enough &ach other,
thenstrong bondsanform betweennucleonsthat touch, releasing
energy to the environmentAttractive nuclear strong forces are
exerted on the two nuclei (as shown in (c)). This reduces the nuclear
strong potential energieventhoughelectric potentiaknergy isstill
increasing), andhus overall reduces the inter-nuclegpsotential
energy of this two-nucleus systeamtil the single resulting nucleus
is formed (as shown in (d)).

(Seefission , fusion , gradient relation , potential energy
(electric) , potential energy (inter-atomic) , potential
energy (inter-nuclear) , potential energy  (nuclear
strong) .)

Dedicated to my wonderful wife, H. M.
A "Waifer X® Industries, Inc. Book"™

Copyright © 2003 by Patrick M. Len
(pml@waiferx.com). This material may be
distributed only subject to the terms and
conditions set forth in the Open Publication
License v1.0 without options A or B
(http://mwww.opencontent.org/openpub/)
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Constants and Conversion Factors

Constants

G gravitational constant 6.67x107" N[’/ kg?

k electric force constant 8.99x10° N [n* / Coul?

Ho magnetic permeability 126x107° Teslaln/Amps

c velocity of light 3.00x10% m/s

m,  mass of the electron 9.11x107* kg = 0.0005486 u
m,  mass of the proton 1.6726x10% kg = 1.00728 u
m,  mass of the neutron 1.6750x 10" kg = 1.00866 u
e fundamental charge 1602 x10™ Coul

h Planck's constant 6.626 x10™** J-s

k,  Boltzmann's constant 138x107% J/K

Terrestrial constants
O gravitational field magnitude 9.8 N / kg
(at or near Earth's surface)
M.  mass of the Earth 5.98 x10™ kg
R.  radius of the Earth 6.37x10° m

Conversion factors
Energy
1eV=1602x10"J
1 MeV =1x10° eV
1 "kiloton" of TNT = 4.184 x10% J
lcal=4.184J
1 kcal (“food Calorie") = 4,184 J

Length

1 m=39.37in=3.281ft
1 km = 0.6214 mile

1 A (angstrom) =10™° m
1nm=10°m
1fm=10"m

Speed
1 m/s = 3.28 fps (ft/s) = 2.24 mph (miles/hr) = 3.60 kph (km/hr)

Force
1N=0.2251b

Mass
1 kg = 0.0685 slugs

1 u=1.6605410" kg = 931.5 MeVt* = 1.4924%10™%°

IICZH
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Academic Calendar

(Periodically updated with announcementtip://physics7.ucdavis.egu/

Monday Tuesday Wednesda Thursday Friday
Jan6 |7 8 9 10
Lecture 11.1
DILM 01

DLM 01 DLM 01 DLM 02 DLM 02
13 14 15 16 17
Lecture 12.1

DLM 02 DLM 03

DLM 03 DLM 03 DLM 04 DLM 04

21 22 23 24

Lecture 12.2

DILM 04 DLM 05 Quiz 11

DLM 05 DLM 05 (No new DL) (No DL)
27 28 29 30 31
Lecture 13.1

DLM 06 DLM 06 DLM 07 DLM 07
Feb3 |4 5 6 4
Lecture 13.2

DLM 08 DLM 08 DLM 09 DLM 09
10 11 12 13 14
Lecture 14.1
Quiz 12

DLM 10 DILM 10 DIM 11 DIM 11

18 19 20 21

DILM 12 DIM 12 DILM 13 DILM 13
24 25 26 27 28
Lecture 14.2
Quiz 13

DIM 14 DIM 14 DILM 15 DLM 15
Mar3 |4 5 6 4
Lecture 15.1

DILM 16 DILM 16 DIM 17 DIM 17
10 11 12 13 14
Lecture 15.2
Quiz 14

DLM 18 DILM 18 DLM 19 DLM 19
17 18 19 20 21
Final Exam
8:00-10:00 am

03.03.17

There are two DL
meetings a week,
TuWTh and ThFTu

Note that Friday, 1/24
is an Academic
Monday, and Quiz 11
will be given in lecture
that day

Except for Quiz 11, all
subsequent quizzes
are on Mondays, so
schedule your office
hour visits accordingly
ahead of time

There are only nine
lectures in Winter
quarter 2003!

The Final Examis on a
Monday, so schedule
your office hours
visits accordingly
ahead of time
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Instructor contact
information

Course Policy

Welcome to Physics 7C!

Physics 7C is the last quarter in a three-quarter course desigsechin
a way to maximizestudentlearning, incorporating theresults of current
physics education researcifter two quarters of Physics 7And 7B, you
arewell aware ofhow this course is structureglite differently from most
other introductory science classes, eitheJ@tDavis or elsewhere. The
time spent in lectures has been significantly reduced; and isewtt to be
the primary means of acquiring and familiariziggurself with course
content. Lectures are intended to provigeu with an overview and
framework to guideyou in yourprimary exposure tthe coursecontent in
the five hoursper week ofdiscussion/labs (DLs), asell asthe significant
time spend outside of class doing exit handout homework.

Contact Information
(While Physics 7C is normally team-taught by several instructors, due to

low enrollment there isnly a single instructor during this quartenyhen
using e-mail, include "2003-01 Phy 7C" irthe subject line. Ifyou are
browsing from a public computer terminal, makee toinclude your return
address, as will not show up irthe e-mailheader. For obviousreasons
your e-mail cannot beeplied to unless youhave explicitly included your
return address in the header and/or body of your message

; . . er

phone: (530)-754-8697 Uiy

e-maik: pml@waiferx.com -

office-hours: : : - - itment
i : s

; be
e
an appointment.)

Lectures are MP:00-10:20 am in 66 Roessler. lItimportant that you
attend every lecture. The lectures are designed to organize and famlitate
learning process in DL.

! Dr. Len will not beoffered asixth-year"eye-of-the-needle” review bthe College of
Letters and Sciences, and thus will be precluded from teaching andayl University
of California campusesfter the end of Winter 2003. You shouldmake sure to
conclude all Physics 7C-related academic comattt Dr. Len beforeMarch21, 2003,
as he will no longer ballowed to performacademicduties nor maintain aofficial
presence on campus after such time.

2 After March 21, 2003, all correspondence must be sent via e-maihli@waiferx.com
(this address is permanent). No messages can or will be forwarded to Dr. Lethisom
campus phone number after such time.

03.03.17
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Discussion/Labs
There are seven different DL sections of no more thasti@entseach. Eﬂ;g'i'c'ge;‘éfghan dled
Each DL meetindasts two hours and 20 minutes, and there are two sojely through the DL
meetings peweek (TUWTh andThFTu), in TB 114 (which is the yellow teaching assistants
temporary building,acrossCalifornia Avenue from the east entrance of
Haring Hall).
During much of a DLmeetingyou will be working in a smaligroup of
five students. In your group yowill design and perform experiments to
explorephysicsconceptsdiscussthe results of these experimentsth the
class as avhole,and workwithin your small group andthe wholeclass to
gain and understanding dbw these concepts can be applied twide
range of real-world problems and situations. At the end of each Dwitou
pick up an exithandout containing=NT (“for next time") mandatory
homework assignmentsyhich will help you consolidatewhat you have
learned in that DL, and to help you prepare for the next DL.
You areexpected to participate iboth your small group anavhole
class DL discussionsctivities,and experiments, and tmave completed
any andall required exit handout assignments.Attendance in DL is
mandatory (se#Discussion/Laboratory Gradingbelow).

Discussion/Lab Teaching Assistants
All DL instructors holdweekly office hours, which areopen toall  Teaching assistant
students irall DL sections. When using-mail, include"2003-01 Phy 7C"
in the subject line. Ifyou are browsing from a public computeéerminal,
make sure tancludeyour return address, as it will not show up in ¢hmail
header. For obvious reasons yowg-mail cannot be replied tanless you

haveexplicitly includedyour return address ithe header and/or body of

your message

03.03.17
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The Physics 7C
Student Packet is
mandatory reading for
the material covered
in Physics 7C in
Winter quarter 2003

The Physics 7C
Course Notes is to be
considered optional
and adjunct to the
material covered in
Physics 7C in Winter
quarter 2003

Learning Resources
* The Physics 7C webpage may be found online at
http://physics7.ucdavis.equihere alldownloadable*.pdf materials will

be posted.

» Physics 7C Studemtacket,Winter Quarter 2003s available aNavin's
Copy Shop (23Trhird Street;758-2311). Note that thigpacket contains
information specific only to this course as taught in Winter quarter, 2003,
and cannot and should not be used in Physics 7C as taugfuiture

uarters.

. This is to be consideredptional andadjunct to the
material covered in Physics 7C, Winter quarter 2003.

» Exit handouts and supplementary Dhaterialswill be distributed in a
downloadable *.pdf format from the Physics 7C webpage.

» Course binder—yoareresponsible foorganizing the sizable amount of
notes and DLmaterials in the manner that most efficient for your
studying purposes.

Course Expectations and Grading

The responsibility for learning igours. If you participate fully in
lecture and in DL, and complete the assigned work, you should do well. 1t is

680 students in 74 classes

A I 20.26% certainly possible that afhysics 7 studentsan attain the expectéevel of
E: R 505 understanding.You will not succeed ifou do notattend the lectures and
C: . 24482 the DLs, and/or do not regularly pfdrth a good effortinto the learning
D 0.43% activities and assignments.

Folo.72: At left is the current graddistribution forall students on recorthat

havetakenPhysics7ABC courses from this instructor (DLen) over the

past sixyears, and is publicly accessilfas well as with allUC-Davis
courses)online at http://www.pickaprof.com/ This diagram isincluded
here for comparative and disclosure purposedy, and should in no way
be taken as an indication gfour possible future performance in this
course.

Your courseletter grade inPhysics 7C isnade up of twa@omponents.
The first of these iyour lecture grade determined pur performance on
the four quizzes,and on the Final Exam. Thsecond reflectsyour
participation in and preparation for DL, which modifies your lecture grade.

Your course letter grade will be determined by either of the two
weighting schemes listed below, whichever igdor bestadvantage.These
Winter quarter 2003veightingschemes are unique and adeastically

03.03.17
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different than thosgiven in Physics 7C bgther instructors, andhese
weighting schemes will not necessarily carry over into Physics 7C in a later
quarter.

» 60% average of four quizzes + 40% Final Exam * (DL grade adjustmer\évfiight!ng schemes to
0 . o . . etermine your course

* 20% average of four quizzes + 80% Final Exam + (DL grade adjustmer,.., grade,

whichever is to your
The maximum possible course grade pointahigays4.500. The scale best advantage

for determining letter grades from grade pointgii&®n below. There isS N0 vour course letter

curvefor this class;your performance is strictly determineelative tothis  grade is determined
by a scale, not by a

scale. curve
41674500 A+ B e
3.834-4.16 A maximum of 4.500
3.500-3.833 A- points
3.167-3.499 B+
2.834-3.166 B
2.500-2.833 B-
2.167-2.499 C+
1.834-2.166 C
1.500-1.833 C-
1.167-1.499 D+
0.834-1.164 D
0.500-0.833 D-
0.000-0.499 F
0.000 Y (Course grade will be determined at a later date by Student
Judicial Affairs.)

Quizzes
. . . . There are four
Therewill be four quizzes in lecture. Notthat quizzes are numberedgyizzes, one for each

corresponding to their Blocks (Quiz 11, Quiz 12, Quiz 13, and Quiz 14; nof Blocks 11-14
that "Quiz 15" is incorporated into the Final Exam).

Quizzes are closed-book and closed-notes.

Each quiz is 35 minutes longjven in thefirst 35 minutes oflecture  Quiz tardiness policy
(9:00-9:35 am). If you show ugte to lecture on guiz day, you will only
havethe remainingime until 9:35 am to take the quiz. It is expecthdt
eachandeverystudent makes theecessary arrangements and contingency
plans in advance to arrive promptly to lecture on a quiz day.

Calculators arallowedfor the quizzes; maksure youhave ascientific Scli.e”“fic calculator
calculator available. Theharing ofcalculators betweestudents during a poley
quiz is strictly prohibited, andwill be considered armact of academic
misconduct to be referred to Student Judicial Affairs. The procurement and
possession of a scientific calculator for a quiz or the Final Exam is solely the
responsibility ofeachand every student. Under neircumstances is the
instructor obliged to provide "loaner” scientific calculatorshimse students

03.03.17
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There are no make-up
quizzes, but a missed
quiz score may be
"replaced"

Replacement quiz
score policy

who fail to bring one. In any casdl Physics 7 studentsre expected to be
able to perform any and all calculations by hand; use of scientific calculators
on a quiz or the Final Exam should be considered a privilege and not a right.

Therewill be nomake-up quizzeslf for any reason you miss @uiz,
please carefully read the following:

» There is no obligation on the part of the instructor to "replageisaing
quiz grade with a score other than zero.

« Under circumstances entirely at tisole discretion ofthe instructot, a
missing quiz gradenay be "replaced" in accordanegth your average
performance, as compareglative tothe classmean on thenissing quiz.

This is notthe same as the simple arithmetiwerage ofyour three
remaining quiz grades, and as such, the "replacement" quiz grade can and
will be significantly lower orhigher than the simplarithmetic average of

your three remaining quiz grades. This is done in ordeotmalizeyour
"replacement” quiz scomelative to astatisticallylow or high classmean

on a missing quiz. (For example: if you consistently score belowldise
average on your remaining quizzgeur calculated replacemestorewill

be proportionallybelow theclassaverage oryour excusedjuiz, and vice

versa)

* It is your option toreceive azero for your missingquiz grade if the
method describedbove indeterminingyour "replacement” quiz grade is
unacceptable to you.

* You cannot have the score for aquiz that you have already taken
retroactivelyreplaced, removed, or excused. By showing up to lecture and
taking a quiz, your actions imply that you are prepared and able to perform
to thebest of yourability on the quiz at thassigneddate and time, and
demonstrateyour intent tohaveyour work graded equitablyith the rest
of the class.

The quizzegandthe Final Examwill be graded by assigning a rubric
code that characterizgsur responseTlheseletter codeswill be translated
into a letter grade on 4500point scale. A description of the rubgodes
will be available following each quiz.

If you believe amistake was made in characterizymur response, you
should firstcheckyour quiz with the rubric code. Remember, theubric
code is an indication oihatyou actually wrote down opaper during the
quiz. The rubric is not an indication what you might havebeen thinking
(but did notwrite down), nor does it ignoranaterialyou wrote down but
changed your mind about later.

% Thesemust be legitimateyerifiable circumstanceshat were beyondyour control.
Complete,relevant documentatiomustbe provided bythe student, subject t@view
by the instructor.

03.03.17
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Once youare certain a mistake wasiade, you may request a Quizregrading policy
reconsideration of the coding of a particutesponse. In order to dbis,
first carefully read the following:

« Attach to theoriginal quiz a clear written explanation whatyou believe
your rubric categoryshould be, and why the rubricassigned to your
answer was not appropriate. W@ only consider changing youubric
category to thaeew category stated igour petition, so make it clear and
concise!

» Regradesubmissionswithout clearand thorough explanatiorettached
will not be re-examined. _ _

« Do not write anything on thquizitselfl Any regradesubmissiongwith ~ Quizzes altered in any

. . . . .. .manner whatsoever

alterations (whether intentional or accidental) on the quiz itself are requiconstitutes a case of
to be referred to Student Judicial Affairs, antia hold will be issued on alleged academic
your course grade.Many previous studentbave beenunaware or [ISONIE o TS
undeterred bythe fact that allregrade submissions arehecked for Judicial Affairs
alterations to theoriginal quiz, andhave had to be referred t&tudent
Judicial Affairs.

« Give your regrade request and quiz to the instructéediure; allregrade Absolutely no late

. . . . quiz regrade requests

requests must be submitted before taking the next quiz. No quiz regréyii be accepted
will be accepted after the next quiasbeen taken.All late quiz regrade
requests are categorically refused and returnedetstudentsunreviewed

and ungranted.

Final Exam

The comprehensive Final Exanill be held from 8:00 - 10:00 am on \Tvg?gf]'t”e?; E;(aeflrt‘h";'r" be
Monday, 17 March 2003, and will B0 minutes long. You musttake the 409 or 80% of your
Final Exam at this assignéithe and day. Therewill be nomake-upFinal  course letter grade,
Exam. If you cannottake the Final Exam at the, you will fail Physics ‘Q’:ghaec}’ve;n'fa;oeyour
7C, unless arrangementdor an incomplete (subject to thénstructor's
approval) are madahead of time The following excerpfrom the Winter
Quarter 2003 Class Schedule and Room Direcstayes the official policy
regarding the adjustment of Final Exam times for individual cases (emphasis
added):

"The University of California at Davis seeks to accommodate any zé’j'lzcs{r;ee%"t‘rg]jl%nt;e
student who, in observance of a religious creed, encounters on thiSgyxam times, due to
campus an unavoidable conflict with a test or examination schedule. religious beliefs

It is the responsibility of the student to provide, in writing and at the

beginning of theguarter, notification of a potential conflict to the

individual responsible for administering the test or examination and

to request accommodation. Instructevél consider such requests

on a case-by-case basis adetermine whether suatonflicts can

be resolved without imposing on the instructotha other students

in the class an undue hardshipvhich cannot be reasonably

03.03.17
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Policy regarding the
adjustment of Final
Exam times, due to
four or more other
finals on the same day
(not applicable during
the Summer
Sessions)

Policy regarding the
binding agreement of
an incomplete grade,
which may only be
arranged in the most
extreme
circumstances, and
which must be
completed within one
academic year, at a
penalty of the
assignment of a failing
grade and the
complete loss of
credit

Policy regarding the
inspection of Final
Exams in the following
quarter

avoided. Ifso, the instructor shall determine, in consultatiomth

the student, a timeduring which the student catake the test or
examination without incurring apenalty or violating his/her

religious creed."

The only other circumstances byhich a Final Exam may be
rescheduled is when there &oar or more finals scheduled on th@meday
during finals week. (For obvious reasons this policy afiectonly during
the regularacademicschool year,and doesnot apply duringthe Summer
Sessions.)

Incompletes argiven only in the mostextreme of circumstanceghere
it is not possible for you to take the Final Exam at the assigned tingagnd
and must be approved bthe instructor, the Chair of théhysics
Departmentand/or theDean ofthe Division of Mathematicadnd Physical
Sciences in the College of Letters and Scienc8bould youreceive an
incomplete, yowsign a bindingcontractwith theinstructor totake the Final
Exam with a later cycle dPhysics 7Gstudentsput you do not re-register
for this class on RSV@ou are merely completing the credits you signed up
for in this session/quarter). If you do rtake the Final Examvithin one
year of signingthe incomplete contract, th®@ffice of the Registramill
arbitrarily assign you failing gradefor Physics 7C, in spite dhe quantity
and quality ofyour coursework upntil the Final Exam. Remembethat
incompletes are binding contracts to Aganged solely between yourself
and the instructor, and as such caonly be completed bgrrangement
between both parties. Under no circumstances will you be allowed to make
up an incomplete signed by one instructor with another instrdctor.

A Final Exam can be inspected durithg following quarterput cannot
be retroactively submittefibr a regrade. The following excerpfrom the
UC-Davis Office of the UniversityRegistrar Grade Chang&uidelines
states the official policy regarding theetroactive change of grades
(emphasis added):

"Academic Senate reqgulations (system-widmd individual
campuses) providghat grades are final when filed with the
Reqistrar by an instructor.. Academic Senate regulations prohibit
a change of grade based oeevaluation of astudent's work or
upon the submission ofdditional work... As evaluations of one
person's performance by another person, grades anmeeoéssity,

* No incompletes can be arranged with Dr. Len for PhygesWinter quarter,2003, as
he will no longer bellowed to performacademiaduties at anyandall University of
California campuses after March 21, 2003. Arrangements for incompletesnstast
be coordinatedirectly with the Department ofPhysics Vice-Chair, Drwendell H.
Potter, who will have the solediscretion to unilaterallydeterminethe terms and
conditions of your incomplete contract to be fulfilled at a ldtge, which canandwill
be substantivelyifferentthan the policies ireffectfor Physics 7C in Wintequarter,
2003.

03.03.17
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somewhat imprecise, and must be recognized as such. The GCC

[Grade Change Committee] recognizémt some grade changes
are necessary and is guided by principle offairness to the
individual student, to the student body in general, antthedfaculty.
Unfortunately, a number of grade changes areedlessly and
futilely sought. Faculty are reminded otheir responsibility to be
knowledgeable of theegulations regarding grades and to inform
students of what is expected of them. Students are reminthesdr of
responsibility to be aware dhfe procedures and regulations in the
General Catalog and ClasScheduleand Registration Guide...and
to familiarize themselves with the expectations of their instructors.”

Discussion/Laboratory Grading

The DL is the central part ahis course.If you fail DL, you will fail
Physics 7C. Your TA will determineyour DL grade based ogour exit
handout homework and participation, and iyaar responsibility tacomply
with the DL policies to be set forth byour TA. How this grade is

You must receive a
passing DL grade in
order to pass Physics
7C

determined is at the discretion of your TA. Possible DL grades assigned by

your TA are:

HP | High pass—increases your lecture grade by 0.250 points
(on the 4.500 scale). A high pass cannot raise an "A" to an "A+."

P Pass—does not change your lecture grade.
It is expected that 90% of the class will receive this DL grade.

LP | Low pass—decreases your lecture grade by 0.250 points.

U | Unsatisfactory—decreases your lecture grade by 1.000 points
(i.e., a whole letter grade: "B-"to "C-", or "B" to "Gtc).

F | Fail the course—your lecture grade automatically is dropped to
0.000 points.

DL grades and their
effect on your lecture
grade in determining
your course letter
grade

Attendance in DL isnandatory. Iffor any reason should you miss aPolicy regarding

DL, please carefully read the following:

» See if it is possible to make up a DL iteger section. The TA in another

DL sectionhasthe discretion whether tallow you to make-up a DL in
his/her section, with space and/or disruption beingrime factors to
consider. If allowed to make-up2L, havethis TA sign off on youexit
handout as written proof to show your regular thatyou made up a DL
absence.

* It is your responsibility t@locument and inforrgour TA of any DLthat

making-up a missed
DL

you havemade-up. Oral testimony isot an acceptable replacement for

written documentation.

03.03.17
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Student Judicial
Affairs handles all
referrals of suspected
academic misconduct

Policy regarding the
reporting and referral
of cases of alleged
academic misconduct

* A make-up DL becomes an excused abseHoever, donot abuse the
privilege of making upDLs in other sections. You are notallowed to
make up more than four DLs with a TA other than your own.

* You are allowedonly one unexcused DL absens@h no detriment to
your DL grade. A DLthat is not made up becomes amexcused
absence. A make-up DL withowtritten documentatiorbecomes an
unexcused absence. What constitutes an exalssehce is at the sole
discretion of your TA and instructor(s), together.

» With two or more unexcused DL absences your highest DL grade is a low
pass, and your lecture grade will lower by 0.250 points.

* With three unexcused DL absenceg®mur highest DL grade is
unsatisfactory, and your lecture grade will lower by 1.000 points.

» Four ormore DL absences (whether excuseduoexcused) idotally
unacceptableand youwill fail Physics 7C. An unexcusebsence also
includes (but is nolimited to) attendancevith chronic tardinessleaving
"early," lack ofactive participation, incomplete homeworand disruptive
behavior.

Academic Misconduct

Cheating of any form is always immediately reported to Student Judicial
Affairs for appropriate action. Referrals to Student Judicial Affaiils
result in a"Y" hold on your coursegrade, until the referrahas been
resolved. Failure toespond to aeferral to Student Judicial Affairs to
discuss aeferral results in amndefinite hold onyour entire UC-Davis
transcript. As such, please refrain from the temptations and opportunities of
academic misconduct.

Any suggestions younay have tohelp reduce the temptations and
opportunities that may result in instancesachdemianisconduct would be
much appreciated.

The following excerptfrom the UC-Davis Office of the University
Registrar Student Rights and Recostises the official policy regarding the
referral of suspected incidences of academic misconduct (emphasis added):

"The Office of Student Judicial Affairs (SJA) administerscimpus
student disciplinary system, under authordglegatedfrom the
Chancellor. _Casesnvolving alleged violations of University
policies or campus rules by students must be referred twoftids,
which maintains centralizedconfidential disciplinary records.
Where possible, informal procedures are used, emphasizing the
personal growth andlevelopment of thetudent. Where formal
procedures are usedhe system is designed to providepeompt,

fair, and impartial hearing and resolution tie matter. _A student
may consult an advisor or attorney at any stagéheinformal or
formal process. When @mplaint is received by Studehidicial
Affairs, SJA notifies the student in writing of the allegegconduct,

and directsthe student to schedule a meeting with SJA... At the
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initial meeting, the student is advised of his/her rights and informed
of the evidencsupportingthe charges. The student is provided
with an opportunity tadespond and to discuss possible resolutions
of the case.”

03.03.17
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Physics 7C Core Concepts

Notes on Physics 7C Core Concepts for Blocks 11-15

The following pages outline the specific concepts to be coveledture
and in DL during Winter quarteR003, toallow you to focus on the
idiosyncratic nomenclature and terminolagged in this course. Nothat
these concepts do not comprise the entire contents Bhifsecs 7QCourse
Notes(W. H. Potter, 2002, JWiley CustomServices)|SBN 0-471-23044-
8) nor anyother third-party introductoryphysics textbook. There is no
single physics textbook thaill exactly correspond tahe specific concepts
outlined in this course as it is taught durilginter quarter 2003thus no
single textbookwill be recommendeaver any other—if you do choose a
particular physics textbook as a reference, these core concepts will assist you
in narrowing the scope of your studying for this course.

Some concepts listed here will be emphasized more than other concepts;
additional concepts may be added or deletediras allows during the
rogression of this cours

y.
Take particular attention to the learniggals and quiz gradingriteria
for each Block—thesashouldindicate toyou as to"what's important” in
terms of studyindgor each quizand fordetermining the breadth and depth
of your answers to be written ontygical quizquestion. Remembethat in
this course, you are gradegkplicitly on thebasis ofthe completeness and
clarity of your discussion, and not necessafiy at all') for a numerical
answer orfinal conclusion. The emphasis of Physics 7 is @onceptual
understanding, not on rote memorization nor plug-and-chug calculations!
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Block 11 Core Concepts

Od . o0
@a Asin(Bt) = BAcos(pt)

Ud .
Rt Acos(Bt) = BAsin(pt)

U d
g et
Ja® =P
0
m el =l ¢ (1)
t ot
U d
@/y:ay(t)
= Sy 9= 9 F 0
dt ” thEt E

- / inertial parameter
" 7\ restoring parameter

—
E

—

L
pendulum = 2“\/6

T

R

|
Tn‘ass—spring = ZTL\%

f=1
=

d
Vparticle(x’t) = yparticle(x’t)

dt

Displacementy(t)
of a simple harmonic oscillator

Displacementy(x, t)
of a harmonic wave

—

Trigonometric derivatives

Exponential derivatives

Velocity %éand-rggé

as successive time derivatives of
displacementy(t)

Generalized period for all ideal SHM
systems

Period [s] of a pendulum SHM
system

Period [s] of a mass-spring SHM
system

Relation between frequency [Hz] and
period [s]

[
Displacement velocit%Eof a

particle in a medium, due to a wave
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W(xt) = %H% iZT[% -H‘IJwaveE

v O 'restoring parameter
" 7 inertial parameter

B

Vwave sound = \“_
| \p

vV — Ftension
wave, rope \ IJ-

. c _(300x10° ms)

wave, light —

r]medium r]medium

g\, .0 dd [gr
Vwave, water — \/g__r[tanhgnxﬁ: \/g—n

Block 11 Learning Goals

Total phase angle for harmonic waves
[rad]

Idealized dependence of wave velocity

Ol : .
%Eon properties of the medium

Sound wave veloci%é
Rope wave veloci%é
Light wave velocitygﬁé

Water wave velocit)%é

(with deep water approximation)

Wavelength [m]

* |dentifying relevant parameters to describe simple harmonic motion or harmonic waves.
 Graphically representing simple harmonic motion or harmonic waves.
» Connection between motion of particles in medium, and the motion of the wave through the

particles in the medium itself.

» Understanding relation between independent and dependent wave parameters.
» Modeling different wave phenomena as ideal harmonic waves.

Quiz 11 Grading Criteria

 Proper and relevant equation and parameters.
» Proper and relevant graphical representation.

* Isolates independent and dependent wave parameters.
* Neatness, clarity and completeness of discussion and mathematical steps (not every intermediate

step needs to be written out).

» Conclusions or numerical answers clearly circled.

03.03.17
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Block 12 Core Concepts

Yiow =1 T Y2 Wave superposition

il
. t L
y(L!t) =As n%n? -2 T[X 1 source -Hpreﬂection%

lIJwave

Displacementy(x,t) of a harmonic
wave, in terms of path-length

AY =

9,
= 21( 8 ) = 2O T Ay + A
- B ( ) - T[AﬁB"‘ ll“'sourcas l'I"reﬂectionsE

Total phase difference [rad]

>

—

I
,U-LU-LUJ_

Path-length difference [m]

#))\ constructive Interference condition for

H#4+ 1 A destructive two in-phasesources
2 of thesameperiod/wavelength
%#J, 1 \ constructive Interference condition for
AL = ? . two out-of-phasesources
H#)A  destructive :
of thesameperiod/wavelength
S (even)m constructive Generalized interference condition
AW = gt odd n destructive for anytwo waves ofiny
period/wavelength
0 B EO "soft" reflection Reflection phase shifts
reflection D_[u hal’d" I’eﬂectlon
C - -
Nrnedium = v “Index of refraction" for light waves
medium
0 0 Time-dependent interference
AW = %T[t(f ~1,) + [constan] (1 [2+(even)mtconstructive - condition for two waves of the
a _1f % %_ 5& odd)mt destructive  different periods/wavelengths

("beats")
Beat frequency [Hz]
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foarie =3 (F. + ) Carrier frequency [Hz]
AL = dsing = #)A  constructive Interference condition for
+;))\ destructive double-slit interference

V
— _Wwave . f — f
2 L ( ) 1

V
f= 0 o = (odd) f,

em

Interference condition for a high

AL =2t = % )\ constructive impedance medium separating two
H#)A, destructive lower impedance media (vice
versg
AL =2t= #)A,  constructive Interferer)ce cpndition for. a stack of
=2t=0y,, 1))\2 destructive cons_ecutlv_ely increasing impedance:
2 media (owice versa

O Bk(even)mt constructive Generalized interference condition for

O 00
AW =321 Al - [F t f relative i
3 ABTHF Lpreﬂecﬂonsl:' 5& odd)Tt destructive ?nngdsi;/s em of relative impedance

Block 12 Learning Goals

» Analyzing interference phenomena, and be able to use the most generalized interference
conditions applicable.

» Understanding how interference phenomena is generated and measured experimentally.

» Understanding how the most generalized interference conditions revert to simpler forms under
very specific conditions.

Quiz 12 Grading Criteria

* Proper and relevant equation and parameters.

» Proper and relevant graphical representation.

* Isolates independent and dependent wave parameters.

* Neatness, clarity and completeness of discussion and mathematical steps (not every intermediate
step needs to be written out).

» Conclusions or numerical answers clearly circled.
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Block 13 Core Concepts

exerts
force .
ObjectA C> objectB Direct model of forces
Hnagnltude G _ _
Fgravity of M onm M m) Direct model of gravitational forces
E direction =in towards M
O
magnitude = k( Qq)z
— 1l r
_ Q-q
Facaricorqong = E Qattractwe if +0,FQC Direct model of electric forces
direction =
E D’epu|SIV6If +0,xQC
oo 01 [ Changes in gravitational potential
AP = -GMmA —GMmB’—
Eg"aV D D final |n|t|al E energy [J]
APE, =kQq A kQq 21 . Changes in electric potential energy
o B:B: final |n|t|al ﬁ [‘J]

_ —s\op®
Ar=run

A PE(r) [J] APE = rise

F-_APE Gradient relation between force anc
dongr T Ay potential energy
exerts
creates force
ObjectA L[y field ©C> objectB Field model of forces
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@nagnltude

]
l
H direction=in towards B
E Field model of gravitational forces
- nitude = O
Fon M é’mg . |m| - E
direction =along g
O C
E’*na gnitude = Q []
E O 0
D Hn towards —Q [
direction =] ([
H [out away from + Q]
B Field model of electric forces
aﬂagnltude |E]| O
oan direction = %Iong Efor+q
0 pposite E for — q
| C
@nagnltude -0 0
B 2 0
E direction = RHRL E
O Field model of magnetic forces
aﬂagnitude = ‘qusi ne> E
Foogl . . [Along RHR2 for +q 7
[ direction=0 : (]
0 [opposite RHR2 for - g

Block 13 Learning Goals

« |dentification of source and test objects.

» Modeling gravitational/electric/magnetic interactions with the direct model of forces.

» Modeling gravitational/electric/magnetic interactions with the field model of forces.

* Modeling inter-mass/inter-charge/inter-atomic interactions with potential energy graphs.

» Understanding the relations between forces and fields, and forces and potential energy gradients.
» Superposition of force vectors, and superposition of field vectors.

Quiz 13 Grading Criteria

* Proper and relevant equation and parameters.

» Proper and relevant graphical representation.

* Vector addition (tail-to-head or component-by-component) clearly shown.

» Appropriate choice of method (direct or field) used in best describing the interaction between
source and test object.

* Neatness, clarity and completeness of discussion and mathematical steps (not every intermediate
step needs to be written out).

» Conclusions or numerical answers clearly circled.
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Block 14 Core Concepts

[X = periodic table name of element
2 X OA = number of neutrons and protons

0

0Z = number of protons

R=(1.2 fm)A"?

"Binding energy" = (mass defect)c?

= (rn"lucleus - mprotons - mneutrons)c

2

"Q- value"= (mass decrement)c?

=(m; —-m)c?
hc
XE photon = hf photon = T
photon
b PE(P) [J] _ —s\op®

APE
I:alongr = Ar
UJ
[magnitude = k 0L 5
= :% (rQHq)
electricof Qonq D . . |%.ttrac‘tlve If i q,iQ[
direction =[] e L
H repulsiveif +0,+Q[
oo 01 1 L
APE,, = kQAAZ[F kQoH— -
o B’_B: fina  Tinitial ﬁ

Notation for a nucleus

Radius of a nucleus

Binding energies and mass defects

Q-values and mass decrements

Photon frequency/wavelength

APE =rise

Gradient relation between force and
potential energy

Direct model of electric forces

Changes in electric potential energy [J]
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Block 14 Learning Goals

* |dentification of source and test objects.

» Modeling inter-nuclear interactions with potential energy gradients.

» Modeling weak force interactions with the box model of nuclear energy levels.
» Applying mass-energy conservation to nuclear processes.

» Analyzing nuclear fusion/fission processes, and deezaf,(andy) processes.

Quiz 14 Grading Criteria

 Proper and relevant equation and parameters.

» Proper and relevant graphical representation.

* |dentification and modeling of relevant nuclear processes.

* Neatness, clarity and completeness of discussion and mathematical steps (not every intermediate
step needs to be written out).

» Conclusions or numerical answers clearly circled.
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Block 15 Core Concepts

Law of Reflection

6,=9, ("Hero's Law")
c .
Nrnedium = Index of refraction
Vmedium
Snell's Law
n,sin@, =n,sinbG, ("Descartes' Law")
C
8. = Arcs n%lzt Critical angle
L
Condition for TIR
6,>6 : ,
¢ (total internal reflection)
1,11 Thin lens equation
o i f ("Thin mirror equation”)
M h _ OLC Li ificat
inear — . inear magnification
e =1, = THGE g
1 . .
D==— Optical strength [diopters]

Block 15 Learning Goals

» Understanding how light reflects, refracts, or totally internally reflects at the interface between media
of different relative indices of refraction.

» Modeling optical systems as thin lenses, in the formation of images.

» Understanding object/image placement for converging/diverging lenses, modeled by the thin lens
equation or by ray tracing.

 Treating multiple lens systems as sequential objémis— image processes.

» Understanding how eyesight defects can be corrected by use of glasses or contact lenses.

Quiz 15 Grading Criteria

 Proper and relevant equation and parameters.

* Proper and relevant graphical representation.

« |dentification and modeling of relevant optical systems.

» Methodical approach to multiple-lens systems.

* Neatness, clarity and completeness of discussion and mathematical steps (not every intermediate
step needs to be written out).

« Conclusions or numerical answers clearly circled.
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Block 11 Glossary

Oscillations glossary

acceleration a, Hooke's Law

amplitude A mass-spring SHM

constant phase angle Wg,y oscillations

derivatives (trigopnometric) pendulum SHM

displacement vy, 6 period T . _

equilibrium simple harmonic motion

frequency f (SHM)

gravitational field spring constant k
constant g velocity v,

acceleration
A vectorthat describes the change in thedocity of an objectwith
respect to time—itsmagnitude (measured in units of ) is
determined fronthe first time derivative of the velocity of the
object, or thesecondderivative ofthe displacement of the object
(its direction is simply the direction of the net forsector on the
object).

O _d d Od Dun[
Emagnltude——tv thd—y H%?E

H direction = direction of 5 F

(Seederivatives (trigonometric) , displacement , velocity .)

amplitude A
The sine function of asimple harmonic motion object varies
between —land+1. The value ofthe amplitudeA determines the
displacement values that theSHM object oscillatesabout,
between A and A, as measured fronequilibrium . (See
displacement , equilibrium , simple harmonic motion .)

03.03.17
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constant phase angle g,
This is basicallywhere(on the unit circle) arSHM object starts in
its periodiccycle att = 0. Thisparametermust be in units of
radians. I.b.: This is lower-casépsi" (we point this outnow in
order to distinguish this from upper-case "p#i"which isused for
the total phase angleof harmonic functions.) (See simple
harmonic motion .)

derivatives (trigonometric)
The derivative of aine function, withrespect tdime, gives acosine
function—but don't forget to apply the chain rule take the
derivative of what was inside the sine function as well:

%Asi n(Bt) = BAcos(Bt).

The derivative of acosine functionwith respect totime, gives a
negativesine function—but don't forget to applige chain rule to
take the derivative of what was inside the cosine function as well:

%Acos(Bt) = —pAsin(gt).

(Seevelocity , acceleration .)

displacement vy, 0
Where the position of an oscillatingobject is, withrespect to its
equilibrium . If we are talking about mass on a springscillating
back and forth, we would be measunng meters. If we are talking
about amass on a string swinging to arftb, we would be
measuringd in degrees (or radians)(Seeequilibrium , simple
harmonic motion .)

equilibrium
The location of anSHM object, when it isstationary and not
oscillating. This definesvhere theamplitude of its motion is
measured from(Seeamplitude , simple harmonic motion .)

frequency f
(Seeperiod .)

gravitational field constant  (g)

The force of gravity of a planet on an object (at or near its surface) is
given by:
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_ %ﬂagnitude = MG |
H direction = downwards

E

gravity of planet on m

whereg is the gravitational field constant of that planet (at or near its
surface). This constant has @&alue of approximately
O, = 9.8 N/kg at/near thesurface ofthe Earth,and g—0 at an
infinite distanceaway from the center of the EarthOther planets
will have differentg values at/near their surfaces.

Hooke's Law
An object issaid to "obey"Hooke's Law if the following
conditions regarding itset forcez F are met:

» The magnitude of the net force on an object is proportional to the
displacement vy of the objecfrom awell-defined equilibrium
position.

» The direction of the net force on an objpoints inthe direction
back towards this equilibrium position (hence the negative sign).

* The constant of proportionalitpetween the netforce and
displacemeny is given byk.

In vector equation form, Hooke's Law is given by:
Y F=-ky.

A Hooke's Law net force on an objexuses it to undergample
harmonic motion . An object undergoing simpleharmonic
motion has anet force that isdescribed by Hooke'saw. This
reasoning may sound circular, but keep in mind that this is due to the
degree thaHooke'sLaw net forces andtime-dependent sinusoidal
behaviors are intertwined. You can't have one without the other!

Note that similar arguments can be meaelgarding the rotational
simple harmonic motion of ambject, where theconstant of
proportionalitybetween thenet torque and rotational displacement
is given byk (lower-case Greek letter "kappa"):

Zf:—Ké.

(Seedisplacement , equilibrium , simple harmonic motion )
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mass-spring SHM
An object of mass attached to a spring withspring constant  k
that is allowed tofreely oscillate with no friction will undergo
simple harmonic motion

,,,,,,,,,,,,, X
unstretched %,
spring S
B
(o))
=
=3 T ) G
.mass __Q ... equilibrium 0
m
AL L
period T

O

There can be horizontal eertical mass-spring SHM systems.
In either case, tha@et force ) F on the objectmust obey the
translational form ofHooke's Law in order for the object to
undergo SHM.

The amplitude A of its motion is the measured from
equilibrium .

The period T of a mass-spring system depends only upon the
massm and spring constakt

'm

= 2TT,

mass-spring

(Seeamplitude , Hooke's Law , equilibrium , period, simple
harmonic motion , spring constant .)

oscillations
Any system that experiences ayclical displacement from
equilibrium |, e.g.,a masgshat moves baclknd forth. Notehat all
simple harmonic motion systemsare oscillatory, but not all
oscillating systems are simple harmonic motion. (See
displacement , equilibrium , simple harmonic motion .)
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pendulum SHM

An object of mass attached to a string with strendthin a location
with a gravitational field constant g that is allowed to freely
swing back-and-forthwith no friction will undergo simple
harmonic motion

Note that this is a rotational system, rather than a translaignal
system. Instead of consideritige net force ) F on the object, we
actually consider theet torque%f on the object. In angase, the
net torque on the objeatust obeythe rotationaform of Hooke's
Law in order for the object to undergo SHM.

The amplitude A of its motion is the angle measured from
equilibrium (usually vertically straight down).

The period T of a pendulum system depends only upon the
lengthL of the string, and gravitational field constgnt mass

gravitational

Tpendulum = Zﬂ\/g . constant g
g

b

] “\609\

. _ o amplitude A
(See amplitude , Hooke's Law , equilibrium , gravitational

field constant , period , simple harmonic motion .) <

period T @
period T

This is how much time (in seconds) ittakes for a simple
harmonic motion object to completeone cycle of periodic
motion. Related to thperiod T is thérequency f, which is how
many cycles of periodic motion that ti#HM object undergoes in
one second (in units of cycles/second, or "Hertz"):

(-1
T

Most generally,for all ideal simple harmonic motion systems,
the period T is proportional to a square root aieatial parameter,
and inversely proportional to thequare root of arrestoring
parameter:

| inertial parameter
\ restoring parameter -

SHM

(Sedfrequency , simple harmonic motion )

simple harmonic motion (SHM)
An object whose oscillatindisplacement is described by &éme-
dependent sine function ("harmonic" isynonymous with
sine/cosine trigonometric functions), and whowt force obeys
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Amplitude A

Hooke's Law . The general equatidior the displacement of any
SHM object as a function of tintas given by:

[Pt O
0

yS-lM(t):Ag-n T +LIJS-1MD

The following parameters make up the SHM function for ¢hjsct,
and are defined elsewhere in this glossary:

* displacement .

e amplitude A.

* period T.

 constant phase Yg,,.

Note that the/(t) function takes the "sine of" something in radian

units! This iswhy the Zt factor is included inside the(t)
function—when we stick in aime t, the (2t/T) term getsconverted

Constant phase y,,,

¥(©), small A

0

YO, W= 4102

¥(D), large A
ANANANS t

AAVARVERV/ ’

Simple harmonic motion  j Y
(Displacement yasa = y(t) =Asin +U D
P Y UT sHmL]

function of time)

Period T /

Tﬁt)\,small T
- [

0‘ N—F" N—F" N—rF

Ty(t), large T

’
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into radian units (theseconds unitgancel),suchthat we wind up
taking the sine of radians (as opposed to takwegine of degrees).
Make sure yowknow how to setyour calculator in"RAD" mode
instead of "DEG" mode...

The dependence of th®HM displacement function on these
parameters is schematically depicted on the previous p#&8ee
amplitude , constant phase , displacement , period .)

spring constant k
The "strength” of a spring. If a spring requiresegtain amount of
force to stretch it a given distance, then its "strengit'given by:

F

stretch |

stretch distance]’

|
|

The units ok are Newtons/meter.

velocity v,
A vector that describesthe change in thelisplacement of an
object withrespect to time—itgnagnitude (measured in units of
m/s) is determined fromthe first time derivative of the
displacement (itglirectionis simply the directiorthat the object is
heading).

o _d .\ On0
v, = @nagnltude = y(t) ExE

H direction = direction of motion

(Seedisplacement , derivatives (trigonometric) .)
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Waves glossary

amplitude A

constant phase angle W,

"coordinated motion"

dependent wave parameter

derivatives (exponential)

displacement y

equilibrium

frequency f

harmonic wave

independent wave
parameters

location x

period T

polarization

pulse wave

"snapshot”

total phase angle W

wave velocity V..

waves (general)

waves, pressure/density
("sound")

waves, rope

waves, TEM ("light")

waves, water

medium wavelength A
particle velocity Vv, qe(Xt)

amplitude A
The sine function of harmonic wave variesbetween —land +1.
The value of the amplitud& determines the displacement valitfest
it oscillates about, betweenA—and +A, as measured from
equilibrium . For apulse wave, the amplitude determines the
displacement values that it varies about, betweand+A (or 0 and
—-A), as measured from equilibriun{Seeharmonic wave, pulse
wave, equilibrium .)

constant phase angle W, .
This is "where" dnharmonic wave "is" with respect to its periodic
cycle att = 0. If the harmonic wave (with respectdois represented
by a sine function at= 0, theny, . = 0. Ifthewave is d'shifted
over" sine function at = 0, then wehave to becareful to specify
what non-zerovalue . is. Remember thathis parameter
(whatever value imay have)must be in units of radians. N({.:
Don't confuse thisower-case'psi” U, for aharmonicwavewith
the lower-case'psi" Yg,, for SHM objects.) (See harmonic
wave.)

"coordinated motion"
As a harmonic wave or a pulse wave travelsthrough a
medium (given by ay(x,t) wave function), a particle at one specific
location xin themediumundergoes a uniguene-varying motion
described by thdisplacementunction y(t) that is "collapsed" from
the original y(x,t) wave function.

For a harmonic wave moving to thedt, the y(x,t) wavefunction

is given by:
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(xt)—AsinD L .
yixt) = gn? TT -H*IJwaveH

The y(t) motion of a particle abne specific locationx, in the
medium isfound by substituting ithe valuex = X, into the y(x,t)
equation:

S—r

y(Xo,t) = y(x.t

_ !
_X0

1

>

@
O30 OOogoO

TEXO
+2 )\ -H-IJwave
—_—

Wsim

=
T
(I R

N

: t
= Asn2mn— + -
T "IJSHMatx—XOH

If this is done forthe particles atach and everylocationx in the
medium,then theywill all have different constant phases, atidis
different y(t) motions. However,the y(t) motions ofeach of these
particleswill be "coordinated"with each other, as theave passes
through their locations.

This "collapse" of ay(x,t) wave function to they(t) motion of a
particle in a medium can be similadpne for pulsevaves as well.
(See harmonic wave, location, medium, pulse wave,
"snapshot .")

dependent wave parameter
A wave parameter thalepends orboth the properties of aource
and the properties of thenedium . The only dependentwave
parameter iswavelength A. (See medium, independent
wave parameters , waves, wavelength .)

derivatives (exponential)
The derivative of amxponential functionwith respect tdime, gives
the same exponential function (multiplied by the congiafrom the
exponent):

d t t
ae“ =pe™.

However, if the exponent is a non-trivial function of time, don't forget
to apply the chain rule to take the derivative of what was raised in the
exponent as well:
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—e o=
at t

displacement y
A measure of how much medium hasbeen displaced from its

equilibrium , as awave travelsthroughit. We could measurg
either of two ways, depending on th@arizationof the wave:

* Longitudinal polarization oscillations of the particles in the

longitudinal
oscillations medium arealong the direction ofwavevelocity. Soy is actually
<:"f‘> | <:"f‘> in the same direction as x, and particles in the medium are
" direction of wave propagation displaced back and forth alotige y axis () as awave travels
along thex axis. Think of dargegroup ofpeople crowdedrery
close to eaclother. If people in the back start shoving and
pushing, then these back-and-forth shoves are longitudizs
that propagate through the crowd of people.
g 2 » Transversepolarization oscillations of the particles in the
g% medium are in the direction perpendiculaidéway¥ to wave
§ § velocity. Soy is in the directiorsidewayso x, and particles in the
ﬁbOﬁﬁ» medium are displaceside-to-side as aave travelsalong thex
82 4 82 axis. Think of making traversgavesalong a horizontal length of
direction of wave propagation jump rope by wiggling it up-and-down or side-to-side.

(Seeequilibrium , medium , waves .)

equilibrium
The location owvalue of apoint in amedium , when it is stationary
and not oscillating (due tthe lack of awave, or due to being
momentarily stationary). This defin@ghat theamplitude of the
wave is measured fron{Seeamplitude , medium , waves.)

frequency f
(Seeperiod .)

harmonic wave
A wave whosey displacements at varioxslocations att times is

given by a generddarmonic wave function
Ot X C
X,1) = ASIN2mn— +2Te— ave
V) = A 221

Keep in mindthat a harmoniavave must becreated by an SHM
source—this iswhy both harmonicwaves and SHM are both
described by harmonic equationse( sine functions)that have
similar parameters.
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The following parameters make up the harmomave function,
and are defined elsewhere in this glossary:

* displacement .
» amplitude A.
* period T.
* location x.
* wavelength A.
 constant phase WU, .-

Note that they(xt) function takes thé'sine of' something in
radian units! This isvhy 2t factors are included inside thyéxt)
function—when we stick in amet, the (2w/T) term getsconverted
into radian units (theseconds unitgancel),suchthat we wind up
taking the sine of radians (as opposed to takiegine of degrees).
Also, when westick in a locatiorx, the (2n/A) term gets converted
into radians as well. Make sure you know how to set galoulator
in "RAD" mode instead of "DEG" mode...

Constant phase

wave

A0, U= -T2
‘ BN NNt
Amplitude A * sign convention
Y%, small A (9 wave travels A Y0, W= 0
in direction of
0 AVAV X Ort negative x 0 A\//-\v -1
‘ ("to the left")
yx.0), large A (-) wave travels A VO, W= 4102
/\ /\ in direction of
g > XOrt positive x G ™ A
‘ \/ \/ \/ ("to the right”)

Harmonic wave \j r2mt Y o1x / 5
(Displacement yat a posi- - y( X,t) = AsinD7

t—+ |
tion x as a function of time) A wave ]

Period T Wavelength )\\

AV@®, small T ¥(x), small A
N\ PN — t X
O ~— ~~—F—" 0
AV, large T Ty(x), large A
0 -t 0‘ =X

03.03.17



36

Physics 7C Winter 2003: Studént Packe

Regarding th€+) sign inside thesine function—if we choose
the (-) sign, the motion of the wave is in the posixarection (and
thus travels to the right); if th@) sign ischosen, the motion of the
wave is in the negativedirection (and thus travels to the left). Deal
with it or it will deal with you...

The dependence of the harmonwave function on these
parameters is schematically depicted on the previous p&Bee
amplitude , constant phase, displacement , location ,
period , waves (general) .)

independent wave parameters

Thosewave parameters that depend eitherjust the properties of
a source, or just the properties of thedium (i.e., they depend on
only onething, and are independent of everything dtsd that one
thing).

The independentvave parameters thadepend only on the
properties of thesource are amplitude A, displacement
polarization direction (whethetongitudinal or transversg period
T, andconstant phase angle ...

The one independent parametiiat depends only on the
properties of the medium is theave velocity v,.. (See
amplitude , constant phase, dependent wave parameter,
displacements , period , wave velocity , waves (general) .)

"light"
(Seewaves (TEM).)

location x
The specificposition in amedium that awavetravelsthrough. A
one-dimensionaharmonic wave or pulse wave must either
travel along the x or the x direction through amedium. (See
harmonic wave , medium , pulse wave .)

medium

Any system of particlethat interactwia forces that obey Hooke's
Law, and thusare subject to coordinateAHM behavior. (See
waves .)

particle velocity v qe(Xt)

Since we have an explidiarmonic wave Yy(x,t) expression for the
displacement y of a particle alocation x in a medium, as a
function oftime, wecan take thelerivative ofthis y(xt) expression
with respect to time to find that particle’s velooiy, ,.(X,t):

d
Vpafticle(xlt) = a yparticle(xit)
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Note that the velocity,,,.(X,t) of a particle in a medium, asnave
travelsthrough it isvery different fromthe wave velocity V..
through that medium. Think ofwater waves (of a given
wavelength A) that move steadily throughthe ocean in the
horizontal direction at a constavlocity v,... But a buoylocated
at a specificx positionwill bob up anddlown as thesavaves travel
past itsx location—the vertical velocity,,.(X,t) of its motionwill
vary with respect to time, and is distirficdm the constant horizontal
velocity of the water waves! (See displacement , harmonic
wave, location, wave velocity , wavelength , waves

(water).)

period T

How muchtime (in seconds) ittakesfor a particle at a specific )
location x in a medium to completeone cycle of periodic
displacement , as aharmonic wave passes through. Think [

because ofvater waves. The period T is théime it takes for

your boat to execute onsomplete upand down oscillation. Don't

of being on an anchored bdhat continuously goes up amndbwn %’
O

getseasick! Related to theperiod T is thefrequency f, which is

how many cycles of periodic motion that a speqgifasitionx in a t=0 t=T
medium undergoes in one second (in units ®fcles/second, or

"Hertz"):

Note that theperiod for aharmonicwave ultimately depends on
the period of thesourcethat initiated thewave, and not on the
properties of the medium. Once the wave period is set by the source,
then all particles in the mediuondergothe same period asell, as
the wave propagates through the medium. This is due to thiindhct
the period is anindependent wave parameter. (See
displacement , frequency , harmonic wave, independent
wave parameters , medium , waves (water) .)

pressure/density wave ("sound")
(Seewaves (pressure/density) .)

polarization
(Seedisplacement )

pulse wave

A wave whosey displacements at varioxslocations att times is
given by a generglulse wave function

03.03.17
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Amplitude A

Ot xfO
X,t) = Aex —*—
y(xt) PO * 0

A pulsewave iscreated by aingular disturbance—this iwhy we
approximate a pulse wave with a Gaussian "hump."

The following parameters make up helsewavefunction, and
are defined elsewhere in this glossary:

* displacement .
e amplitude A.

* pulse duratiorr.

* location x.

* pulse spread.

The () conventionfor wave direction worksthe sameway for
harmonic waves . This is because the maximum value for a pulse
wave is when the exponent is zerbbr the (-) choice, as timgoes

on { becomes a biggeositive number), tdride" the pulsex must
become a bigggpositive number aswell (suchthat thet term that
gets bigger with time is canceled by #ierm which also gets bigger
with time), thus the wave moves in the positive-direction (to the
right). Forthe (+) choice, as timgjoes on t{ becomes a bigger

* sign convention

Ly, small A

(+) wave travels
in direction of
= XOrt

Ly(x.p), large A

negative x
("to the left")

(-) wave travels
in direction of
= XOrt

positive x
("to the right™)

Pulse wave
(Displacement yat a posi-
tion x as a function of time)

v ] Ot ¥ X[}ZD
= [+ —Ou
y(X,t) AexpE E; * OH §

(-

pulse duration t

pulse duration o

AV, small T Ty(x), small o

5 /\ [ 0‘ > X
AV, large T Ty(x), large o

; AN -t O‘ X
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positive number), td'ride” the pulse,x must become a bigger
negative number (such that thierm is canceled by theterm),thus
the wave moves in the negatidirection (to the left).

The dependence of thmilsewavefunction on these parameters
is schematically depicted on the previous pa@®eeamplitude ,
displacement , harmonic  wave, location, waves
(general) .)

rope waves
(Seewaves (rope) .)

"snapshot”

As a harmonic wave or a pulse wave travelsthrough a
medium (given by ay(xt) wave function), the particles in the
medium undergoes a uniqupattern of motion described by the
function y(x) that is "collapsed" fromthe original y(x,t) wave
function.

For a harmonic wave moving to thedt, the y(x,t) wavefunction
is given by:

(xt)—AsinDTrt 2mn g
y ) g T )\ -l'waaveH

The y(x) "snapshot" of all the particles at this spediiiice t, in the
medium isfound by substituting ithe valuet = t, into the y(x,t)
eqguation:

y(X, to) = y(X, t)|t:t0’

= AsinD T[t—0 +2T[5 H
g T )\ wave
N
[

= ASn2r> +2 T[t—o HY, e

i

O x
= AS ngnx +qJ"snapshot" att=t, H

—

L P B

If this is done foeachandeverytimet, then youwill get a sequence
of y(x) "snapshots'that make a "movie" of thevave moving
through the patrticles in the medium.

This "collapse" of ay(x,t) wave function to they(x) motion for
the particles in a medium can be similadiyne for pulsevaves as
well. (Seeharmonic wave, location , medium , pulse wave,
"snapshot .")
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"sound"

(Seewaves (pressure/density) .)

total phase angle W

water

wave velocity v,

Everything inside theparenthesis inthe argument of the sine
function in theharmonic wave function. Thevalue ofthe total
phaseangle W(x,t) depends, of course, on bathe timet and
position x along thewave (in contrast to theconstant phase
angle .., which really is constant):

W(x,t) = %H% iZT[% -l-waaveE

If we useW to representlll that junk inside the parenthesis, the
harmonic wave function then takes the very simple-looking form:

y(xt) = Asin(W).

Again note that the totgthaseangle W is represented by an
upper-case Greek "psihile the constant phasengle ¢, IS
represented by a lower-caGeeek "psi." (Seeconstant phase
angle , harmonic wave .)

waves
(Seewaves (water) .)

wave
A wave canonly travel atone constant speed throughgaen
medium , and that this value is set by the properties of the medium.
Eachand every mediumwill have its own specificwave velocity!
Ideally, for all waves,the wave velocity v,,,. iS proportional to a

square root of aestoring parameterand inversely proportional to
the square root of dnertial parameter:

. restoring parameter
\ inertial parameter

Vwave

For aone-dimensionaharmonic wave or apulse wave,
the wavecanonly travel along either the » or —x direction. (See
harmonic wave , independent wave parameters , medium,
pulse wave , waves (general) .)
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waves (general)
The energytransfers (as seen as "moving displacement ,"
whethertharmonic orpulse) thattravel through amedium . In a
wave,the particleqor whatever) of the medium oscillatdout their
equilibrium  positions (orvalues) in a particulakind of spatially
and temporally "organizedtay, asthe wave (.e., energy)travels
through the medium.

Keep in mindthat a wave is not an actualpropagation of
"something" material—awave isthe transfer ofenergy and the
presence of this energy transfer is seen gisplacement from
equilibrium that seems to "travel" through the medium.

For the purposes oBlock 11 inPhysics7C, we will describe
four types of wave phenomena as harmonic and/or pulse waves:

* rope waves
"light" (TEM waves)

"sound" (pressure/density waves)
water waves .

(See displacement , equilibrium , harmonic wave, pulse
wave, waves (pressure/density) , waves (rope), waves
(TEM), waves (water) .)

waves, pressure/density ("sound")
"Sound" isthe colloquial termgiven to awave farmonic or
pulse) thatdisplaces thgressure or positions @toms/molecules
from their equilibrium values/positiongyhile propagates through a
gaseousliquid, or solid medium . This turns out to be eather

longitudinal
pressure/density
fluctuations at t= t,

loudspeaker

broad definition; as a result many differekinds of inaudible @nq\{;
phenomena can be described as sounds. S0, f AN S
. . . [ s i)
The various wave parameters for harm@oandwaves ingases L T Eee T

or liquids are given by:

* displacement y = gauge pressure [Pa].

« amplitude A = maximum gauge pressure fluctuation [Pa].
» period T =repeat time of source (speaker) [s].

* location x = location in medium [m].

» wavelength A = repeat distance in medium [m].

* constant phase (.. = source phase at=0,t = 0.

As with all idealizedwaves,the speed of soundvavesdepends
solely on the properties of the medium, and is proportional to square
root of its restoring properties (the incompressibility of gases, or
interatomic/moleculaforces in liquids/solidswhich is given by the
bulk modulus B and inversely proportional to the square root of the
densityp of the medium:

03.03.17



42

Physics 7C Winter 2003: Studént Packe

—

Vo sang = J B

wave, sound - p

In gases, the speed of sound is slightly less than the average speed of
the molecules, and is temperature-dependent. For air at STMal we
be using a nominalalue of v, ¢« =340 m/s. Irgeneralsound
travels nearly arorder of magnitude faster in liquids amsdlids
(1,000+ m/s)Yhan througlhgases at roortemperature and pressure,
as therestoring forces in thesghasesare much greater than for
gases, despite having a greater density.

In gases andiquids, soundwavescan only have longitudinal
polarization displacements . There are no sidewaygstoring
forces (as for rope waves), so transverse polarization
displacements are forbidden. In solidsundwavescanhaveeither
longitudinal or transverse polarizationsith different speeds for
each type of polarization.

Keep in mindthat the particles in the mediudon't really go
anywhere! They just bump back and forth in mordéessthe same
position as the sound wawavelsthroughthem. For a soundvave
in a liquid or solid, think of a crowdetbom where everyone is
nearly touching each other—if peo@addenly begin terowd and
pusheach other abne end of theoom, thenthis "crowding" will
travel across the room, although no peractually travelsacross the
room at this speed.

Note that pressuredisplacements are not the same thing as
equilibrium displacement (density) displacements. Strictly speaking
the harmonicwave equations for pressurdisplacementshave a
constant phase that has/a (90°) difference between their harmonic
wave equations, but for thmurposes oBlock 11 inPhysics7C, we
will not distinguish between thedifferent constantphases for
pressure and densitlisplacement equationg-or now, concentrate
on the dependent and independent wave parameters ofvéges in
thetotal phase angle of itsharmonic wave equation.

As with all waves,soundwaves havdrequencies determined by
the source ofthe waves(typically longitudinally vibratingsurfaces
that rapidly compress/rarefythe pressure ofthe medium). The
human ear is biomechanically engineeredetgpond only tssound
frequencies in the range of 20 Hz to 20,000 Hz (as witsuljective
experiences, this range will be slightly differént different people).
Within this range, asingle frequencysound is subjectively
experienced gsitch—whether this pitch is a "musicatiote or tone
depends uporcultural musical conditioning aneéxposure. In
Westerncultures,most musicaliotes correspond tthe black and
white keys on a piano, evénoughthere are certainly wastnumber
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of frequencies other than the frequencies of pikegs. For

comparison, the range sebundfrequencies a piano can produce is

only 27.5 Hz to 4,186 Hz. There are certainlsoundsthat have
frequencieslower or higher than apiano, or soundsthat have
frequencieslower or higher our range of perception. Sound
frequencies lower than 20 Hz (called subsoni¢ are usually

interpreted as "noise" rather than a tone as they are "felt" rather than

heard. Sound frequencies higher than 20,000 Hz (dayleersonig
cannot be detected by humansla(although therdnavebeen some
clinically documented exceptions).

However, other animals (inparticular, dogs and cats), can
perceivesoundfrequencies higher than 20,000 HZDog whistles
produce hypersonic frequency sounds—eaa't hear thesgounds,
but they are certainly audible to adgg. Newborrkittens typically

meow at hypersonic frequencies, so while they may seem to us to be

meowing silently, they are in fact eashgard by their mothecat.
Whenthese kittensnature, thdrequency of theimeowing sounds

begins tolower into thehuman range of hearing. Early interaction

with peoplewill acceleratehis process, as kittersoon learn that

hypersonicmeows are ignored blyumans. Why is oufrequency
range of hearing seemingly donited in comparison to other
animals? One would supposethat this range isthe evolutionary
result of beingable to hear ediblprey. Cats andlogs usetheir

hypersonic sense dfearing to find rodents and othemaller

animals, which communicate using those frequencies.

The subjective experience sbundwaveamplitude isloudness
and can be approximateth logarithmicunits of decibels(dB). As
with all subjective experiencepjtch andloudness sensationgary
immensely fromperson to person (aneven moment-to-moment)!
(Seedisplacement , harmonic wave, medium , pulse wave,
waves (rope) , waves (general) .)

waves, rope
The wave harmonic or pulse) that displaces the transverse
positions ofthe particles in aope (string,cable, etc) from their
equilibrium positions.
The variousvave parametergor harmonic ropevavesare given
by:

* displacement vy = transverse position [m].

* amplitude A = maximum transverse fluctuation [m].

* period T = repeat time of source (hand or oscillator) [s].
* location x = location along rope [m].

» wavelength A = repeat distance along rope [m].

* constant phase (.. = source phase at=0,t = 0.
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Electric/magnetic field
fluctuations at t= t,

yiX)att=t,

As with all idealwaves,the speed of ropevavesdepends solely
on the properties of thmedium , and is proportional to square root
of its restoring properties (the tension foreg,,, along therope),
and inversely proportional to the square root of the "linear density" p
of the rope (which is itsotal mass, irkg, divided byits total length,
in m):

Vv - Ftensi on
wave, rope .
\' M

Thustransverse displacemewaves travefastest througtaut and
very thin ropes, string, and cables.

For ropes, waves can only have transverse polarization
displacements . There are no back-to-front restoring forces (as in
a Slinky™), so longitudinal polarization displacements are
forbidden (you can't "push” a rope like you can a Slinky ™).

As with all waves,rope waves havdrequencies determined by
the source of the waves (typically something longitudinally
disturbing the rope)(Seeamplitude , displacement , harmonic
wave, medium , pulse wave , waves (general) .)

waves, TEM ("light")

"Light" is the colloquial term given to a Transverse
ElectromagneticWave (harmonic or pulse) that displaces the
electric and magneticfields from their equilibriumvalues, while it
propagates throughraedium .

The variousvave parametergor harmonic lightwavesare given

by:

« displacement y = electric or magnetic field [N/Coul or Teslas].

» amplitude A = maximum electric or magnetic field fluctuation
[N/Coul or Teslas].

» period T = repeat time of source (antenna) [s].

* location x = location in medium [m].

» wavelength A = repeat distance in medium [m].

* constant phase (.. = source phase at=0,t = 0.

As with all idealwaves,the speed ofight wavesdepends solely
on the properties of the medium. Instead of the generdkzgare-
root restoring/inertialform, light wavespeedsare usuallygiven as
an expression omdex of refractionn,_.,, Which is aunitless
guantity that depends solely on the properties of the medium:

' c _(300x10° mis)

wave, light = '
nmedi um nmedium
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Typically light waves travelslower through denser (transparent)
media, and quicker throughess densemedia, and travels at its
maximum speed ofc = 3.00x10° m/s through avacuum. Thus
Nresium = 1 fOr @avacuum,and is approximately correlatedth the
density of a transparemedium,suchthat n_.,,,, is slightly greater
than unityfor air at STP, andn, ;,, > 1 for all other transparent
materials.

Light waves can only have transverse polarization
displacements —hencethe formal termTEM waves." (For the
purposes oBlock 11 inPhysics7C, it is not important to know
whatelectric and magnetic fieldse,which are covered iBlock 13
of Physics 7C. Formow, concentrate on the dependent and
independentvave parameters of lightvaves inthe total phase
angle of itsharmonic wave equation.)

As with all waves,light waves havdrequencies determined by
the source ofthe waves(usually varying the current of electrons in
wires, and/or the vibrations of atoms/molecules). The human eye is
biochemically engineered tespond only tdight frequencies in the
range of 4.3x10" Hz to 7.5x10“ Hz (as with all subjective
experiences, this range will be slightly differént different people).
Within this range, light is subjectively experienced @dor—red
corresponds tthe lowerfrequencylimit; violet corresponds to the
upper frequency limit; and all other colors correspond to frequencies
within this visible light range. Light frequencies juswer than
4.3x10" Hz are calledinfrared (i.e., "lower than red"), andven
lower frequencies correspondrtocrowavesthenTV, FM, and AM
radio waves. Lightfrequencies just higher thain5x10* Hz are
called ultraviolet ("beyond violet"), and even higher frequencies
correspond tax-raysandgamma rays Taken togethegll of these
waves are referred to as light. "Visible" light occupies one small part
of the totalfrequency range of lightvaves. As withsoundwaves
and our ears, there are quite a lot of differetyipes of light
frequencieghat cannot be perceived byr eyes. Judbecause we
cannot detect and subjectivgigrceivethese different frequencies of
light as color does not mean that they do not exist—we only need to
construct different types of "detectors" (like timerowavedetectors
used in DL) that are sensitive to these other light frequencies in order
to "see" them.

An interesting effect of trying to experience many different
visible light frequencies simultaneously is that many diffecehbrs
combine to form "white" light. Thuwhite is reallynot a color ie.,
not a single frequency lightvave), but the combination of many
different visible frequency light waves.

The subjective experience of lighiave intensity isbrightness
As with all subjective experiencesplor and brightness sensations
vary immensely fromperson to person (andven moment-to-
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moment)! (See displacement , harmonic wave, medium ,
pressure/density wave ("sound") , pulse wave , waves.)

waves (water)
Thewave parmonic or pulse ) thatdisplaces theositions of

water wave the surface of a liquid from their equilibrium positions.
displacement at t=t,

The various wave parameters for harmaomater wavesre given
by:

* displacement vy = displacement [m].

» amplitude A = maximum displacement ("wave height") [m].
* period T = repeat time of source [s].

Y9 at t= to * location x = location in medium [m].

» wavelength A = repeat distance in medium [m].

e constant phase (.. = source phase at=0,t=0.

wave

There is an important word of caution whdiscussingwater
waves—despite their appeal as thiandard model ofvaves in
general, water wavabey are notideally described in terms of the
wave models and concepts developed in Block 11 in PhySicand
thus can only be crudely approximated as transverse harmonic
waves. First, note thatwater waves havéoth transverse and
longitudinal displacements , and are approximately circular in
nature (think of floating on an inner tube far offshore daka, or in
the ocean, with smooth rolling waves—you will move backwards into
the wave trough, then get carried upwardeyeforwards alongwith
the wave crest, and then move downwards as thewave crest
passes—don'get seasick!). Forthe purposes ofBlock 11 in
Physics 7C, wavill make the crude approximation theaterwaves
are exclusively transversely polarized!

Ideally for all wavesthe speed ofwavesdepends solely on the
properties of thenedium . Howeverthe speed ofwater waves not
only depends othe properties of the medium (tigeavitational
field constant g, and the depth of theaterd); the speed ofwater
wavesalsodepends on the@avelength of the waves!

O
Vwave, water \/ g)\ tanh T[_B

Think of floating on an inner tube fafffshore on dake, or in the

ocean, with smooth rolling waves (no breakers). The large

wavelength waves will move veuickly throughyour position. If

you dip your finger intahe water to make smallavelength ripples,
these small wavelength waves witlbve with amuch different speed
than the larger wavelength rolling waves.
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The "tanh" function isthe "hyperbolic tangent{pronounced
"tansh"), and for the purposes of Block 11 in PhySi€Cs it suffices
to know that tanh() takes the limits of tanh(0) = 0, atahhfo) = 1.
Thus for very deemvater (- o), thespeed ofwater waves is given

by:
Viave, water = @ !
’ 21

which is still wavelength-dependent and non-idedllote that for

very shallow water (- 0), the speed ofwater wavesapproaches
zero. You may havenoticed thiswhen standing athe shore of a
sandybeach, where thbreakers approactine shore very quickly

(run away!), and then as they wash up oritee shorethey slow

down dramatically,and youcan actually walk awajrom the very

edge of the waves that wash up onto the sand.

As with all waveswater waves hav&equencies determined by

the source ofthe waves(typically somethingdisturbingthe water,
such as your finger ithe example givembove, ormaybe avery
largewavemaker atwateramusemenparks). However, verylarge
wavelength waveare typicallyproduced by drag forceseated by
winds continuously blowing across the surface of the watertrargd
these types ofvavedon't necessariljiave to have atrictly periodic
source.

Thus for the purposes &lock 11 inPhysics7C, we will often

refer to water waves aveing described by harmonic transverse

waves, but keep in mind thttis is strictly aconvenient idealization.
(Seedisplacement , harmonic wave, medium , pulse wave,
waves (general) .)

wavelength A

This is the repeat distance (in nthat you can measure in a
medium , along thex directionfor a harmonic wave to repeat
itself. If you are still thinking ofvater waves, the wavelength is
the horizontal distance from one cresthe next crest; which is the
same as the horizontal distarfoem one trough tdhe next trough,
etc.

Wavelength is alependent wave parameter thatdepends
on boththe properties of theource period T), and the properties

of the medium\fave velocity V,,.):
)\ = Vv?ve = VwaveT "
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(See dependent wave parameter, harmonic wave,
medium , period , wave velocity , waves (water) .)
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Block 12 Glossary

Wave superposition glossary

constant phase angle U,
constructive interference
destructive interference
impedance

"in-phase”

path-length L

path-length difference AL
reflection phase shift W, gecion
source phase angle Y.
total phase angle W

index of refraction n
interference conditions
"out-of-phase”

total phase difference AW
wave superposition
wave VeloCity V.
constant phase angle W,
The constant phase anglg,,,. of a harmoniavave (first considered
in Block 11 of Physics 7C) is actually made up of two other constant
phase angles—thesource phase angle g ,., and the

reflection phase shift W, gegion:

L|Jwave = l-l"source + l-l"reﬂection :

(Seereflection phase shift , source phase angle .)

constructive interference
Considertwo harmonic waves of the same amplitude that are
superposed. The twowavesare said to interfereconstructivelyif +
their superposition  results in avavethat hastwice the amplitude — 2>~
as before. In this cadbe twowavesthat aresuperposedhat are
said to be ih-phase " with eachother. At right is arexample of M
two "in-phase" harmonievaves ofthe same period/wavelengthat
constructively interfere with each other. /\ /

Two harmonic waves of any given period/wavelengthwill / \/

interfere constructively (regardless of the relative in/out phases of the

J

sources and/orreflections involved) if their total phase
difference satisfies the followingnterference condition

AW = +(even)T.

(See "in-phase ," interference conditions , total phase

difference .)

destructive interference
Considertwo harmonic waves of the same amplitude that are
superposed. The two waves are said to intedestructivelyif their
superposition results in avavethathaszeroamplitude. In this
case thewo wavesthat aresuperposecdare said to be 6ut-of-
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phase" with eachother. Atleft is an example of twdout-of-
phase" harmonic waves of the same period/wavelengtlthat
destructively interfere with each other.

Two harmonic waves of any given period/wavelengthwill
interfere destructivelyregardless ofhe relativein/out phases of the
sources and/orreflections involved) if their total phase
difference satisfies the followingnterference condition

AY = +(odd)t.

(See "in-phase ," interference conditions , total phase
difference .)

impedance

A measure of the "difficulty” avave has in propagating through a
medium. The impedance of a medium is inversely correlaiid
the velocity of waves through that medium.

For light waves, the impedance of a medium is correlated with the
valence electrons within that mediuamd isproportional to density
(and thandex of refraction ) of that medium.

For soundwaves, the impedance of a medium isversely
proportionalto the density of a medium, as demsaterials typically
have stronger interatomic/molecularestoring forcesthat result in
faster sound wave velocities.

The relative values othe impedance of a reflective surface, and
the medium above it (where the incidemtd reflectedwaves are)
determine theeflection phase shift of thatwave,after bouncing
backoff of that medium. (Seeindex of refraction , reflection
phase shift .)

"in-phase”

An informal termused to describe arsituation wheresomething
about two harmonic waves is coinciding with each other.

If the simple harmonic motion of th&urces oftwo harmonic
waves are synchronized i(e., they both have the samesource
phase angle y,.), then thesourcesof these waves are said to be
"in-phase" with each other.

If the two harmonic waves both reflect off of surfaceswith
similar impedance differences.g(, they both have the same
reflection phase shift Y, 4.i0,), then thereflections of these
waves are said to be "in-phase" with each other.

If the superposition of these harmoniwaves results in
constructive interference , then thesavavesaresaid to be "in-
phase" with each other. (See constructive interference ,
reflection phase shift , source phase angle .)

03.03.17



Physics 7C Winter 2003: Student Packet

index of refraction n
A unitless ration measuring "optical density,” or how slolght
waves travel through a transparemtdium,compared to theelocity
of light waves in vacuum:

n _C
medium '
VA
medium

where ¢=3.00x10° m/s is the velocity oflight waves in that
medium,and v__...., IS the (slower)velocity of light waves in the
transparent medium. Lightavesalwaystravel slower through all
other media, compared to traveling through a vacuum.

Roughly speaking, the index of refraction of a medium is
correlatedwith the impedance of that medium. The index of
refraction of a medium is somewhat correlatath the density of

that medium. _

Indices of refractiorfor several commortransparenimedia are Media 'rg?géﬂogn N
listed at right. Note that because theocity of light is slower in all =—— T
transparent media than through a vacuum, all indices of refraction are 1.00029
greater than 1. Icet i-g;g

E.g, water has an index of refraction mf= 1.329, which means f,eq quartz | 1.4584
that light waves travel 1.329 timsl®werthrough water than through btlanzelne 1.501

i i e i . Plexiglas™ 1.51
vacuum. The velocity of light waves through water is given by: crown glass | 1.52
zircon 1.923
g M diamond 2.417
¢ _3.00><1O s o m
Vet = = =2.257x10° —.
n 1.329 S

(Seempedance .)

interference conditions

Whetherthe superposition (adding of two harmonicwaveswiill
result in eitherconstructive interference or destructive
interference can be determined bgubtracting certain wave
parameters from each other.

Harmonicwaves emittedrom two in-phase sourceswith the
same wavelength will interfere constructive or destructively
depending on thepath-length difference AL:

#)A  constructive,
AL = 1 .
#+§))\ destructive.

The aboveinterference conditiowill also be truefor harmonic
waves emittedrom two out-of-phase sourceswith the same
wavelength, and with out-of-phasgflection phase shifts
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Harmonic waves emitted from twaut-of-phase sourcesith the
same wavelength will interfere constructive or destructively
depending on their path-length differede

+%))\ constructive,

AL =
H#)A  destructive.

The aboveinterference conditiorwill also be truefor harmonic

waves emittedrom two in-phase sourcesith the samewavelength,

and with out-of-phase reflection phase shifts.

Most generallythe interference condition fanytype ofsources
(in-phase or out-of-phase) aadytype ofreflectionphase shift (in-
phase or out-of-phasepn be summarizedith just one equation
involving thetotal phase difference AW:

Aw=Eor8l | A A O [ (even)mconstructive,
SETN T A At gt(odd)n destructive,

This is the most universal form of determining whether two
harmonic waves of theamewavelength willinterfere constructively
or destructively,regardless ofthe relative infout phases of the
sources and/or reflections involved.

However, whatabout thesuperposition otwo wavesthat have
differentwavelengths? It turns out that the interference condition can
still be expressed in terms tife totalphasedifference,but will now
be time-dependent:

_ EBTE (86)—2m A A E': Ei (even)Tt constructive,
O %Hr Vsowos + Brercions] gt odd)rt destructive.

This is the most universal form of determining whether two
harmonicwaves ofany wavelength willinterfere constructively or
destructively regardless ofhe relativein/out phases othe sources
and/or reflectiongnvolved. (See constructive interference ,
destructive  interference , ‘"in-phase,” "out-of-phase ,"
path-length difference , reflection phase shift , source
phase angle , total phase difference .)

"out-of-phase”

An informal termused to describe arsituation wheresomething
about two harmonic wavesnst coinciding with each other.

If the simple harmonic motion of theources oftwo harmonic
waves are completely out-of-synchronization i.e., they have
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constant phase angles that differ by 1), then thesourcesof
these waves are said to be "out-of-phase” with each other.

If the two harmonic waves both reflect off of surfaceswith
different impedance differenceise(, they havereflection phase
shifts that differ bym), then thereflectionsof thesewavesare said
to be "out-of-phase" with each other.

If the superposition of these harmoniwaves results in
destructive interference , then thesavavesaresaid to be "out-
of-phase" with each other. (See destructive interference ,
reflection phase shift , source phase angle .)

path-length L

The linear "elapsed” distance avave travels, in spite of any
reflections (which result in reversals of directionfor example,
consider aharmonic wave starts fromthe x = 0.0 m origin, and
travels to the left to a reflective barriernat —1.0 m, and thetravels
back to the right.When thiswave reaches the origiagain, itwill
have traveled a path-lendth= 2.0 m. Thus path-lengthare always
positive definite quantities, as thefor a wave isalways measured
"outwards" from its source alonghateverpath it is forced taake.
(So bewarned:x and L are notinterchangeablebut are related.
There is no uniquenathematical relation between locatignand
path-lengthL for all the situations to be considered in Block 12 of
Physics7C, asL is usually determined from inspection of the
specific case being considered.)

Because of this, if we express a harmaméwve interms of path-
lengthL instead of locatior, there isalwaysa (-) sign inthetotal
phase angle :

y(L,t) = Asin(W),
— At _ont 0
- Sngn? - T[X -HuwaveH
Ot L L
= As ngn? -2 T[X 'l'(quource +quef|ection)E

(Seetotal phase angle .)

path-length difference AL
How much further onavave travelsfrom its source, to a specific
location,than anothewavethat travelsrom its source, tahat same
location. This is just the algebraic subtraction ofghéh-lengths
of the two harmonic waves:

AL=1L, -L,.

03.03.17
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hase shift

Note that this is not the change in path-length of one given harmonic

wave (i.e., final path-length minus initial path-lengtti)is is merely
the subtraction of the path-length of omavefrom the path-length
of anotherwave,and to emphasizthis, wewill deliberately subtract
them the "wrong way" ("1 minus 2").

source 1

.‘ ?

detector

The path-length difference betwesvo superposed harmonic
waves can determine whether theyill result in constructive
interference or destructive interference , as AL appears in
several different interference condition forms. (See
constructive interference , destructive interference
interference conditions , path length difference , wave
superposition .)

reflection phase shift W, gecion

A harmonic wavewill "shift" its constant phase angle .. if
it reflects off of an interface between media with different
impedances. Notdhat the constant phaseangle is actually
comprised of theource phase angle .., Wwhichtakes care of
what the original wave sourcewas doing att =0, alongwith an
explicit contribution from reflections:

l-|Jwe;1ve = l'|Jsource + ll"reﬂection )

If a harmonicwave does notreflect off of anything, then its
reflectionphase shift, .4ion = 0. However,W, 4., May or may
not be zero once thwave bounces backwardsff of something,
depending on the relativpedance values:

* If a harmonicwave in alow impedance medium reflectdf of a
high impedance mediumthen W, 4eion = TC (Equivalently,
W, aiecion = TUIT the harmonic wave infastvelocity medium reflects
off of aslowvelocity medium.)
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* If a harmonicwave in ahigh impedance medium refleatéf of a 32¢
low |mpedance medlum,Fhen W\ etection = O (EqU|vaqutIy, %g; s
W, ieion = O If the harmonicwave in aslow velocity medium 25 g 5
. . Q, (]
reflects off of dastvelocity medium.) &3 s
> = &
5 |5
(See constant phase angle , impedance , source phase L]
angle.) 3 3 z : [0] phase shift
22
£55
source phase angle W, 33 %
This is "where" the source of a harmonic wave "is" with respect to its §<iv
periodic cycle at=0, and atL = 0. Previously in Block 11 of ®

Physics 7C thiswas synonymouswith the constant phase
angle ¢, of a harmonicwave. Howeverpecause we are also
consideringthe reflection of waves,the constanphaseangle of a
waveincludes botithe source phasangle andreflection phase
shifts :

ll—’wave = l-l"source + l-l"reﬂection :

(Seeconstant phase angle , reflection phase shift .)

total phase angle W
Everything inside theparentheses irthe argument of the sine
function in theharmonic wavdunction. The value of thital phase
angle W(L,t) depends, of course, on bdtie timet and path-length
L along the wave (in contrast to tbenstant phase angle ..
which really is constant):

] L [l
W(L,t) = gn% -2 T -l-q'lwaveH

0 ad
- gn% -2 T[; -l'(LIJSource +L|Jreﬂecti0n)E

If we useW to representill that junk inside the parenthesis, the
harmonic wave function then takes the very simple-looking form:

y(L,t) = Asin(¥).

Again note that the totgdhaseangle W is represented by an
upper-case Greek "psiWhile the constant phasangle .. IS
represented by a lower-caGeeek "psi”(which is itself comprised
of asource phase angle U, and areflection phase shift
Waiecion)-  (S€E CONStant phase angle , reflection phase
shift , source phase angle .)
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total phase difference AW
The algebraic subtraction of thetal phase angles of two
harmonic waves:

AY=Y -y

Note that this is not the change in total phase of one diaemonic
wave (i.e., final totaphase minusnitial total phase) this ismerely
the subtraction of the total phase of one wave filmentotalphase of
anotherwave,and to emphasizéhis, we will deliberately subtract
them the "wrong way" ("1 minus 2").

Whetherthe superposition of two harmonicwavesresults in
constructive interference or destructive interference
dependsmerely on theinterference condition  where the
difference between their total phase angles is either an even or an odd
multiple of rt

Bt (even)mt constructive,

AW = ,
(odd)rt destructive.

(Seeconstructive interference , destructive interference

interference conditions , total phase angle, wave
superposition .)

wave superposition
Considertwo waveswhose harmoniavave functionsare given by
vi(x,t) and y,(x,t). Wavesuperposition is nothing more than the
addition of thesetwo wavestogether,resulting in atotal wave

ytotal (X't) :
Yiota = Y1 T Ya-

Mathematically this means that we a@ding together thealues of
two waves, ateach and every different location x, and for all
subsequentalues of timet. For the purposes ofBlock 12 in
Physics7C, we will considerthe results of superposing onlivo
wavestogether. When two wavesare superposed, we observe the
effects ofwave interference

There aretwo methods to determine the type of interference
(constructive interference or destructive interference )
resulting from superposing two waves together:

® What is thedifference betweensuperpositionand interferenc€ Superposition is the
general principle of adding quantities. Interference is specifically the adding
(superimposing) of two (or more) waves. For the purposes of Block Phygics 7C
these two terms will be synonymous.
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* Literally adding the twowavestogether, mathematicallgnd see
what happens.

» Subtractingthe total phase of one wave frahe totalphase of the
otherwave todetermine thdotal phase difference AW, and
make predictions onwhat happensf the twowaves wereadded
together, by looking at thaterference conditions

(Seeconstructive interference , destructive interference ,
interference conditions , total phase difference .)

wave velocity V.
Wave superposition only concernghe addition oftwo waves of
the same type (whether they dreth soundwaves, orboth light

waves,etc). This meanghat the twowavesthat we are adding
together alsonustbe in thesamemedium(suchthat they can be in
the same location at the same time), and thus theynbasihhave the
samewavevelocity v,... Recall that the wavelength ofharmonic

wave depends on both the period of the wave source, aveltiogy
of the wave through the medium. This places avery important
restriction on thewvavelengthsand periods othe harmonicwaves

that can interfere with each other:

[y
N

There aretwo cases regardingvavelengthsand periods of the
harmonic waves that can interfere with each other:

* If the two waves weare going to add togethehave the same
period, then since thayusthavethe samevelocity, they will have
thesamewavelength:

A :h ~ EleTza
PR Y PH

* If the two waves weare going to add togethehave different
periods(certainly allowable!)then since theynusthavethe same
velocity, they will havealifferentwavelengths.

(Seewave superposition .)
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Applications glossary
antinode

beats

beat frequency f
beat period T,
carrier frequency f
carrier period T, i
"diffraction grating"

beat

carrier

double-slit interference
fundamental frequency
"harmonic frequency"
node

resonance

standing wave

thin film interference

antinode

beats

An antinodeis the location wherevo oppositelytraveling waves of Trla”S\c'ffTe f'léCtua“O“S
the same period and sameavelength always experience (losed-closed rope)

constructive interference Observations of antinodes depend

on the specific type aftanding waves involved:

* For a standing wave on a rope, every location whereofie has a Pressure fluctuations
maximal transverse excitation is an antinode. (closed-closed pipe)

 For a standing sound wave @ir), every location where thgauge Dﬁ<_ A
pressure of the air undergoesnaximal fluctuation issaid to be a
pressure fluctuation antinode, as with a closed end of & pipe.

(Seeconstructive interference , node, standing wave .)

Considertwo harmonic(sound)waves withdifferent periods and
differentwavelengths that meet at &pecific location andime,
after both traveling their respective path-lengths from tlesipective
sources. Thesetwo waves will experience eitheconstructive
interference or destructive interference , depending on the
most general form athe interference condition given by their
total phase difference

O Br(even)mconstructive,

TII —2T Al + Al
|:2 AEB'F l~IJ:;0urces l'lJreerctlonsE’: 54_— Odd T[ destructive.

® However, every location where the air molecules undergo a masisphcement from
their equilibrium positions isaid to be gosition displacement antinode. These are
not the same locations gwessurdluctuationantinodes! This is becausdor a given
sound waveits pressurdluctuationsand position displacementsre shifted 90° from
each other. For example, the closed end of a pipe is a présstmation antinode, as
air will be compressed and uncompressed there. Howevealpdezlend of apipe is a
position displacemenhode , as you cannotlisplacethe air moleculesmmediately
next to the walll Also consider an open end of a pipe, which is a posdigplacement
antinode, as the air moleculésere caneasily be displacedfrom their equilibrium
positions. However, the opeand of apipe is apressurdluctuation node, athe end
open to the atmosphere masvaysremain at atmospheric pressure!
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The key differencdetweerthis type ofinterference, whiclinvolves
two waves of different periods/wavelengths, anth all of theother
interference phenomena considered in Block 1Plofsics 7C is
that this dependence isime-dependent. These two different
period/wavelengtiwaves will interfere constructively at ongiven
time, then theywill interfere destructively a&hort time later, then
interfere constructively agaiefc

In order to focus on thisme-dependenbehavior, thenon-time-
dependent terms in thtotal phase differencecan be grouped
together into a single constant:

AY = %m(f ~f,) + [constant] %_ B (even)mt constructive,
_ 1 S %_ (odd)Tt destructive,

Thebeat frequency is thedifferenceof the frequencies dhe two
sound waves:

fo . =0f - fL.

beat
This is the frequency (in Hz) diie number of times peaecond the
superposition of theséwo wavesgoes through aconstructive-
destructive-constructive cycle. If twsound waves of different
periods/wavelengths arsuperposed, thegyou will hear a loud
superposed soundconstructive interference), then zesound
(destructive interference), then laud sound,etc. This can be
described informally as "wobbling,” anevhen musicians are
adjusting their instruments the same reference frequency (usually
440 Hz); a discernible wobbling means that their instrumemetsot
yet "in tune" with each other.

Thecarrier frequency f_,,. istheaverageof the frequencies
of the superposition of two sound waves:
fcarria' = %(fl-'— f2)
This is the frequency (in Hz) of the number of peakgi{ernumber
of troughs) per second tie superposition of thestvo harmonic
waves. If twosound waves ofdifferent periods/wavelengths are
superposed, this is the perceived tone that gets "wobbled."

What does this lookike, graphically? First considerthe two
waves with different periods (and thus different wavelengths):
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beat frequency f

Then thesuperposition of thesvo waves ignerely their graphical
addition.

A Y otal (xt)= yl(x,t) + ,Vz(X,t)

beat T = —8 — carrier T =

|f1‘ f2| [M]
2

Note that there are two distinct types of peridakbavior. Thée'big
wiggly" is the beatperiod T,_,, which is the time itakesfor the
superposeavave to gathrough acomplete constructive-destructive-
constructive (loud-soft-loud) cycle. The "small wiggly" is the carrier
period T, Which is the time between consecutigeaks (or
troughs) for all non-destructive timegSeebeat frequency , beat
period , carrier frequency , carrier period , constructive
interference , destructive interference , interference
conditions .)

beat

The beatfrequency is thedifference of the frequencies of the
superposition oftwo harmonic waves withdifferent periods and
wavelengths:

fo =F, — fL.

beat

This is the frequency (in Hz) dfie number of times peecond the
superposition of theséwo wavesgoes through aconstructive-
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destructive-constructive cycléor a loud-soft-loudcycle). (See
beats.)

beat period T,
The beatperiod is theinverse of the beat frequency of two
harmonic waves with different periods and wavelengths:
1
Tbeat = f_
beat

This isthe time (in seconds) forthe superposition of these two
waves to gdhrough aconstructive-destructive-constructive cycle (or
a loud-soft-loud cycle)(Seebeats .)

carrier frequency .
The carrier frequency is thaverage of the frequencies of the
superposition oftwo harmonic waves withdifferent periods and

wavelengths:
fcarrier = %(fl + f2)

This is the frequency (in Hz) of the number of peakgi{ernumber
of troughs) per second tie superposition of thestvo harmonic
waves. (Seebeats .)

carrier period T,
The beatperiod is theinverseof the carrier frequency of two
harmonic waves with different periods and wavelengths:

1

carrier
fcarrier

This isthe time(in secondshetween successiyieaks (or troughs)
of the superposition of these two harmonic wa&geebeats .)

"diffraction grating"
I,(‘( A diffraction grating is a barrier thétasvery tiny slits inscribed on
G E it, all spaced the same distart@part. A singlewave incident on

. this systemwill result in a multitude ofn-phase (same constant
phase) sourceshosewaves willsuperposeither constructively or
destructively along certai@ directions. Thes@ directions turn out
to be thesamed directions thatwo in-phase waves from slits spaced
an intervald apart will interfere constructively or destructivelyhus

a diffraction grating behaves more lesslike a double-slit system,
because itwo in-phasewavesfrom slits spaced amterval d apart

03.03.17



Physics 7C Winter 2003: Student Packet

interfere constructively or destructively along a certhidirection,
then many, many in-phase waves from slits spaced an inteazdrt
interfere constructively or destructively along teame® direction.
(Seedouble-slit interference )

double-slit interference
Considertwo in-phase wave sourcesof the same wavelength
spaced a certain distand@part. A location at a significant distance
awayfrom thesetwo sourceswill experience eitheconstructive
interference or destructive interference , depending on the
path-length difference AL between thedistanceseach wave
travels to meet at thdocation. In this casdhe interference
condition is given by:

#)A  constructive,
AL=0) ", .
#+§))\ destructive.

Thus merely comparing the path-length®ath of the twavaves is
sufficient to determine whether theyill interfere constructively or
destructively.

The historical term'double-slit interference” follows from the
original experiment performed by Thom¥sung, where asingle
wave incident on a barrigvith two tiny slits cut intoit, a distanced
apart, will behave as twain-phase wave sources ofthe same
wavelength. This experimentan be performedvith water waves,
light waves (of any given wavelengthand not justvisible light
wavelengths), or sound waves.

" Thomas Young (1773-1829) was the first to conclusively prove that tigihaves as a
wave, as thisexperimentdemonstratedhat two light waves can undergo either
constructive or destructive interferenc&€he prevailing theory at the time wese to
Isaac Newton (1672-1727), where light wamsidered to beomprised of "corpuscles”
because it is observed to travel in straight lines.

03.03.17
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If the interference location is sufficiently fawayfrom the two
sources/slits, then the path-length differeAtecan beexpressed in
terms of the angl@ betweerits location,and the® = 0° line that is
perpendicular to the distanddetween the slits.

AL =dsin®.

In this "“far-field" approximation, the interference conditior a
"far-field" point located along an arbitra®yangle is given by:

dsno = #)A  constructive,
ST H#+ D destructive.

;- 4/ 4/

sin® :%,
d

dsin® = AL.

(Seeconstructive interference , destructive interference ,
interference conditions "in-phase ," path-length
difference .)
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fundamental frequency
The lowest frequencyhat will excite a finitesystem to undergo Fundamental
resonance , and produce standing wave . (closed-closed rope)
For a rope(tied at both ends), or a closed-clogetie, or an
open-open tubelor any symmetric system), their fundamental
frequency is given by:
Fundamental (pressure)

f = Vyave (open-open pipe)
17 oL w/\_ A N
wherev,, . is the velocity of transversgavesalong therope, or the

velocity of soundwavesthroughair, and L is the distancdetween Fundamental (pressure)
the ends of the system. (closed-closed pipe)

For a closed-opertube, or anopen-closed tube(for any B__—nw— 4

asymmetricsystem), their fundamental frequency is given by:

f = Viave Fundamental (pressure)
oL (closed-open Eipe)

where againl. is the distance between the ends of the system.
"Harmonic frequencies " are the sequence of frequencies
higher than these fundamental frequentieswill alsoexcite these
systems to undergo resonance and produce stamdines. (See
"harmonic frequency ," resonance , standing wave .)

"harmonic frequency"
The sequence of frequencigisove thefundamental frequency
that will excite a finitesystem to undergeesonance , and produce
astanding wave .

For a rope(tied at both ends), or a closed-clogetle, or an
open-open tube(or any symmetric system), their harmonic
frequencies aregiven by integer multiples of the fundamental
frequency:

f,=(#)1,.

String instruments (such as pianos, harps, gui@ins, etc), brass
instruments (such asumpets, trombones, tubastc), and "flutter-
hole" wind instruments (such gsccolos, flutes, recordersic) are

all examples of symmetric resonant/standivaye systemsthat can
play noteshat are alinteger multiples of a fundamental frequency.
(Note that. can be changed as well on these instruments.)
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Standing wave Standing wave Standing wave
Standing wave fluctuations pressure fluctuations pressure fluctuations pressure fluctuations
(closed-closed rope) (open-open pipe) (closed-closed pipe) (closed-open pipe)
v— A N = A —n p_—~—— 4 F___——~
fi fi f1 fi

A > A o WA N A n o A ow A B A2~
f

f f3

f3 f3 f3 fs

fa fa fa f7

For a closed-opertube, or anopen-closed tube(or any
asymmetricsystem), their harmonic frequencies gieen by odd
integer multiples of the fundamental frequency:

f o = (OCDH) f,,

Reeded instrumen{such a<larinets,saxophones, oboesic) are
all examples of asymmetric resonant/standirgge systemshat can
play notes that aredd integer multiples of a fundamental frequency.
(Note that L can be changed awell. (See fundamental
frequency , resonance , standing wave .)

node
Transverse fluctuations A nodeis the location wherewo oppositelytraveling waves of the
(closed-closed rope) same period and samevelengthalways experiencedestructive
e W interference . Observations of nodes dependstlmm specific type

of standing waves involved:

Pressure fluctuations * For a standingvave on arope, every location where thiepe is
(open-open pipe) completely stationary ("looks pinched") is a node.
N A N « For a standing sound wave @ir), every location where thgauge

pressure ofhe air is always zer(o fluctuations) is said to be a
pressure fluctuation node, as with an open end of & pipe.

8 However, everyjocationwherethe air molecules always remain at their equilibrium
positions (no fluctuations) isaid to be gosition displacement node. Theaee not
the same locations gsessurdluctuationnodes! This is becauseor a givensound
wave, itspressurefluctuations and position displacementsre shifted 90°from each
other. For example, thelosedend of apipe is apressurdluctuationantinode , as
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(Seeantinode , destructive interference |, standing wave .)

resonance

If a wavesource is enclosed in faite system, then the harmonic
wave emittedfrom it will eventuallycome back to interferwith its
own source. Ifthe harmonicwave and its ownsource undergo
constructive interference , then thesystemwill resonate such
that the fluctuationsput into the system will be continuously
reinforced. Once a system undergoesonance, iwill produce a
standing wave .

For the purposes oBlock 12 in Physics7C, we will consider
two types of resonant systersgmmetriandasymmetric

» For asymmetricsystem, the harmonigaveemittedfrom a source variable frequency
is reflectedtwo times to come backi-phasewith its own source, rope oscillator
and each reflection has the same typeefiection phase shift n
(either both 0, or botim). Forthesesystemsthere is anode at I] closed-closed rope ||
both ends, or amantinode at both ends. Iltsfundamental
frequency is given by:

v MC

f = _Wwave

ool

) [r]

wherev,,,. is the velocity oftransversevavesalong therope, or
the velocity of sound wavesthrough air, and L is the distance
between thésymmetric)ends ofthe system. Higheharmonic

frequencies that exciteresonance in this systemwre integer

multiples of the fundamental frequency:

f,=(#)f.

source must beeflectedfour times to come back-phase to its and sound speaker
own source, and the type of reflection at either end ofkylséeem
has its own different reflection phase shift (one end refisittsa -]
phase shift of, the other endavith a shift of 0, as forthe gauge closed-open pipe
pressure fluctuations for sound waves in a closed-open pipe). For
these systems there imade at one end, and antinode at the ) [
other end. Itfundamental frequency is given by: [0IC

[0IC_

* For anasymmetricsystem, the harmonieave emitted from a - frequency generator

) [

air will be compressed and uncompressed there. Howevealpdezlend of apipe is a
position displacement node, as you cartisplacethe air molecules immediately next
to the wall! Alsoconsider aropenend of apipe, which is a positiordisplacement
antinode, as the air moleculésere caneasily be displacedfrom their equilibrium
positions. However, the opeand of apipe is apressurdluctuation node, athe end
open to the atmosphere masvaysremain at atmospheric pressure!)
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V,

f — _Wwave

ogL’

where againl. is the distance between the asymmedrids of the
system. Higher harmonic frequencthat exciteresonance in this
system are odd multiples of the fundamental frequency:

foge = (0dd) f,.

(See antinode, fundamental frequency , "harmonic
frequency ," node, standing wave .)

standing wave
Considertwo harmonicwaves ofthe sameperiod/wavelengthhat
travel in oppositedirections. Certain locationill continuously
undergoconstructive interference , and certain locationsill
continuously undergdestructive interference . These special
conditions arerespectively theantinodes and nodes of the
"standing" wave, because the antinode/node patteriuced by the
superposition of these oppositehaveling, same period/wavelength
waves appears to be completely stationary.

It would seem thatresonance and standingwaves are
synonymous. For a finite closed system, resonant wavesakié a
standingwave,but not necessarily the othemy around. A string
that is vibratinglor caused tovibrate) at aresonant frequencwill
display a standing wave, with a node at each end of the string.

What about an infinite systenwhere wehave twooppositely
traveling harmonicwaves of the same period/wavelengtigach
coming from theirrespectivesame-frequency sources ab -and
+00? In thiscase, we willalsoget astandingwave,with nodes and
antinodes.But this is not resonance, because in this unconstrained
open system, each oppositely traveling wave is not returning back to
its respective source to constructively interfere with itself.
Remember that standingwavedoesn't necessariljeanresonance
occurs, but resonance makes a standing wavédactyfor aninfinite
length string,with same-frequency sources at —and +o, any
allowedfrequencywill make astandingwave. For afinite length
string with just one sourcepnly certainharmonic frequencies
will  make resonant standing waves. (See antinode ,
constructive interference , destructive interference ,
"harmonic frequency ," node, resonance .)

thin film interference

Typically a light wave that encounters an interfacbetween two
media with different impedances will be partially reflected Hea,
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and partially transmitted into theew medium. If there is a
transparent film that separates two different regions, there will/de
(partially) reflectedwavesthat will interfere with eachother. The
interference condition  for whether these reflectediaves will
produce constructive interference or destructive
interference will take on several different forms, depending on the
relative impedances of the media involved:

* For alight wavethat is incident on aigh impedance film (of constructive/
thicknesg) that separates two lower impedance media, there will be :’nfz:;gf;'r‘]’se
two reflected waves that may interfere constructively or | -y

destructively according to thgath-length difference  AL:

AL =2t = %#+%))\2 constructive,
H#),  destructive.

Note that is the thickness of medium 2, aid is thewavelength
of light inside of medium 2.

This interference condition also applies alight wavethat is (n2 > m, nz > ng), or
incident on a low impedance film (of thicknd¥that separates two (™ <™ 12< %)
higher impedance media—theo reflectedwaves will interfere
constructively or destructively according to the same interference
condition given above.

» For alight wave that is incident ontwo consecutive media of gonsthQtive/
increasing impedance values, theiit be two reflectedwaves that fostucive.
may interfere constructively or destructively as given by: _| Py

«Q
0

#)A,  constructive,
AL=2t=0} " ; .
#+ 1)\, destructive. m

n —

As beforet is the thickness of medium 2, aid is thewavelength
of lightinside of medium 2.

This interference condition also applies alight wavethat is
incident on two consecutive media oflecreasingimpedance  (m <n2<ns), or
values—the two reflectesvaves will interfere constructively or ("> 712> M3)
destructively according to the same interference condgioen
above.

» Most generally, the universal interference condition for a higgvie
incident on a thin filmsystem ofany type (thickness ancelative
impedance values) is given iterms of theirtotal phase
difference :
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Ap= E|—2T[ A D Bt (even)mt constructive,
Aﬁg reflections gt odd)rt destructive.

Note that Ay, = 0, as the@wo reflectedlight wavesoriginated
from the samesource. The only parameterghat contribute to the
constructive or destructive interference behavior of the reflected
waves come from the path-length difference ankflection
phase shift terms.

Thin films areused asanti-reflectivecoatings orcameraenses and
premium glasses and sunglasses. It turns out that the film atop these
optics is theproper thickness in order fahe light (of certain
wavelengths) that is reflectedff of the coating surfaces to
destructively interfere. Thus if "no light" is reflecteft of the front

of the film, this means that all of the lightssiccessfullytransmitted
through the thin film. The peculiarity ofthis system isthat
effectively no light is reflectedback by the entire thin filnsystem
because of the destructive interference produced by the light reflected
off of the top and bottom of thi#m itself! (Seeconstructive

interference , destructive interference , interference
conditions , reflection phase shift , total phase
difference .)
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Block 13 Glossary

Forces and fields glossary

current (review) force, magnetic
direct model of forces (direct model)
electric field E force, magnetic
electron (€7) (field model)
field gravitational field g
field model of forces magnetic field B
force neutron (n)
force, electric (direct model) proton (p)
force, electric (field model) source object
force, gravitational test object

(direct model) vector superposition (review)
force, gravitational

(field model)

current (review)
The transport ofpositiveelectriccharge along aire. Current is a
vector; its magnitude measuresthe amount of charge that is
transported per time past a certain point inwire, and itsdirection
is the direction opositivecharge flow(or oppositethe direction of
negativecharge flow):

. AQ Coull
| - %nagnltudezf? E%Eor [Ampg

H direction = positive charge flow

In wires, positive metal ions are in their solid state and are not free to
move, thus negative electrons move along thewire, and thus
current is defined to be in thapposite direction of electroftow.
(Seeelectron .)

direct model of forces
Consider two interacting objects,ahd B. Thesource object A
exerts a force on thest object B. This isthe direct model of
forces, which is thequickest and simplest model of interaction
between objects.

exerts

force
Object A > objectB
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This is the interpretation of howorces worked inPhysics
7B—we did not questiohowobject A exerts a force on object B, we
merely accepted the fact thatldes

It is important to note that whether the direct modeioofes or
thefield model of forces is usedjhe result is the same—object
A exerts a force on object B.(Seefield model of forces ,
source object , test object .)

electric field E

(Seeforce (electric, field model) )

electron (€")

field

A subatomic particle with enass 0f9.11x107*" kg, and a charge of
—1602 x10™ Coulombs(which is exactlythe negativeamount of
charge of groton ). The electron isnuch, much lighter inmass
than either thg@roton orneutron . The electron isound in nature
only outside theucleusof a atom. The electron is denoted s/ ."
(Seeproton , neutron )

Recall that inPhysics 7B wedid not questiorhow an object A is
able to exert a force on another object B, we merely acceptdacthe
that itdoes Forthe purposes oBlock 13 in Physics7C, wewill
model thefield as the means byhich an object A is able to exert a
force on another object B (no matter how remotely located!).

We will primarily focus onthreetypes of fields in thiBlock:
gravitational fields, electric fields, and magnetic fields.

* Gravitational fields are created by masses, and efertes on
other masses.

* Electric fields are created by charges, and eXertes on other
charges.

» Magnetic fieldsare created by movingharges (such asurrents),
and exert forces on other moving charges.

In the thefield model of forces , thesource object is the
object that creates a field; ttest object is what the field exertes a
force upon. (The sanmbject cannot béoth a sourcebject and a
test object!) (Seedirect model of forces , field model of
forces , source object , test object .)
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field model of forces

force

Consider two interacting objects A and B. If we consider object A as
the source object , then object Awill create dfield in the space
everywhere around. it

Ccreates
ObjectA [y field 3

Now this field exists everywherearound object A, regardless of
whether there is another objestarby or not. If wéiave atest
object B located anywhere nearby, then the field (createdbpgct
A) will exert a force on object B.

exerts
3 force

field Cy objectB

Thus the complete field model oforces can be conceptually
diagrammed ashownbelow, wherethe field is the "intermediary”
that object A somehow uses to exert a force on another object B.

exerts
creates force

ObjectA L[y field C> objectB

This is the model offorces used in PhysicBA—where the
(source object) Earth createdyavitational field everywheraround
it (especially at or near its surface); then thigvitational field
exerted a force on other (test) objects.

It is important to note that whether tlibrect model of
forces or the field model offorces is usedthe result is the
same—object A exerts a force on object (Beedirect model of
forces , source object , test object .)

A measure of the interaction between two objects that affects motion.
In Physics7B, force is expressed as \ctor with amagnitude
(expressed in units of Newtons) addection (specifiedwith an
arrow). A force vector must be labeled in terms of a certain syntax:

=

(type) of (source object) on (test object) *
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FQ ongq

Q q

Electric force for charges
of same sign

Electric force for charges
of opposite sign

We will primarily focus on thregypesof forces in this Block:

» Gravitational forces are interactions betweanassesM and
m.

* Electric forces are interactions betweestationary charge€)
andq.

» Magnetic forces are interactions between moving charges (such
asl currents, and charges with a velocity).

The source object is the object thatloesthe exerting of a
force; thetest object is the object that the force is exertepon.
(The same object cannot be both a source object and a test object!)
We will also see how the means of which a source object exerts a
force on a test object can be explainsthgtwo distinct,but closely
related models—thalirect model of forces , and thefield
model of forces . (Seedirect model of forces |, field model
of forces , source object , test object .)

force, electric (direct model)

In thedirect model of electric force, @ource charge Q exerts a
force on aest charge q. This direct model ishe quickestwvay to
calculate the magnitude and direction of electric forces.

exerts
force

ChargeQ L) chargeq
The magnitudend direction of the electriforce that thesource

chargeQ exerts on a test chargg separated by a center-to-center
distance, is given by:

%nagnltude k Q
F =[] Q q)
|

Felectriconon q

Dattractlve if + q,+QE

direction =
E [repulsvelf +0,£Q°L

The constank = 8.99 x10° N [n*/Coul® converts everything to the
proper units of Newtons. Nothat this forcecan be repulsive as
well as attractive, depending on the signs oftifeecharges € and
+q. Like sign chargesepel, but opposite sign chargedtract, as
shown at left.

Electric charges are either positivermgative,and are measured
in  Coulombs. The electron has a charge of
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—1.602 x107 Coulombs, andwhether an atom, molecule, or
macroscopic object has a net positivenegativecharge depends on

whether ithas a surplus odeficit of electrons (compared to the

amount of protons it has, each of whicthas acharge of

+1602x10™" Coulombs). Thisamount of charge is said to be

fundamentalas allobserved particles or objedimve someinteger
multiple of +1602x10™" Coulombs. (Seedirect model of
forces , electron , proton , source object , test object .)

force, electric (field model)
In the field model of electric force , the source charge Q
creates arelectric field vector E, at eachand every point in
space around itself. Then thekectric fieldexerts a force on gest
charge q.

exerts
creates force

ChargeQ L) field E, §> chargeq

The magnitude(measured in Newtons/Coulomb) aduection
of the electric fieldvector E,, created by theource charg® are

given by:
0
Hmagnitude: kg2
E =0 '
of source charge Q — 0 . . Un towards -Q il
direction =[]
H [out away from +Q[J

The distance is measured frorthe center of thesourceobject, to
the specific location in space beiognsidered. The constank =
8.99x10° N n*/Coul® converts everything to thproper units of
Newtons/Coul. Note that the magnitude of héeld is an absolute
value—it isjust a length of avector; thedirection of theE field
vector (in towards or owwayfrom Q) is determined by inspecting
the £ sign of the source charg®), as shown fothe twocases at
right.
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Themagnitudeanddirection of the electridorce exerted by the
E field on a test chargegis then given by:

Bfnagnitude =qE;

; ~ - 0
+C+%/E7 FofEﬁddontstchargeq - E direction = %‘Ong E f9r *q E
ad N pposite E for —

So the direction of this electric force on the test chgrgepends on
the + sign of the test charge—the force on itwill be the same
direction as the electric fieldector if thetest chargey is positive, or
E will be in the opposite direction if the test chagge negative.
= / Note that there are two distinct steps in the field modellextric
forces: (i) thesource charg® creates a electric fieldE,; then (ii)
the electric fieldE, exerts a force on a test charge (Seefield
model of forces , source object , test object .)

force, gravitational (direct model)
In thedirect model of gravitational force , thesource mass
M exerts a force on eest mass m. The direct model is the
quickest way to calculate the magnitude and direction of gravitational
forces.

exerts
force

MassM C> massm

! The magnitudend direction of the electriforce that thesource
massM exerts on a testnassm, separated by a center-to-center
Futonm distance, is given by:

o <0

M m
Gravitational force F - @Tﬁgnltude =

gravitational of M onm
for two masses

Mm
r2
H direction =in towards M

G

The constantG = 6.67x10™ Nn*/kg> (the "universal
gravitational constant,” whickhould becalled "big G" in order to
distinguish it fromthe "little g" gravitational field g) converts
everything to thegroper units of NewtonsGravitationalforces are
alwaysattractive. (Seedirect model of forces , source object ,

test object .)
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force, gravitational (field model)
In thefield model of gravitational force , asource mass M
creates gravitational field vector g,, at everypoint in space
around itself. Then thigravitational fieldexerts a force on test
mass m.

exerts
creates force

MassM Ly field g, ©> massm

The magnitude(measured in Newtons/kilogram) awlitection
of the gravitationalg,, field vectors created by theource mas$/
are given by:
M

_ @nagnitude= \o -
E direction =in towards M ./7 \i}

/

M
Gz

gof source mass M

The distance is measured frorthe center of thesourceobject, to
the specific location in space beiognsidered. The constanG =
6.67x10"" N[n*/kg® (the "universal gravitationalconstant")
converts everything to thgroper units of Newtons/kilogram.
Gravitational field vectoralwayspoint in towards theisource mass

M.
Themagnitudeanddirectionof the gravitational force exerted by Fonm
theg field on a test mass s then given by: m
g
£ _ %}nagnitude: mg el

of gfield ontest massm

[ direction=along g

The direction ofthis gravitationalforce on the tesinassm always
lies along the same direction as a gravitational field vector.

Note that there are two distinct steps in the field modgtafity:
(i) the source mas# creates a gravitational field,,; then (ii) the
gravitational fieldg,, exerts a force on a testassm. (Seefield
model of forces , source object , test object .)

force, magnetic (direct model)
In thedirect model of magnetic force , a source current |
exerts a force ontast charge qthat moves with a velocity.

exerts

force
Moving charges Ii} moving
(currentl) chargeqv
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Right hand rule for B field vectors
(RHR1)

/

g
,
,
’
’

A

For the purposes oBlock 13 inPhysics7C, we willonly consider
thefield model of magnetic forces(Seecurrent , direct model
of forces , force (magnetic, field model), source object ,
test object .)

force, magnetic (field model)

In thefield model of magnetic force , the source current |
creates amagnetic field vector B, at everypoint in space
around it. This magnetic field may exert a force dast charge
g, if that charge has a non-zero veloegity

exerts
creates _ force
Moving charges L field B, ©> on other moving
(I currents) chargeqqv

The magnitude(measured in units of Teslas) aglidection of a
B, field vector a distanceaway from a wire carrying a currehtre
given by:

B _ @nagnitude =

of source current |

ol
21T
E direction = RHRL

The distance is measured fromthe center of thesource object
(current-carryingwire), to the specific location in space being
considered. The constant p, = 126x107° Teslalin/ Amps
converts everything to theroper units of Teslas.The direction of
the B, field vector created by the currentgiwen by thefirst of two
“right-hand rules," as shown lefft. Align thethumb of your right
hand along the direction of currdntas in a wirethenyour fingers
will indicate the direction of th@, field vectors around it. The angle
betweerr and B, is always90°. (Remember that electric curréns
defined to be the direction pbsitivecharge flow.)

The magnitudeand direction of the magnetic force exerted by
theB field on amoving test chargq with a velocityv is thengiven
by:

%’nagnitude = |qvBsin®;
[Along RHR2 for +q U

of B field on mvingtmhargeq“% direction =[]

. O
0 [opposite RHR2 for —q]

The direction of the magnetic force on th®ving test charge is
given by thesecond "right-handule,” asshownbelow. Thefirst
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threefingers of yourright hand should nominally all be atright
angles to each other. Align your thumb along the velocity veabbr
the moving test chargg with your index (pointer) finger along the
magnetic fieldvectorB, and youmiddle fingershould point along
the direction of the magnetic force on the moving test cltarge

Right-hand rule for
magnetic forces on
positive moving
electric charges
(RHR2)

The ultimate direction othis magnetic forcedlepends orhe + sign

of the test chargg—the force on iwill be in the directiongiven by
the RHR2 if the g charge ispositive, or will be inthe opposite
direction ofRHR?2 if the q charge isnegative. Note that 8 is the
angle betweewv andB. The magnetic force is a maximunhen

0 = 90°, less than this & < 90°, and the magnetic force is completely
zero if 8 =0° (or 180°). Also important isthe fact that the test
charge must be moving for it &xperience a magnetic force on
it—if the velocity of theharge isv = 0, then there is no magnetic
force on the electric charge!

Note that there ardwo distinct steps inthe field model of
magneticforces: (i) thesource current creates a magnetic fiel;
then (ii) the magnetic field8 exerts a force on anoving test
chargeg. (Seecurrent , field model of forces , source object ,
test object .)

gravitational field g
(Seeforce (gravitational, field model) )

magnetic field B
(Seeforce (magnetic, field model) )

neutron (n)
A subatomic particlewith a mass of L6750 x 107 kg, and zero
charge. (The neutron is slightly moneassive than theroton .)
Together with the proton, the neutronfagind in nature onlywithin
the nucleusof a atom. The neutron is denoted thy" (See
electron , proton .)

proton (p)
A subatomic particlevith a mass 0f16726 x 10 kg, and a charge

of +1602 x10™ Coulombs (which igxactlythe positive amount of
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charge of arlectron ). The proton is slightly less massive than the
neutron . Togethemith the neutron, theproton is found imature
only within the nucleusof a atom. Chemically, aroton should
already be familiar tgyou asthe H* ion. The proton is denoted by
just "p." (Seeelectron , neutron .)

source object
In the direct model of forces , the source object exerts a
force on aest object . In thefield model of forces |, the source
object creates a field everywhek aroundit. In either model, it is
really important to be able tdistinguishthe difference between a
sourceobject and a test object(Seedirect model of forces ,
field model of forces .)

test object
In the direct model of forces , the source object exerts a
force on atest object. In thefield model of forces , a field
exerts a force on a test object. In eittmexdel, it is reallyymportant
to be able to distinguish the difference between a salnjeet and a
test object. (Seedirect model of forces , field model of
forces .)

vector superposition (review)
In Blocks 7-9 of Physic3B, force vectors were thenly type of
vectors that are physically meaningful ddd (superpostogether).
We added togetheall the F forcesthat acted on a given object, in
order to find outhe net force ) F that acted on that object. We
will be adding force vectors in Block 13 Bhysics7C, andlater in
this Block we will be addingeld vectors as well.

There ardwo ways of adding up vectordg-or the purposes of
Block 13 in Physics 7C, weill be usingonly tail-to-head addition
Simpler yet, we will be considering only addition of one-dimensional
vectors.

In tail-to-head addition multiple vectors are added together by
lining them up into a chain of tail-to-head vectors. Remertiizr
it's okay tomove vectors around, akng as they keephe same
magnitude and direction. Thesultantvector isdrawnlast, with its
tail at the tail of theail-to-head chain; the head is at the head of the
tail-to-head chain. It doesmfatter in whabrdervectors are added
tail-to-head, the net force vector will be the saif@e€field , force .)
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Fields and potentials glossary

gradient relation potential energy,

“Lennard-Jones potential” gravitational PE,,

potential energy potential energy, inter-atomic

potential energy, electric potential energy, magnetic
PE o work (review)

gradient relation
A differential relation between the force exerted on adbct, and
its resulting change in theorrespondingotential energy as the
test object isnovedfrom aninitial location r,;,,, to a final location

r.final :

F - _APE - (PEfinal - PEinitiaJ)

alongr
Ar (rfinaj - rinitial)

where the negative sign indicates that the force on a test pbjats
in the direction thatvill reduceits potential energy.This relation
merely followsfrom the definition ofwork used in Physics 7A.
(Note that a change in position may alsd\k@r Ay, etc)

_ _c\ope
Ar=run

A PE(r) [J] APE = rise

This relationhas aninteresting interpretatiofor a graph of the
potential energy of a test object plotted versuspibgtion of this
object. Theslope of thisgraph, at a certain position, gives the
magnitude of the force exerted on a test object located there. The
direction of the force on the test object can fmaind by
inspection—literally think of a baltesting on theslope. Whether
this conceptuaball rolls downwards tothe left or to the right
indicates whether the force is directed to the left or taitie. In
the exampleabove,the force would be directed to the lef(See
potential energy , work.)

"Lennard-Jones potential”
(Seepotential energy (inter-atomic) .)
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potential energy
Since we concentrate on thrgpes of interactiondetweensource
and test object@yravitational, electricand magnetic) in Block 13 of
Physics 7C, here wewill consider three fundamentdypes of
potential energy that can Iséored by a testbject, atsomelocation
relative to asource object: gravitational potential  energy
PE,.. €lectric potential energy PE,,, and magnetic
potential energy PE ., (although strictly speakingdPE =0
for all processes, and thusecomes irrelevant). All forms of
potential energiesbey agradient relation between theislopes
and theforcesexerted on the test object by theurceobject. (See
gradient relation , potential energy (electric), potential
energy (gravitational) , potential energy (magnetic) .)

potential energy, electric  PE,
Electric potentialenergy PE,,. is stored inthe position of atest
chargeq, relative to asource charg€®. For atest chargeg moved
from aninitial location r,,;, to a final locationr ., as measured
from a source charg®, its change irelectrical potentiaenergy is
given by:

0
OPE, . = kQuAF = quH,— 5
|n|t|al

final

where the constakt= 8.99x10° N [In*/Coul® andr is the center-to-
center distance between theurce charg€) and the test chargg
All £ signs forQ andqg must beexplicitly included in theabove
equation! Electrical potential energcreasesvhen like charges are
brought closer t@ach other; or wheonpposite chargeare moved
fartherawayfrom eachother. Electrical potentiaenergydecreases
when like charges amaovedfartherawayfrom each other; owhen
opposite charges are brought closer to each other.

Shown on the next page is a plotthé electric potentiagnergy
of a test charge, as a function of the center-to-center distance
betweerQ andg. Note that the usual convention is to &, =0
for r =0, and to holdthe charge on the lefQ) stationary,while
varying theposition ofthe charge on the righg) Example (a)
showsthe PE,, curvefor a +Q charge and ag-charge. At a
distancer, between their centers, theagnitudeof the electridorce
exerted on thegcharge is the tangent slope of fPE___ curve atr,
(as determined by thegradient relation ); the direction of the
electric force is towards the left, which wouldcreasePE,. .

Example(b) showsthe PE,, curvefor a +Q charge and a¢
charge, where the test chargasthe same amount of charge as
before, butpositive instead ofegative. At a distance, between
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their centers, thenagnitudeof the electricforce exerted on theqgr
charge is the tangestope ofthe PE__ curve atr, (which is the
same as irexample (a))but in this casehe direction of the electric
force is towards the right, which woulécreasePE, .

Example(c) showsthe PE,,. curvefor a +Q charge and a g
charge, where the test charge roas agreater amount of positive
charge. Ata distancg between their centers, theagnitudeof the
electric force exerted on thej€harge is the steeper tangstupe of
the PE,. curve atr, (which is greater than in examples (a) and (b));
and in this case thdirection of the electric force is towards thight,
which woulddecreasePE, .. (Seegradient relation , potential
energy .)

A
(b) (©)

Electric potential energy PEgje(r) [J]
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potential energy, inter-atomic
In Physics7A, the "Lennard-Jonegpotential® wasused todescribe
how atoms interaatith each other, whethéiney beboundtogether
in a solid,brushing paseach other in &quid, or freely flying past
each other in a gaseous phase.

The "Lennard-Jonepotential” is the resulting potential energy
of two interacting atoms, which behave innauch more complex
manner than two static balls of charge, duémm competing effects.
First there is a repulsive force between the positively charged nucleus
of either atom, although this effect is only importeufien the atoms
get very, very close to each other. Secondly, when the atoqsstre
a little fartherawayfrom each other, then there is attractiveforce
between them, due to the quantum-mechanical interactiborafing
(and non-bonding) atomic orbitals.

The superposition of this close-together repulsion &areaway
attraction of two atoms for alldistances between them results in the
familiar inter-atomic potential energyraph shown otthe nextpage,
as a function of the center-to-center distancbetween the two
atoms. Any andill atom-atominteractionswill have this general
shape; tanakethis graph specifidor a certain type of inter-atomic
interaction only requires specifying the depth of the curve, and,the
distance of the equilibrium position of the curve. N theusual

convention is t0 SePE; ., _4omc = O forr =, and to holdhe atom
A on the left stationarywhile varying theposition ofthe atomB on
the right.

Remember that thgradient relation betweenforces andPE
slopesapplies here awell. The magnitudesof the forces exerted
between these interacting atoms can be calculadadthe slopes of
the PE, .. _..mc 9raph; thedirectionsof the forces involved must
point towards decreasing potential energy.

At the veryclose inter-atomic distance, from each other, the
magnitudeof the force ofatomA on atomB is the tangenslope of
the PE, thedirectionof this force is towards the righthich

mter—atomic;
would decreasePE, ., _.omic -

At the equilibrium inter-atomic distanag from each other, the
tangent slope of th€E, ., _...... = 0, thus thenagnitudeof the force
of atomA on atomB is zero.

At the veryclose inter-atomic distance from each other, the
magnitudeof the force ofatomA on atomB is the tangenslope of
the PE, o _aomc (Which islessthan atr,); the direction of this force
is towards theleft, which would decrease PE. (See

. . . inter—atomic *
gradient relation , potential energy .)
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A (a) atomatom

Faons

Inter-atomic potential energy PEjnteratomic () [J]

potential energy, gravitational  PE,,,
Gravitational potentianergy PE,,, is stored inthe position of a
test massn, relative to asource masl. For atestmassm moved
from aninitial location r,., to a final locationr ., as measured
from a source madd, its change irgravitational potentiaknergy is

given by:

0 0
APE,.,, = -GMma 0= —Gl\/lmgr—1 1
final rinitial E

0O

where the constai@ = 6.67 x10™* N [in* / kg*, andr is the center-
to-center distance between theurce mas# and the tesmmassm.

03.03.17



86

Physics 7C Winter 2003: Studént Packe

Gravitational potentiaknergy increaseswhen massesare moved
farther away from each other. Gravitational potential energy
decreasesvhen masses are brought closer to each other.
Shownbelow is a plot of the gravitational potentehergy of a
test massn, as a function of the center-to-center distantetween
M andm. Note that theusual convention is to sePE,,, =0 for
r =, and to hold the mass dine left (M) stationarywhile varying
the position ofthe mass orthe right (n). Example(a) shows the
PE, ., curve fora mashl and a masm. At a distancer, between
their centers, thenagnitudeof the gravitational force exerted omis
the tangenslope ofthe PE,,, curve atr, (asdetermined by the
gradient relation ); the direction of the gravitationalforce is
towards the left, which wouldecreasePE,

rav *

A a m
@ @ Fruonm<—©
D

(6) ~ Fuonm
0

0 fo >
- g,s\ope distance r[m]

Gravitational potential energy PEgra(r) [J]

(@)
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Example (b) shows thBE,,, curve for a maskl and a masm,
where the test mass now has a greater amount mass. At a digtance
between their centers, theagnitudeof the gravitational force exerted
on the massn is the steeper tangesibpe ofthe PE,, curve atr,
(which is greater than in example (aghd in this caséhe direction

of the gravitationalforce is still towards thdeft, which would

decreasePE,,,. (Seegradient relation , potential energy .)

potential energy, magnetic
Although we could define a magnetic potenéiaergy PE, ., for all
possible processes wdll encounter in Block 13 irPhysics 7C,
APE, . =0 (can you give an example why this wouldsbe). (See
potential energy , work .)

work (review)
The transfer of energy into or out of a system, due to a force exerted
on a test object, over a certain change in posftio(or Ax, Ay, etc).
The force must point alonifpe change imposition (if not, then only
the component of force thabints alongthe change irposition is
considered):
Work = F, ., AX

along x .

Here wewill consider forceggravitationaland electric) that are
exerted in directions that point towar{s away)from the center of
source objects. Thubke relevanthange in positiowill be in the
radial direction 4r), as measured directly fromie center of the
source object, and the energystemthat wouldhavework done on
it would be potential energy:

Work =F Ar

alongr="1

-APE =F_ ., Ar

alongr '

The negativesign here indicates that gravitational, electric, or an
inter-atomic force on a test objegill point in the directionthat
wouldreducethe potential energy of the test object.

The peculiar thing is that magnefmrcescan nevepoint along
the directiorv that the test charggis moving—convinceourself of
this using RHR2. Because of this, there ispacallel component of
magnetic force along the changepiosition ofthe test charge, and
there is "no magnetic work" exerted on the moving test charge.

So we considemravitational, electricand inter-atomic work
because they amadial forces; there is nsuchthing asmagnetic
work because it isiot a radial force. (Seegradient relation ,
potential energy .)
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Block 14 Glossary

Nuclear fusion/fission glossary

"assembly/disassembly neutron (n)

energy" neutron number N
atomic mass unit (amu) nuclear radius R
"atomic number" Z nuclear reaction
binding energy nuclear strong interaction
"binding energy curve" nuclear strong bond
chemical reaction nuclear strong potential
electron (€7) energy
electron-volt (eV) nucleon
femtometer (fm) nucleon number A
fission nucleus
four fundamental interactions partons

of nature potential energy
fusion potential energy,
kinetic energy KE inter-nuclear
mass decrement proton (p)
mass defect proton number Z
mass-energy equivalence Q-value
"mass number" A unified atomic mass unit  (u)

megaelectron-volt (MeV)

"assembly/disassembly energy"
(Seebinding energy .)

atomic mass unit (amu)
An obsolete unit of mass, not to be confused with its replacement, the
unified atomic mass unit (u). A word of caution—current
physics and chemistry textbooksay not adequatelglistinguish the
difference between amand u units(Seeunified atomic mass
unit .)

"atomic number" Z
(Seeproton number )

binding energy
Recall that thenass defect is the difference between theass of
a nucleus , and themass ofall of its neutrons and protons
added together. If this mass defect is multiplied by the speeghof
squared, due tanass-energy equivalence one obtains the
binding energy of the nucleus—th&, the amount of energy
released when this nucleus is formed from constittemineutrons
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and protons (or conversely, the energy required to be put in to break
up the nucleus into its separate neutrons and protons):

"binding energy” = (mass defect)c?,

— _ _ 2
- (mnucleus mprotons rnneutrons)C ,

wherec = 3x10° m/s isthe magnitude of theelocity of light in a
vacuum. Note that with this definition, the binding energy of all
nuclei is anegativequantity, and that heavier nuclehave binding
energieswvith biggernegative values.Sometimes binding energy is
referred to asssembly energipr disassembly eneryjypecause it is
the "gain" (or "cost") of putting a nucleus together from (or breaking
it apart into) its constituerrotons and neutrons.(See binding
energy curve , mass defect , mass-energy equivalence ,
neutron , nucleus , proton .)

"binding energy curve"

increasing[>

(mass defect)-c IMeV]
nucleons

<:| decreasing

Recall that heavy nuclei have the greatest (negdtinging energies.
However, if weplot binding energy per nucleon numbek on the
vertical axis, versusucleon number A on the horizontal axis, we
obtain a binding energgurve, shown below (actually, itshould
properly becalled the'binding energy per nucleon versus nucleon
curve").

Note that the minimum of this binding energyve is atA = 62,
for the %Ni nucleus. This meartkat the3Ni nucleus releases the
most energyfer nucleoh when it isformed fromraw protons and

=
e&
0 I T T T
1 (Note the low A nuclei
| exceptions are outlying n
data points)
H |\, -
S
-5 ;@ -
o
>
= i endo qu‘On -
] | /
&gy o exo fission
- ISSI'OI7 i -
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neutrons; orthat the 3;Ni nucleus requireshe most energy ger
nucleor) in order to break it up into its constitueméutrons and
protons.

By comparing the binding energies of the reactantspanducts
of a nuclear reaction, and seeing if it increases or decreases, then the
reaction can be determined to be endothermic or exothermic,
respectively.(Seebinding energy , nucleon number , Q-value.)

chemical reaction
A procesghatrearranges the molecular configurationabdms, by
changing the configuration of the electron orbiglsroundingeach
atom. The atoms themselves do not change; meitedyr
arrangement relative to each other does, in order to break apart and/or
make molecules(Seenuclear reaction .)

electron (€)

A subatomic particle with a mass of 9410°* kg (or 0.0005486 u),
and a charge of 602 x10™"° Coulombs (which is exactly the
negativeamount of charge of proton ). The electron igmuch,
much lighter inmassthan either theproton or neutron . The
electron is found in nature only outside thecleus of a atom. The
configuration ofatomic electronorbitals determines thehemical
properties of an atom. The electron is denotedjbyor sometimes
just "e"." The antimatter twin of anelectron is the positively
charged positron .  (See antimatter , electron, neutron,
nucleus , positron , unified atomic mass unit .)

electron-volt (eV)
A non-standard unit ofenergy, where 1eV =1602x107" J.
Historically, electron-volts areisedbecause they are convenient in
describing the energies involved in typical laboratory experiments (as
in accelerating an electractross &l Volt potential difference), and
atomic and molecular orbital transitions, which gireen in therange
of hundredths to hundreds efectron-volts of energy. Nuclear
reactions are typically given in the range of millions of electron-volts
of energy. (Seemegaelectron-volt .)

femtometer (fm)
A non-standard unit oflength, where 1fm = 1x10" m.
Historically, femtometers arasedbecause they are convenient in
describing the distances involved in nuclear reactions, where the radii
of nuclei (and the center-to-center distancegtween nuclei) are
typically given in femtometergSeenuclear radius .)
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fission
A reaction where a nuclesslitsinto two lighter nuclei (and perhaps
other fragments such as neutrohs).

Consider atypical fission reaction, first initiated by the
absorption of a neutron by U nucleus, which therfragments
into 5> Rb and*:Cs, and two neutrons (which majso trigger other
fission reactions in @hain reactioi:

235 93 141
nt+°,U - 5 Rb+,:Cs+2n.

If we can ignore theeactanineutron andwo product neutrons, the
inter-nuclear potential energy curve, as afunction of the
separation distance (measured ifemtometers ) between the
centers of thé>Rb and*%:Cs nuclei can be drawn ahownbelow.
If the “>U nucleus is in its ground state, themill have anuclear
radius of R, (as shown in (a) deft). If it absorbs asufficiently
energetic neutron, the totahergy of the’U nucleuswill increase

+50 L
10T FE—————————————————— 1
S initiation 3
S energy
< +30 1
Wy
L i
S +204
© net energy |
> :
c T released< |
= -value) |
% +10 4 (@ )
r> Reb + Res T
0.04—+—+—+—+—4+—+—+—+—+—F—+—+—+—+—F—+—+—+—+—1
5.0 ? 10.0? 15.0 20.0
i distance r[fm]

Ry Rrpt Rcs

Note thatthere issome contention as twhetherfission should be strictlylefined in
terms of areactionthat results inproductnuclei with a lowemproton number Z,
resulting in an elemerfurther upthe periodic table (even though thenucleon
number A may be higher); or defined in terms ofeactionthat results in aucleus
with a lowerA, such that it has less nucleons (even thaigiay be higher). For the
purposes of Block 14 dPhysics 7C we willavoid confusing this issue of how the
operative term of "lighter" iused inour definition of fission. In anycase, the
operative term behind the definition of fission should be "splits up."
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suchthatits radiuswill "elongate” to the point of breaking apart
nuclear strong bonds (as shown in (b)(c) on the previous
page) aftewhich separated;Rb and *:Cs nuclei will repel each
other electrically (as shown in (d) on the previous page).

(Note thatthis fission process isxothermi¢ as the final inter-
nuclearPE is lessthan the initial inter-nucleaPE. If this fission
process is run irreverse, it would be amndothermicfusion
process.)(Seefemtometers , fusion , nuclear radius , nuclear
strong bonds, nucleon number, potential energy (inter-
nuclear) , proton number .)

four fundamental interactions of nature
At the microscopidevel, there areonly four uniqueways that two
objects may interact with each other.

Two chargesmay use arelectromagnetic interaction order to
exert electricforces oneach other(if they are stationary); or
magneticforces oneach othel(if they are moving). Electrical
potential energy may bestored inthe locations oftwo charges
relative toeachother. The range oflectromagnetic interactions is
infinite.

Two massesnay use @ravitational interaction ilorder toexert
gravitational forces oneach other. Gravitational potential
energy may be stored in the locations of two masses relatieadb
other. The range of gravitational interactions is infinite.

Two nucleons may use anuclear strong interaction in
order to exert strong forces on each other. (€ "strong"” being
a descriptive ternnsedherefor lack of a better choice afords.)
Nuclear strong potential energy  may be stored in the presence
(or lack thereof) of auclear strong bond . The range of nuclear
stronginteractions is limited tawucleonsthat aretouching (or are
very nearly touching, whossurfacesare within one femtometer
apart).

Thenuclear weak interaction mediates whether aeutron
transformsinto a proton, owice versa (The term "weak" being
used here folack of a better choice of wordand descriptive of its
range and effects being shorter amebker than the nucleatrong
interaction.) In thissensethe nuclearweak interactiondoes not
behave inmuch the samewvay as theother three fundamental
interactions of nature describedbove. Therange of weak
interactions is limited to &mtometer, within theconfines of a
neutron or a proton. Additional indications that a nucleaveak
interaction has taken place (other than a neutron-proton
transformation) is thabsorption or emission of aectron (or a
positron ), and aneutrino (or anantineutrino ) in the reaction.

Included in thanter-nuclear potential energy is the result
of all four fundamental forces of nature, although the only
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substantive contributionsome from electric potentialenergy and
nuclear strong potential energy. (See antineutrino , electron ,
femtometer , neutrino , nuclear weak interaction , nucleon ,
positron , potential energy, potential energy (inter-
atomic) .)

fusion
(a) A reaction where nuclei areombinedto make a heavienucleus
® e (which may emitfragments such as protonseutrons, orgamma
rays):°
" \ Consider aypical fusion reaction, where aeuteriumnucleus
r>Rr+ Rp (%H, sometimes denoted d®") and a tritum nucleus ¢H,
sometimes denoted as "T") combine to form a helighte] nucleus
(and an ejected neutron):

(b)
IL +3.0-
= +
r RT RD +2.0.
() =
o & +1.04
A 5
< T -
<r< + e fion ener
Rue<r<R7t+ Rp Hﬂ 0.0 gy
o 10.0 15.0 20.0
(d) ® g distance r[fm]
n — i
) = 1.0 net energy
o > released
r=R E (Qvalue)
He 20+
-3.0+ t f
Rue Rp+ Ry
10 Note that there is some contention as to whether fusion should be stefntd

in terms of areactionthat results in agproduct nucleus with a higheproton
number Z, resulting in arelement furthedown the periodictable (eventhough the
nucleon number A may be lower); or defined in terms ofr@actionthat results in

a nucleus with a highek, such that it has more nucleofes/enthoughZ may be
lower). For the purposes &lock 14 of Physics 7C we will try taavoid confusing

this issue of how the operative term of "heavier" is used in our definition of fusion. In
any case, the key term behind the definition of fusion should be "combined."
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2 3 4
H+H-7He+n.

If we can ignore the product neutron, theer-nuclear potential
energy curve, as dunction of the separation distanc€measured
in femtometers ) between the centers of thel andthe $H nuclei
can be drawn as shown on the previous page. Ifthand the H
nuclei do not have a sufficient amounttofal energy, then theyill
never comelose enough to touch. If they thaveenough energy
(fusion reactions are typically initiatedunder extremely high
pressuresnd temperatures), theyil come closeenough to touch
(as shown in (a) (b) on the previous page) anfrm nuclear
strong bonds (as shown in (c) othe previous page), aftarhich
they will become a singléHe nucleuswith a nuclear radius of
R,. (as shown in (d) othe previougage,after emitting arexcess
neutron).

(Note thatthis fusion process isxothermi¢c as the final inter-
nuclearPE is lessthan the initial inter-nucleaPE. If this fusion
process is run irreverse, it would be arexothermic fission
process.)(Seefemtometers , fission , nuclear radius , nuclear
strong bonds, nucleon number, potential energy (inter-
nuclear) , proton number .)

kinetic energy KE
The energy stored in the motion of an objeEbr anobject ofmass
mmoving with an initialvelocity v, and thermoving with a final
velocity v, its change in kinetic energy is given by:

AKE = %mA(VZ) = %m(vﬁnal - Viznitial )

(Note that for extraordinary velocitieisg(, sizable percentages of the
speed oflight), special relativityis usedgive amodified expression
for the definition of kineticenergy changes.For the purposes of
Block 14 inPhysics7C, we willignore these so-callédelativistic"
effects.)

mass decrement

It is interesting to note that theass ofthe initial reactant(s) isot

the same as thmass ofthe final products in anuclear reaction !

This is because ofmass-energy equivalence , as the energy
taken in orgiven off in a nuclear reaction mustavebeen converted

to or from mass, which is "gained" or "lostAll reactionsnvolving

the transfer of energy in/out of a systhave acorresponding mass
decrement. However, nuclear reactions are the only type of initial-to-
final processes with appreciable amounts of ndassementsjue to
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the amount of energy released (large) compared tontsses of the
nuclei involved (small).
The massdecrement is given by thdifference between the final
mass ofthe products of anuclear reactiorand theinitial mass of
the reactant(s) of a nuclear reaction:

"mass decrement”=m;,, =M -

Note thatwith this definition, themassdecrement isegativefor all
exothermicreactions. Themass decrement ispositive for all
endothermiageactions.

The massdecrement of a nuclear reaction is proportional to the
Q-value of a nuclear reaction.

(Do not confusehe massdecrement of a nuclear reactiaith
the mass defect of a nucleus. Thewre related quantities, but
strictly speaking they are not the same thing.)

(Seemass-energy equivalence , mass defect , nuclear
reaction , Q-value.)

mass defect
It is interesting to note that thmass of anucleus is alwaysless
than the totamass of itgprotons andneutrons added together!
This is because assembling a nucleus from its constifwetdns
and neutrons is aexothermic reactiorand due tamass-energy
equivalence the energygiven off musthavebeen convertedrom
mass, which waslost" in this assembly process. (In order to
disassembla nucleus, one muatld back in thismassdefect in the
form of energy, as breaking apart raicleus is anendothermic
reaction.) Themassdefect is given by thélifference between the
mass of awucleus, and thenass ofall of its neutrons and protons
added together:
mass defect = m

nucleus m protons mneutrons'

Note that with this definition, the massdefect of all nuclei is a
negativequantity.

Massdefect is related tmass decrement but don't confuse
thesetwo Am definitions! Onecan relate thenassdefect of the
reactants an@roducts of anuclear reaction to thmassdecrement
(andultimately its endo/exo energetics) of a nuclear reacti¢8ee
binding energy, mass decrement , mass-energy
equivalence , neutron , nucleus , proton .)

mass-energy equivalence

One of the key results of Albert Einsteittigory of speciatelativity
is that mass can "disappear” if it is converted into energy, and energy
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can "disappear" if it i€onverted intanass. Thus mass aedergy
can be considered as different formseathother. Thequantitative
expressionthat relates the change in totahergy of anobject
compared itddm change in mass is given by:

A(energy) = (Am)c?,

wherec = 3x10° m/s isthe magnitude of theelocity of light in a
vacuum.

For the purposes ofBlock 14 in Physics 7C, we will be
concerned with two types of mass changesss decrement and
mass defect . The first is the change in mass foriaitial-to-final
reaction that takes in or gives off energy; the second i4missing”
mass of awucleus, compared to its separate constitpestbns and
neutrons. They are respectivelyroportional to Q-values and
binding energies. (Seebinding energy, mass decrement ,
mass defect , Q-value .)

"mass number" A
(Seenucleon number )

megaelectron-volt (MeV)
A non-standard unit ofnergy, wherd MeV = 1L0x10°% eV. (The
"mega-" prefix means'million,” as a "megabuck” is amillion
dollars.) Historically, megaelectron-volts atsedbecause they are
convenient indescribing the energiesvolved in typical nuclear
reactions, which are given in thange of tenths tdwundreds of
megaelectron-volts of energySeeelectron-volts .)

neutron (n)
A subatomic particlewith a mass of 1.6758107% kg (or
1.008665 u), and zero charge. (The neutron is slightly messive
than theproton .) Together with the proton, the neutrorfasind in
nature only within the@ucleus of an atom. The neutron is denoted
by ,n, or sometimes justn." (Seeproton , nucleus , unified
atomic mass unit .)

neutron number N
The number oheutrons inside thenucleus of an atom. Thus the
neutron numbeN of a nucleus ishe nucleon number (A) minus
theproton number (2):
N=A-Z

(Seeneutrons , nucleon , nucleon number , nucleus , proton ,
proton number .)
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nuclear radius R
Protons andneutrons arebothnucleons that havenearly the
same mass, and can be considerdobt@the same density, and the
same radius of.2femtometers . Forthe purposes oBlock 14
in Physics 7C, protons and neutrons cannot be compressed, and thus
any nucleuswill have the same density, and wlume that is
proportional to the number oiucleons contained iy and a radius
that isproportional to the cubed-ro@r one-third exponent) of the
number of nucleons contained in it:

R=(1.2 fm)3/A = (1.2 fm) A¥2,

where A is the nucleon number of the nucleus. (See
femtometer , neutrons, nucleon, nucleon number ,
protons .)

nuclear reaction
A processthat rearranges thatomic configuration of nucleons, in
order to breakapart and/orfuse atomic nuclei. (See fission ,
fusion , chemical reaction .)

nuclear strong interaction
(Seefour fundamental interactions of nature )

nuclear strong bond
(Seepotential energy .)

nuclear strong potential energy  PEg,,
(Seepotential energy .)

nucleon
The particles thatomprise thenucleus of an atom. Both the
proton and theneutron are considereducleons, as thelgave the
same density, and essentidiigvethe samenass and radius(See
neutron , nucleus , proton .)

nucleon number A
The number ohucleons inside thenucleus of an atom. Thus
the nucleon numbeX is the total of the number pfotons (Z) and
the number ofneutrons (N) in a nucleus. (See neutron,
neutron number, nucleon, nucleus, proton, proton
number .)
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nucleus
The positively charged center of atom,comprised ofprotons
andneutrons , surrounded by negatively chargadctrons .

The totalnumber of nucleons in aatom is called themass
number® or nucleon number A. Atoms thathave the same
number of protons will have the same number of electronsthaisd
will have the same chemicalroperties (whichultimately depend on
the configuration of electron orbitals). %l atoms of the same
elemenwill have the same number of protons, given by'aomic
number" or proton number Z, eventhough theymay have a
different number of neutronsThe full notationfor specifying this
information about a specific atom is:

X = periodic table name of element,
X EA = number of neutrons and protons,
HZ = number of protons.

For example,sC or "carbon-14" is aatom with 14 totahucleons,
6 protons, antl = (A—2Z) = (14 — 6) = 8 neutrons.

(Seeelectron , nucleon number , neutron , proton , proton
number .)

partons
Historical termfor the particlesinside protons and neutrons .
Current research has showmat protons and neutrorere made up
of partonsidentified asquarks and gluons and current theories
predict that thesequarks and gluonsmay themselves be
manifestations of incrediblytiny, open-ended or coiledleven-
dimensionabkuperstrings (For the purposes of Block 14 in Physics
7C, we will not be concerned with the fascinating topic ofpifi¢ons
and sub-partons that comprise protons and neutrons.)

potential energy
Since there are four fundamental interactions at the microsiespic
(electromagnetic, gravitationahuclear strong, and nucleaveak),
there arefour fundamental types ogbotential energieghat can be
stored at the microscopic level.

Electric potential energyE,.. is stored irthe position of atest
chargeq, relative to asource charg€®. For atest chargeg moved
from aninitial location r,,;, to a final locationr.,, as measured
from a source charg®, its change irelectrical potentiaenergy is
given by:
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UlD 1 U
APE,_ =kQ A =kQ %—
Ed q q |n|t|al E

final

where theconstantk = 8.99x10° N n*/Coul®. Electrical potential
energyincreasesvhen like charges are brought closee&ezh other;
or whenopposite chargeare movedartheraway from each other.
Electrical potentiakenergydecreasesvhen like charges arenoved
farther away from each other; or whepposite chargeare brought
closer to each other.

Gravitational potential energyE,,, is stored in the position of a
test massn, relative to asource mas®l. For atestmassm moved
from aninitial location r,,,;, to a final locationr ., as measured
from a source mad4, its change irgravitational potentiaénergy is
given by:

APE GMmA GM 01 10
=- =- m%—
o D D rlﬂitia] E

final

where theconstantG = 6.67x10™ N[n°/kg®>. Gravitational
potential energyincreaseswhen massesare movedfarther away
from eachother. Gravitational potentiakenergy decreaseswhen
massesare brought closer toeach other. Usually changes in
gravitational potentiakenergy are insignificant on the microscopic
level, compared to typicathanges inelectric, nuclear strong, and
nuclear weak potential energies in chemical and nuclear reactions.

Nuclear strong potential energy PEy,, is stored in the
nuclear strong force bonds  betweemucleons :

» Strong potential energyincreaseswhen thestrong force bond
betweemucleons is broken, ashen twotouching nucleons are
separated.

» Strong potential energydecreaseswhen astrong force bond
betweennucleons ismade, aswhen two nucleonsare brought
together to touch.

Nuclear weak potential energy PE,., is correlatedwith
the mass discrepanchetween aneutron and a proton. Since a
neutron is slightlyheavierthan a protonweak potentialenergy
decreasesvhen a neutron transforms into a proton (alaity some
other particles). Since a proton is slighliyhter than a neutron,
weak potentiaknergyincreaseswhen aproton transformsnto a
neutron (along with some other particle€eefour fundamental
forces of nature, nuclear weak interaction , nucleon ,
potential energy (inter-nuclear) .)
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potential energy, inter-nuclear
The inter-nuclear potential energystored inthe position of atest
nucleus,relative to asourcenucleus, and is the result afl four
fundamental forces of nature, although the only substantive
contributions come froralectric potential energy andnuclear
strong potential energy

The superposition of thigar-away electriaepulsion and close-

togetherstrong force attraction oftwo nucleifor all r distances
between thenresults inthe inter-nuclear potential energyraph
shown on the next page, as a function of the center-to-center distance
r between the twauclei. Any andall nucleus-nucleus interactions
will have this general shape; tmake this graphic specifidor a
certain type of inter-nuclear interactionly requires specifying the

A

0 fe—fz >

distance r[m]

I:1 on2

inter-nuclear potential energy PEinter-nuclear () [J]
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values R + R, (the radii of thetwo nuclei),R, (the radius oftheir
combined nucleus) and the values of energy at those locations. Note
that the usual convention is to 98, ., e = 0 fOrr =, and to

hold the nucleus on tHeft stationarywhile varying theposition of
the nucleus on the right.

Remember that thgradient relation betweenforces andPE
slopesapplies here awell. The magnitudesof the forces exerted
between these interacting atoms can be calculaiadthe slopes of
the PE, .. .4 9raph; thedirections of the forces involved must
point towards decreasing potential energy.

When the nuclei are not contact with eaclother (as shown in
(&) on the previougpage), theonly contribution to inter-nuclear
potential energy is the electric potential energy of the nuclei exerting
repulsive forces on eadther,and has a t/dependence. Bringing
the nuclei closer togetheesults in increasintheir electric potential
energy,and thus increasdke inter-nuclear potential energy of this
two-nucleus system.

However, if these nuclei ateought close enough &ach other,
thenstrong bondsanform betweennucleonsthat touch, releasing
energy to the environmentAttractive nuclear strong forces are
exerted on théwo nuclei (as shown in (c) orthe previous page).
This reduceshe nuclearstrong potential energy,and thus also
reduces the inter-nuclear potential energy this two-nucleus
system.

Whether the final inter-nuclear potential energy dfis two-
nucleus system is a positive or negative quantity dependdetier
a net amount of energy was taken in or released in combining the
two nucleiinto a single nucleus.(See potential energy, Q-
value.)

proton (p)

A subatomic particlewith a mass of 1.672810% kg (or
1.007277 u), and a charge ofL&02 x10™ Coulombs(which is
exactlythe positive amount of charge of alectron ). Theproton
is slightly lessmassive than theneutron . Togetherwith the
neutron, the proton is found in nature omlighin thenucleus of a
atom. Chemically, a protoshouldalready be familiar tyou as the
H* ion. The proton is denoted byH, ip, or sometimes justp."
(See electron , neutron, nucleus, unified atomic mass
unit .)

proton number Z

The number oprotons inside thenucleus of an atom (alscalled
theatomic number ), and is synonymous with tleementumber
on the periodic table.E.g., tungsten iselement-72,and thus its
nucleus has 72 protons.
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Q-value
Recall that the difference between thass ofall the initial reactants
added together, and the masalbbfthe final products addetbgether
is themass decrement of a nuclear reaction:

"mass decrement”=m;,, =M, -

Due tomass-energy equivalence , if the negative of thenass
decrement is multiplied by the speed of light squared, one obtains the
Q-value of the nuclear reaction—tha&, the amount of energy
released in éission orfusion process:

" Q- value' = —(mass decrement)c?,

— 2
- (minitial = Mgy )C '

wherec = 3x10° m/s isthe magnitude of theelocity of light in a
vacuum. The positive or negatiggn of aQ-value will indicate
whether a nuclear reaction is exothermic or endothermic:

« If the Q-value ispositive the nuclear reaction exothermic This
is because energy was released toetheronmentand theQ term
is properly on the right-hand (product) sidetlé nuclear reaction
equation.

* If the Q-value is negative the nuclear reaction iendothermic
This is because energy frothe environment isput into the
reaction and the&) term should properly be orhe left-hand
(reactant) side of the nuclear reaction equation.

For nuclear fusion and fission processef)e problemwith
evaluating mass decrements &xdalues is thafor all physics and
chemistry textbooks andeferencesmasses ofnuclei are never
given, only atomienasses argiven (in units of unified atomic
mass units, or u). Forthe purposes oBlock 14 inPhysics 7C,
we will not make thegross approximation that electromasses are
negligible (as is done in some physics aoldemistry textbooks).
Instead, we note that for the majority of fission &mion processes,
the electronrmasses on botthe reactanand product sides of the
reaction equatiomill cancel outprovided thatthe atomicmasses
for hydrogen atoms are used in every instance that lone protons are
involved in a nuclear reaction, whether on the left-hand (reactant)
side or right-hand (product) sideUsing masses fdone neutrons
are okay.

Massdecrement is related tmass defect but don't confuse
these twaim definitions! Given thenassdefects of eaclandevery
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reactant and product nuclei inrgaction,one can determinehat the
mass decrement of the reactienin order todetermine whether the
reaction is endothermic or exothermic.
"Qvaue'=(m_.. —-m, |c?
initial final ’
_ _ _ _ _ _ 2
- [(minitial mprotons mneutrons) (mfinal mprotons rnneutrons)] c ’

= (mass defect),,, ~(mass defect), | c2

initial
= ("binding energy”). . —("binding energy"). .

Quantitatively the Q-value of a reaction (which determines
whether it is endothermic or exothermic) carfdaend bycomparing
the totalbinding energies of all the reactants, and the totéhding
energies of all the products.

Quialitativelya reaction can be determined to be endothermic or
exothermic merely by seeinghich is larger(less negative)—the
binding energy per nucleon of the largesactantnucleus or the
binding energy per nucleon of the largest producicleus,
respectively. (See binding energy, fission, fusion, mass
decrement , mass-energy equivalence , unified atomic
mass unit .)

unified atomic mass unit ( u)
A unit of mass, where 1 u = 1.6608B) % kg. The basis for this is
arbitrarily definingthat the ;C atom (presumably because we are
carbon-based life forms) has a mass of exactly 12 u.

The unified atomic mass ur() replaces the oldeatomicmass
unit (amu), which wadased on defininthe ;0 atom as having a
mass ofexactly 16 amu (you'll find this oxygen-based "amuniit
used inolder physics anctchemistry textbooks). Historically older
than the amu is thelalton which wasbased on defining the
hydrogen atom as having a mass of exactly 1 dalton.

For convenience,"blended units" are sometimesused in
convertingmass decrements andmass defects expressed in
unified atomic mass units to and from MeV:

1u=1.6605410" kg = 931.48MCL;V,

where thec® term in the denominator isot explicitly evaluated, but
kept merely inorder tocancelout other factors ofc® elsewhere.
(Seemass decrement , mass defect .)
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Radioactive decay glossary

alpha decay gammaray (y)

alpha particle (a) neutrino (v)

"antielectron" (€") nuclear weak interaction
antimatter photon

antineutrino (V) positron (€e")

beta decay potential energy

beta particles (B, B") Q-value (radioactive decay)
box model radioactive decay

electron capture (g) weak interaction process

gamma decay

alpha decay
A radioactive decay processwhere a heliunmucleus {He) is
emitted from an unstable proton-rich nucleus, in ofdeit to reach
a more stable configuration by reducing the amount of proton-proton
repulsiont' The helium nucleugmitted from unstablenuclei is
referred to as amlpha particle (a); in a sensealpha decay is
merely afission processvhere thedaughter nuclei are drastically
unequal in size.

If the resulting nucleus istill unstable, it mayndergo further
alpha decays teemoveexcess protons, and/oray insteadundergo
beta decay in order toconvert excess protons to neutrons.
Uranium typicallyundergoes a long successionatiernating alpha
and beta decays (specifically;) to eventually become stable lead.

This process decreases both proton numbeand neutron
numberN by two (for the remaining nucleus), and is essentially
given by:

A A-2 4
z X z—2Y+2He + Q’

where "X"and"Y" are genericiuclei,andQ is the energy released
for this exothermic process. Aswith all spontaneousdecay
processes, alpha decay only occurs if@realue is positive.
Consider an unstabl&;U nucleus, which may eithemdergo
fission into two*,;Pd daughter nuclei; or may instead undeafjgtha

decay to becomé&%Th in order to stabilize its proton-rich state:

236U :) @ig Pd+ligpd + Q
% Ezz'gTh#;_,HwQ

1 All helium on this planet igenerated/ia alphadecayfrom radioactiveelementsdeep
underground (and igventually removed as anmpurity from natural gas wells).
Helium atoms in the atmosphesge too light to be gravitationally bound, and
eventually escape into outer space!
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Both processes result in a release of energy (and thus labogs a
more stable final statejut which processwill be more likely to
occur? By calculating th@-valuefor each process, wind that the
Y°Pd fission process actually releases more energy than déufag,
but in nature only the alpha emissiprocess isactually observed to
occur! So as it turns out fahe case of alphalecay, merely
evaluating Q-values is insufficient to determinghich of two
(possible) processesill be more likely to occulbut evaluatingQ-
valuescaneliminate impossible processes).

In order to understandthy alpha decay is the preferredcay
process for’sU, we can draw their respectiviater-nuclear

potential energy curves, as shown below. Note that fission into

initiation energy
Pd fission

initiation energy
o decay

4 " W D

net energy released
f L (Q-value) a decay

net energy
released

(Q-value)

Pd fission

inter-nuclear potential energy PEinter-nuciear () [J]

\J

distance r[m]

Rth + Ry
Rpd + Rpqd
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YoPd and*;oPd nuclei would release more energy than the emission
of a single alpha particle. However, a much more important factor is
the energycost of initiating either process—the energy cost for
initiating fission into two *;Pd nuclei is immensedue to thesheer
amount of nucleastrongforce bondsthat must be broken in order

to separate thé&>U nucleus into separafgPd nuclei, everthough

once these bonds have broken, there will still be a net energy gain as
the two “,2Pd nuclei electrically repel eachther andlower their
potential energy.

In contrasteventhoughalpha decaywill not lower theenergy
state of the’>U nucleus as much in comparison, there isveer
energy cost foinitiating alphadecay, asonly afew strong bonds
need to broken in order to separate ojtHa nucleus’. So alpha
decay is the preferred decgyocess for *5U (which would
ultimately reachts preferredower energy state by auccession of
further alpha andbeta decays, rather than by single fission
process). (See alpha particle , box model , beta decay,
potential energy (inter-nuclear) , Q-value, radioactive

decay.)

alpha particle (a)
The historical ternfor ;He, the nucleus of a heliuratom, emitted
when anunstable nucleus undergoatpha decay. (Seealpha
decay.)

"antielectron" (e")
(Seeantimatter , positron .)

antimatter
The "evil twin" of matter. Every particle made of matteas an
antimatter partner, with exactly tisamemass andpin-number, but
with anopposite charge (if applicable)The electron e has an
antimatter twin called thpositron €', the neutrino v has an
antimatter twin called thantineutrino v. (This listgoes on and
on; there arantiprotons and antineutronstc) Antimatter can be
produced inweak interaction processes |, if there isenough
energy transformed int@ntimatter mass. When arantimatter
particle collideswith its mattertwin, then they annihilate each other
and theirmass isconverted intoenergy. An in-depthreatment of
antimatter and its scientific (and philosophical!) implications is
beyondthe scope of Block 14 oPhysics 7C. (Seeradioactive
decay, weak interaction process .)

12 In reality, the actuainitiation energycost is even lowerdue to the quantum-

mechanical uncertainty principle whereby the alpha particle may spontaneously
"tunnel” out of the mother nucleus!
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antineutrino (V)
The antimatter partner of aneutrino . (See antimatter ,
neutrino .)

beta decay
A radioactive decay processwhere either arelectron or a
positron is emitted from an unstable nucleus (alongith an
antineutrino or aneutrino ), in order for it toreach a more stable
configuration. Both electrons amwsitronsare historically referred
to asbeta particles (7, B*, respectively).

Both B~ and B* processesesolveissueswith nuclei having too
many protons or too many neutrons (compared to its optimal proton-
neutronratio, asdiscussed irnthe box model ), by converting a
proton to aneutron, orvice versa Thus beta decays areveak
interaction processes

* A 7 decay converts a neutron into a protemile emitting an
electron and an antineutrino, arntis exothermicprocess is
essentially given by:

n (higher energy level) — p (lower energy level) +e” +V +Q,

.‘.V. .69. and thus increases proton numBdry one and decreases neutron
number by one. This occurs faruclei withtoo many neutrons
A‘Q‘ '69' compared to the number of protons, such that a neutron in a higher
_‘_?_ _69_ energy level can make a transition down to a lower unfgledon
energy level, as seen at left for the typical process below:
p n
J

1N 15 15 — o
% "C-"5N+e +vV+Q.

« A B" decay converts aroton into aneutron, while emitting a
positron and aeutrino, andhis exothermigrocess isessentially
given by:

p (higher energy level) — n (lower energy level) +e" +v +Q,

and thus decreases proton nunmbéry one and increases neutron
numberN by one. This occurs faruclei withtoo manyprotons
compared to the number of neutrons, such that a proton in a higher
energy level can make a transition down to a lower unfiikatron
energy level, as seen at left for the typical process below:

15 15 - 10
":CoEN+e +V+Q.

Note that a nucleus may also convert a proton to a newitioran
electron capture process. (In order taletermine which
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process will actually convert a proton to a neutron,@wealue of
both possible B* and electron captureprocesses must be
evaluated.)

As with all spontaneousdecay processebgetadecays only occur if
the mass of the productsléssthan the mass of the originalicleus,
such that their Q-values are positive. (See antineutrino , box
model, beta particles , electron, electron capture ,
neutrino , positron , Q-value, radioactive decay , weak
interaction process .)

beta particles (B, B")
The historical termfor an electron (f7), or apositron (B%),
either of which are emitted when amstablenucleus undergoes
beta decay . (Seeelectron , positron , radioactive decay .)

box model
In chemistry, we have seen that an electron that is bound to a nucleus
will have quantized energy levels, where a specific amouaheifgy
must be put in for an electron toake a transitiofrom alower to a
higher energy level, and a specific amount of enentjybe released
when an electron makes a transitioom a higher energievel to a
lower energy level (usually these enetpnsfersare in theform of
photons ). Also (at leasfor the s-orbitals), a maximum of two
electrong(spin-up and spin-downnay reside on the same energy
level.
We will make anumber of analogiebetweenelectrons in their
atomic orbitalenergylevels, with protons and neutrons itheir
nucleus energy levels:

* Since protons and neutrons are both bounehth otheinside of
a nucleus (which is approximated as a "potetied" by nuclear
chemists), they will also have quantized energy levels.

* Since protons and neutronare both "spin-1/2" particles like
electronsare, amaximum of twoneutrons andwo protons (spin-
up and spin-down) may reside on the same energy level.

We can depict hovwprotons and neutronill" their respective
energy levels in a nucleus, as shown on the next palgee that for
the simplest case dfC, there aresix protons and sixeutrons, and
they merely fill up theirenergylevels from the bottomup, with a
maximum of two protons and two neutrons (spin-up and spin-down)
per energy level.

For slightly heavierstable nucle{such as;jsAr), the number of
protons is slightly less than the number of neutrons. This is because
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all of the protons in a nuclelmvemutually repulsive electriorces
between them (whereas timeutrons inthe nucleus do nohave
repulsive forces). This causethe ground energylevel for the
protons to be highdahan theground energyevel for the neutrons.
When protonsand neutrondgill up their energylevels from their
groundlevels up,this results in slightly less protorisan neutrons
when the uppermost energy level is filled.
For extremely heavy nuclésuch asyFe), the number oprotons
is muchlessthan the number ofieutrons. There are so many
protons inthe nucleughat the mutually repulsive electriorces
between them causes the ground en&ggl for the protons to be
shifted up much higher than thground energylevel for the
neutrons. This results muchless protonghan neutrons in the
nucleuswhen theenergylevels are filledfrom theirground levels
up.

What happensvhen theuppermostfilled proton and neutron
energylevels aré'uneven?" Then the nucleus is unstable, aitid
undergo aadioactive decay process in order tbequalize" the
uppermostfilled proton and neutron enerdgvels! Twounstable
isotopes of carbon'JC and ;C) arealso shown orthe next page.
(Seephoton , radioactive decay .)

electron capture (g)
A radioactive decay process where anner orbitalelectron is
"captured" by itsown unstable nucleusyhich subsequenthemits a
neutrino , in order for the nucleus to reach a more stable

configuration. o

This exothermigrocessesolvesissueswith nuclei having too [N
many protons (compared to itsoptimal proton-neutronratio, as v
discussed inthe box model ), by converting aproton to a A
neutron—thus electron capture isva@ak interaction process .

The electron capture process is essentially given by: "'V' i
pte - n+v+Q, U ;

p n

and thus decreases proton numbdyy one and increases neutron h Y g
numberN by one. This occurs famuclei withtoo manyprotons C+e - B+v

compared to the number of neutrosschthat aproton in a higher
energy level can make a transition down tovaer unfilled neutron
energy level, as seen at right for the typical process below:

C+e - B+v +Q.
Note that anucleus mayalso convert aproton to a neutromith a

beta decay (specifically, B*) process. (In order taletermine
which process will actually occur in converting a proton to a neutron,
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the Q-value of both possiblel” and electron capturprocesses
must beevaluated.) (Seebeta decay, box model , electron ,
neutrino , Q-value, radioactive decay , weak interaction
process .)

gamma decay
A radioactive decay process where agxcited (whether stable or
unstable) nucleus with a proton or a neutron in a higher etergy
very high energyphoton (in this context historically referred to as
agamma decay Y (lower-case Greek letter "gammadarticle), in
order toreach a lowerenergy state. This exothermmocess is
essentially:

p - pty,orn - n+y,

where the asterisk denotes an excited proton or a nethiiors in a
higher energylevel, asseen inthe box model representation of
nuclear energy levels.

Some things to note for all gamma decay processes:

* A single neutron or a singleproton in a higher energyevel
makes a transition down tol@aver energylevel. The initial and
final energy levels do not necessarily have to be consecutive levels.

* The number ofprotons and neutrons ithe nucleusremain
unchanged. Therefore the proton nuniband neutron numbeé\
both remain constant.

* The energy of thephotonthat is emitted isexactlyequal to the
difference in energypetween the levels that tmeicleon. Thus it
does notmake muchsense talefine a@-value for this process,
as when a nuclear reactifor a gamma decay is writteaut, the
energy released in this process is contained in the photon itself.

* "Reverse" gammadecays are possiblgshere aphoton goesnto
and is absorbed by rucleus, causing proton or a neutron to
make a transitiorirom alower energy state to a higher energy
state.

In the gamma decay example at left, a proton in a higher efexely
makes a transition to the lowest unoccupied enlesggl, and emits a
photon as a result.

By mapping the energies of thhotonsemitted from gamma
decay, thespacings (in MeV)petween nucleagnergylevels can be

388

deduced.
In the TV show The Incredible Hulk (Marvel
) Productions/UniversallV, 1978-1982), scientist Bruce Banner's

S 2 2

genetic structure was mutated by exposumgaimma radiation.(See
Bex L C+yY
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box model , gamma ray , neutron , photon , proton , Q-value,
radioactive decay .)

gamma ray (y)
The historical termfor a high-energyphoton emitted when an
unstable nucleus undergogmmma decay . (See gamma
decay, photon , radioactive decay .)

neutrino (v)
A particle with negligible mas$® and zerocharge,produced in a
typical weak interaction process . The neutrino is denoted by
v (the lower-cas&reekletter "nu™), while its antimatter "twin,"
the antineutrino , is denoted by (pronounced "nu-bar").They
are essentially particles that account for energy conservaticspamd
conservation irweak interactiorprocesses, as they don't contribute
anything to themass orthe charge of a nuclear reactiggome
chemistry textbookgompletely neglect the existence i¢utrinos
and antineutrinos inbeta decay—give yours aquick read-
through!). Assuch,for our purposes neutrinaand antineutrinos
merely act asindicators that aweak interaction process is
transforming a neutron into a protonvize versa
Nuclear weak force processes in the Sun (whgogogen protons
are converted intomeutrons in order taltimately form helium
nuclei) release immense amounts of neutrinos that, because of their
neutral charge and essentially zero mass, almost impercepaitdy
through us and the Earth each and every second.

Some physics theorigzredict that themass of neutrinos and
antineutrinos is not trulgero,but isactually quite(very, very,very)
small,and this tiny amount of massultiplied by the multitude of
neutrinos and antineutrinos in the universe may bédak matter"”
the accounts for the "missing matt#nat will be responsible for the
ultimate collapse of the universe in a "Big Crunch" tens of billions of
years from now. (See antimatter , beta decay, weak
interaction process .)

nuclear weak interaction
(See four fundamental interactions of nature, weak
interaction process .)

photon
A transfer of energyXE) in the form of a light"quanton" either
absorbed ortransmitted by a quantusystem. For a system

13 For the purposes of Block 14 Physics 7C, we wilapproximate the mass of

the neutrino as being zero.
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undergoing a transition from anitial energylevel E ;,, to a final
energy levelg, ., , the energy contained in a photon is given by:

photon XE = B ~ Bt -

The sign of the photoKE is (+) when it isabsorbed by guantum
systemthus causing an enerdgvel jump. Thesign ofthe photon
XEis (=) when it is emitted by guantum system, due to an energy
level fall. (Usually the * sign of a phot is omitted, as it should
be clear whether the photon is absorbettanrsmitted by inspection
of the specific case being considered.)

The frequencyf or wavelengthh of a photon isrelated to its
energy by Planck's constdnt

0 ¢ O

photon XE = hf ., = hEb\—E,
photon

wherec = 3.00 x10° m/ s is the velocity of lightvaves in a vacuum
(i.e., the velocity of thephoton), and"Planck's constanth =
6.626 x10* J-s.

A photon can be thought of garticle-like, as théransfer of its
energy into or out of a quantum system occuwistually
instantaneously. Thus dhe individualphotonscale, light behaves
like a particle. Theabsorption or emission @hany, manyphotons
simultaneously is indistinguishable from a continudwmonic
wave. Thus onthe macroscopic, manghotonscale, light behaves
like awave. This is the wave-particleduality of light; but in this
context this "duality” is merely the interpretation of light in different
guantum or macroscopic scales.

Photons are emitted from neutrons and protonsnaking
transitions from higher twer energylevels (as seen irthe box
model) in gamma decay processes. (See box model ,
gamma decay .)

positron (€)

An antimatter subatomic particlevith a mass of 9.1%x10™ kg
(or 0.0005486 u), and éharge of 1602 x10™*° Coulombs(which
is exactly the positive amount of charge of eélectron). The
positron hasexactlythe samemass ashe electron. Theositron is
usually not found imature, as when positroninevitably collides
with an electron, they annihilate each otaed their combinedhass
is converted intoenergy. Thepositron is denoted bySe, or
sometimes just&’." (Seeantimatter , electron .)

Q-value (radioactive decay)
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Recall that the difference between thass ofall the initial reactants
added together, and the masalbfthe final products addetbgether
is themass decrement of a reaction:

"mass decrement” = m ., —M i -

Due to mass-energy equivalence , if the massdecrement is
multiplied by thespeed ofight squared, one obtains tkgvalue of
the nuclear reaction—thas, the amount of energy released in a
radioactive decay process:

"Q-value'= _(mass decrement)cz,

— 2
- (minitial = Mgy )C '

wherec = 3x10° m/s isthe magnitude of theelocity of light in a
vacuum. Asll radioactive decay processes exethermic Q-values
for theseprocessesire all positivequantities. Thus ifthe Q-value
for a probabledecayprocess iscalculated to be negative, it will be
endothermic and thus forbidden.

As with nuclearfusion and fission processdbge problemwith
evaluating mass decrements and-values for radioactive decay
processes idhat for all physics andchemistry textbooks and
referencesmasses ofiuclei are never given, only atomimasses
are given (in unified atomic mass units, or u). For the
purposes oBlock 14 in Physics7C, we will not make thegross
approximation that electromassesare negligible(as is done in
some physics and chemistry textbooks). Instead, we note that for the
majority of radioactive decays, the electramasses on both the
reactantand product sides dhe reaction equatiowill cancelout.
Thus foralpha decay, the energy releasedlll be given by the
basic mass decreme@tvalue equatiorabove (where thénal mass
includes that of the product nucleus and dhgha particle ), where
all these masses aaomic masses the rewritten equation below:

n n __ 2
Q' value'= (minitial nucleus mfinal nucleus mot)c '
2

= (minitial atom mfinal atom rnHeatom)C '

If the Q-valuefor a possiblealpha decayrocess icalculated to be
negative, it will not spontaneously occur.

For 3~ decay, the energy releasadlll also begiven by the
basic mass decreme@tvalue equatiorabove,and becausall these
massesare atomic massesconvenientlyenoughthe mass of the
emitted electrordoesnot have to bencluded (note that themass of
the emittecntineutrino is essentially zero):
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n n __ 2
Q' value'= (minitial nucleus mfinal nucleus me)C !

= (minitial atom mfinal atom)Cz'
If the Q-value for a possiblef™ decayprocess iscalculated to be
negative, it will not spontaneously occur.

A similar convenient simplificationhappens forelectron
capture —if we only use atomic massesthen themass of the
captured electron doest have to be included (note that tmass of

the emittecheutrino is essentially zero):

n V'— 2
Q' value'= (minitial nucleus + M, =My nucleus)c !

— _ 2
- (minitial atom mfinal atom)C .

For B* decay, becausall thesemassesareatomic masseghe
mass of the emitted positramomplicates th&-value equatiorfeven
though the mass of the emittedutrino is essentially zero):

n L J— 2
Q' value'= (minitial nucleus mfinal nucleus me)c !

— 2
- (m - mfinal atom _zme)c .

initial atom

Note that both electron capture an@® decay converprotons to
neutrons in unstable proton-rich nucleétalculating theQ-value for
a proton-to-neutron process will determimiich decayprocesswill
spontaneously occur:

« If the Q-value for both electron capture aftldecay processes are
negative, then neither process will spontaneously occur.

* If the Q-valuefor the electron capturprocess igpositive and for
the B* decayprocess isnegative,then only electron captunill
spontaneously occur.

« If the Q-value for both electron capture aftidecay processes are
positive, then theB” decayprocesswill dominate over electron
capture.

Q-values are undefinefbr gamma decay processes, as the
energy released in thigrocess iscontained in thegamma ray
photon itself.

(See alpha particle , alpha decay, antineutrino , beta
decay, electron decay , gamma decay , gamma ray , mass
decrement , neutrino , unified atomic mass unit .)
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radioactive decay
The historical ternfor a procesgshat emits(or captures)articles
from an unstable nucleughich results in a more stable nucleus.
Radioactive processes encompassalpha decay, beta
decay/electron capture , and gamma decay , eventhough
their causes and effecere dramatically differentrom each other.
All radioactive decays aexothermicas they arall processesvhere
an unstable nucleus lowers its higher energy state to a relatively more
stable lower energy state configuration.

In alpha decay , an unstable nucleus emits two protons and two
neutrons irthe form of a j3He nucleus, which igeferred to as an
alpha particle ora.

In beta decay, an unstable nucleus either emitsed@ctron
(also known as 8~ particle), apositron (a B* particle), or the
unstable nucleus "swallows" one of its own inner shell electrons
(electron capture ), all as ameans of attempting to become more
stable. These thrggocessesre allknown asweak interaction
processes . For allthese processes, a neutron is transforimied
a proton, orvice versa Also, either amantineutrino v or a
neutrino v is emitted.

» For atypical B~ decay, aneutron (eitheralone, orinside an
unstable nucleus) is transformed into a protehie emitting an
electron and an antineutrino. This is how an unstable nuaiéus
too manyneutrons and totittle protonscan reach a more stable
configuration.

» For atypical B* decay, aproton inside an unstable nucleus is
transformed into a neutronyhile emitting a positron and a
neutrino. This idhow an unstable nuclewgth too manyprotons
and too little neutrons can reach a more stable configuration.

* For electron capture, an electron is "swallowed" lpraton inside
an unstable nucleus in order to be transformed inteeuwron,
while emitting aneutrino. (Some textbooks use knver-case
Greekletter € ("eta") to denote electronapture,presumably in
order tohave aGreek letter for each type ofradioactive decay
process.) This ianotherprocesswhere anunstable nucleusith
too manyprotons and todittle neutronscan reach a more stable
configuration, and to find out which proton-to-neutron proeets
dominate, an analysis @-values must be performed.

In gamma decay , an excited (whether stable or unstable)
nucleus emits avery higher energyphoton (in this context
historically referred to as g particle), inorder foreither a neutron
or proton in the nucleus to make a transition down ltawar energy
level.

03.03.17



118 Physics 7C Winter 2003: Student Packet

Some things to keep in minfdr all theseforms of radiation
emitted by radioactivprocesses—first, ithat theywere all labeled
well before any knowledge ofhat actually went orduring these
nuclear reactions. Also each of thésems of radiation from these
exothermicprocessegarry significant amounts okinetic energy,
which liberate free radicals that caause genetic damatfe. It is
interesting to note that these three types of radiationsae totreat
cancer. Cancerous cells are bad becausdiitielz more often than
normal cell$, but this also makethem much morsusceptible than
normal cells to radiatiodamage, asrequent radiation therapyill
be mostlikely to expose cancerousells that are dividing than
normal cells.

Otherradioactive decayrocesseshat you may see mentioned
elsewhere aranternal conversion(where instead of emitting a
gamma ray, an excitggtoton or neutron insidéhe nucleugirectly
transfers its excess energy to an inosdital electron, which is then
subsequently freed from itgbital), proton drip, and neutron drip
(where extremelyproton-rich and neutron-richuclei resort to
directly emitting protons and neutronsespectively, instead of
converting one into the other inside itself.)

(Seeantimatter , electron , neutrino , photon , positron .)

weak interaction process
A radioactive decay processvherenuclear weak potential
energy changes, wheneutron transformsnto aproton , or vice
versg and either amantineutrino or neutrino is emitted,and an
electron or positron is absorbed oemitted. Examples ofreak
interaction processes dreta decays , and electron capture .
Isolated neutrons that are outside of a nuclewe ahalf-life of
about 10 minutesand will decay into a proton, electroand an
antineutrino:

n-p+te +Vv.
-‘-?- -69— Since themass ofall the products for thisreaction islessthan the
mass of the neutron, then tlusocess isxothermic This iswhy a
| | neutron mayundergo3~ decay to make a transition to psoton
p n
J

energy level for thécarbon-14"radioactive decaprocess shown at

14 The helium nuclereleasedrom alphadecayare harmlessafter traveling a few

YC LN+ e +y - n ai :

6 7 centimeters in air, oafter being stopped by a sheet of paper. The electrons and
positronsreleasedrom betadecaycan beharmful if their decayprocess isenergetic
enough. The photongleasedrom gammadecaycan be veryharmful and are very
difficult to shield against.

151t is remarkedthat biology is the onlyscience where "dividetheans exactly theame
thing as "multiply."
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left, even ifthere is negligible difference between theutron and
proton energy levels in tHeox model .

From thisfundamental neutron decall other possibleveak
interactionprocessescan be constructed, if we reverse timve
process, and conserve charge for partitias are switcheffom the
products tareactantgthus negativelycharged electrons "reverse" to
positively chargegbositrons, and antineutrinos "reverse"biecome
neutrinos, even though antineutrinos and neutrinogatre neutrally
charged):

n- p+e +Vv (isolated neutron decay; "3~ decay")
n—p+te +v (reverseof "3~ decay")
v+n - pte ("electron capture”)
e’ +v+np ("B" decay")

(See antineutrino , beta decay, box model, electron,
electron capture , neutrino , positron , radioactive decay .)
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Block 15 Glossary

Reflection/refraction glossary

critical angle 8, refraction
diffuse reflection reflection
dispersion Snell's Law
impedance ("Descartes' Law")
index of refraction n specular reflection
Law of Reflection surface normal
("Hero's Law") total internal reflection (TIR)
rays wheel axle model

critical angle 0,

Incident light ray less
than the critical angle
will be refracted.

When a light ray in a mediumith a high index of refraction n,  If n,>n,:

is transmitted into a mediumith a lowindex of refractionn, at a

refracted angle 0B, = 90°,the incident angled, is said to be the n,sinB, =n,sin90°,

critical angle 6_.. The derivation atight shows how to use

Snell's Law to solvefor the critical angle, given thendices of CR :Arcsinér:—zD
1

refractionfor the two different media. Remember that an incident
ray with an anglé, equalto the critical angled, will be transmitted
into the n, medium with arefracted angle 06, = 90°. This is the
idealized boundary case, as seen bel#tgep in mindthat a critical
angle can only be defined for the case where n,.

Any incident ray with an angl®, smallerthan the critical angle
6. will be transmitted into then, medium, at arangle 8, given by
Snell's Law .

Any incident raywith anangle 8, larger than the critical angle
6. will be transmitted back into the origin@ medium, at an angle
8, given by theLaw of Reflection . In thiscase, the lightay is
said to undergdtotal internal reflection  (or TIR). (Seecritical
angle, index of refraction , Law of Reflection , Snell's Law ,
total internal reflection .)

Incident light ray
equal to the critical
PR q

angle will be
refracted at 90°. Incident light ray greater than the

critical angle will be totally
internally reflected back into the
original medium.

R

@
0, &
e

surface
normal

. ’%/4,.

‘ey, //71‘@,/7
@C[.e Q/{y
dfey

O
o (01=0,if 6,> 6.)
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Media

Index of
refraction n

vacuum
air

ice

water

fused quartz
benzene
Plexiglas™
crown glass
zircon
diamond

1
1.00029
131
1.329
1.4584
1.501
151
1.52
1.923
2.417

diffuse reflection

(Seereflection .)

dispersion

For many materials, the velocity ofight through that medium
depends onthe wavelength of thdight wave—velocity is then
wavelength-dependent asell as medium-dependent! Thus the
impedance , and alsothe index of refraction of a medium
depends orthe wavelength ofight that is travelingthrough the
medium. Adispersivematerial has anindex of refractionthat
strongly depends owavelength; anon-dispersivematerialhas an
index of refraction that does not dependvavelength(suchthat in
this ideal case, the wave velocity depends only on the medium).

Rainbows and color aberrations in chezgmeralenses are
caused by dispersivmaterials,such that light of differentcolors
(different wavelengths) refracts differently.

For the purposes ofBlock 15 in Physics 7C wewill be
considering only non-dispersivemedia, unless specifically
mentioned otherwise(Seempedance , index of refraction .)

impedance

A measure of the "difficulty” a light wav@r anyotherwave)has in
propagating through medium. The impedance of a medium is
inversely correlatedvith the velocity oflight wavesthrough that
medium. The impedance of a medium is correlatgith bond

strengths within (and/or density of) that medium, and proportional to

theindex of refraction of that medium.

index of refraction n

A unitless ration measuring "optical density,” or how slolght
waves travel through a transparemdium,compared to theelocity
of light waves in vacuum:

n _ C
medium '
Vmedi um

where c=3.00x10° m/s is the velocity oflight waves in that
medium,and v,_..., IS the (slower)velocity of light waves in the
transparent medium. Lightavesalwaystravel slower through all
other media, compared to traveling through a vacuum.

Roughly speaking, the index of refraction of a medium is
correlatedwith the impedance of that medium. The index of
refraction of a medium ialso correlateavith the density of (and/or
bond strengths within) that medium.

Indices of refractiorior several commonransparenmedia are
listed at left. (For the purposes oBlock 15 in Physics 7Cthese
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media are alassumed to beelatively non-dispersive . Including
dispersion effects would mean that the index of refraction tpvem
material would be wavelength-dependent, instead of being a constant
value.) Note that because theelocity of light is slower in all
transparentnedia tharthroughvacuum, allindices of refraction are
greater than 1.
E.g., water has an index of refraction mf= 1.329, which means

that light waves travel 1.329 tims®werthrough water than through
vacuum. The velocity of light waves through water is given by:

3.00x10° ™

Viater = - S = 2.257 ><108 m
n 1.329 S

(Seedispersion , impedance .)

Law of Reflection ("Hero's Law" )

The quantitativedescription of how thed, direction of an incident
light ray compares to th®, direction of a light rayhatundergoes
specular reflection

where both these angles are measiwath respect to thesurface
normal ." (Seeray, reflection , surface normal .)

normal

ray

(Seesurface normal .)

The direction that a lightwave travels through a (transparent)
medium. A light raytravels in astraightline through amedium,
unless it encounteranother mediunwith a different index of
refraction (orimpedance ). When this happens, the light resll
change direction, either undergoirgflection orrefraction . (See
impedance , index of refraction , reflection , refraction .)

reflection

When alight ray traveling in a certain direction in tansparent
medium encounters solid surface, its direction may change to go
back into the original medium. In this case, the light ray is said to be
reflected Specifically, there arewvo possible casebow light rays
could be reflected back into the original material.

16

Also known as "Hero's Law," after Alexander of Hecol(0-70 A.D.?).
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If the surface is not smooth compared toe size of the
reflected wavelength of théncident lightwave,the light raywill be reflected
back in random directions. This is referred tod#tuse reflection
Surfaces such as skin, cloth, and paper towels reflect diffusely.

If the surface is smooth comparedthe size of thevavelength
of the incident light wave, the light rayill be reflected back along a
specific directiongiven by theLaw of Reflection . This is
referred to aspecularreflection Mirrors, orvery smoothliquid
and solid surfaces reflect specularly. While a piece of wood cut by a
saw would reflect diffusely,sanding and polishing its surface
sufficiently smooth enough (comparedtib@ size of the lightvave
wavelengths) would cause light rays to reflect speculd®gelLaw
of Reflection .)

refraction
When alight ray traveling in a certain direction in tansparent
medium (with a certainvalue of impedance, or index of
refraction ) crossesover into another transparent mediu(with
anothervalue of impedance, andex of refraction), the direction of
the transmitted light ray may chang@/hen thishappens, the light
ray is said to beefracted The guantitativelescription of how the
direction of the light ray changeduring refraction isgiven by
Snell's Law . (SeeSnell's Law .)

Snell's Law "Descartes' Law" *'
The quantitativedescription of how thed, direction of an incident
light ray (in medium 1) compares to th&, direction of the
transmitted light ray (in medium 2) that undergoefsaction :

surface
normal

n,sin®, =n,sinG,,

where both these angles are measiwath respect to thesurface
normal ," andn, and n, are the respectivadices of refraction
of the incident and transmission media.

Snell's Law may be motivated conceptuallyusge ofthe wheel
axle model , and derived mathematically byoting the different
distancesAx, and Ax, that the light ray (or each wheel) travels in the
sameit time interval,due to the differentelocities that the light ray
has ineither medium. (Seeindex of refraction , refraction ,
surface normal , wheel axle model .)

1 Note that Snell's Law is also referred toescartes' Law in France, apparently

becausethat Willebrord Snell (1591-1626) was the DutcHiscoverer of this
phenomenon, while Ren®escartes(1596-1650) was thecontemporary French
discoverer of this relation.
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specular reflection
(Seereflection .)

surface normal (or normal )
A conceptual line drawn perpendicular a surface, or an interface
between two media. The angle of any lighy is alwaysmeasured
"with respect to theurface normal;that is, measuredetween the
light ray, and thesurface normal. Ifthe interface orsurface is
curved, then a surface normal is drawn perpendicular to the interf:
or surface at each and every poi(Beeray .)

surface
|:| normal

total internal reflection (TIR)
There are two criteria that must be satisfied in ofdetotal internal
reflection or (TIR) occur:

(i) A light ray is "attempting” taravel from amedium 1 with a
high index of refraction n;, to a medium with a lovindex
of refractionn,. Thus ifn, > n,, then acritical angle 6,
can be defined.

(i)  Theincident ray with an anglé, larger than the critical angle
8, will be transmitted back into the origina medium, at an
angle6, given by theLaw of Reflection . In thiscase, the
light ray is said toundergototal internal reflection(or TIR).
All of the light in medium 1 is reflected back into medium 2.

(Seeindex of refraction |, critical angle , Snell's Law , Law of
Reflection .)

When going from a higher nto a

lower nmaterial, incident light rays

greater than the critical angle will
n, be totally internally reflected.

wheel axle model
Light may be modeled as literally being a pair of wheels joined
together by a common axle. In thidieel axle model, thepeed of
the wheelglepends orthe velocity oflight in that medium. If the
wheel axleencounters an abrupt change nredia (with different
velocities), each wheel mdyave adifferent speed as theghange
media at differentimes,suchthat the direction of the entineheel
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fast
slow

fast
slow

axle may change after boitheelstravel inthe newmedium. Thus
the wheel axle model isrmeans tomotivate whathappensvhen a
light ray undergoegefraction .

It is important to keep in mind that light mt literally made up
of little wheel axles; the justification for thinking that light behaves in
this manner ighat wheelaxlesbehavejust as light would do for
abrupt changes in medidNote that more sophisticatetiodelsthat
"explain” the refraction of light are nothing more than just
that—models thahappen tanimic the behavior ofight rays on a
more sophisticated level. Some of these mogielsmay encounter
in physics textbooks have colorful names sucthasnud marching
mode] the lifeguard model Huygen's wavelet constructionsthe
principle of least timeor theprinciple of least actior{also known as
Feynman path integral formalisnmor quantum electrodynamics
Ultimately no one really "knows" why light realijoeswhat it does,
and why it refracts. The bottohme is that there is a multitude of
very sophisticated models that have very elegant means of explaining
why light doeswhat it does, and certainlywhich model is thanost
thorough, consistent (and preferred) depends on one's tastes (and
tolerancefor math)! For the purposes oBlock 15 in Physics 7C,
however artificial and contrived the wheel axle model togyit suits
us very well indescribingthe refraction of light.(Seerefraction |,
Snell's Law .)
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Optical systems glossary

converging lens object

diverging lens object distance o
far focal point object height h,
focal length optical axis

focal point f optical system
image principal rays
image distance i ray tracing
image height h real image

lens sign conventions
magnification, linear M., thin lens equation
mirror thin lens model
near focal point virtual image

converging lens
An optical system thatusesrefraction to redirect parallel light
rays toconverge in towards #ocal point on the farside of the .. .gm.,
lens. (After intersecting at the focal poirtheserays thendiverge &0 &R0
outwards.) ....,»nf?ar. ....... ;
A converging lens is alscalled aconvex lensdue to theshape
of its surfaces (Sedocal point , optical system .)

diverging lens
An optical system thatusesrefraction to redirect parallel light
rays to diverge outwards fronf@cal point on the near side of the ...
lens. ,»o::\ ............... o
A diverging lens is also calledcancave lengdue to the shape of >“? """ &
its surfaces (Sedocal point , optical system .)

far focal point
(Seefocal point .)

focal length f
The horizontal distance measured alongdpgcal axis, from an
optical system to afocal point :

» The focal lengthf is defined to be a positive quantifpr a
converging lens .

» The focal lengthf is defined to be anegative quantity for a
diverging lens .

(Seeconverging lens , diverging lens , focal point , optical
axis, optical system |, thin lens equation .)
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focal point
A point along theoptical axis of an optical system, where
parallel light that is redirected by an optisgtstemeither converges
to, or diverges from:

* The near focal point is located on theobject side of the
optical system.

» Thefar focal point is located orthe opposite side othe optical
system.

O
near far
f

(Seefar focal point , near focal point , object, optical axis,
optical system |, thin lens equation .)

image
The new location where lightays appear to redivergérom in
creating areal image or avirtual image , after these lightays
have been redirected by aoptical system . (See optical
system , real image , virtual image .)

image distance i
Horizontal distance measured along thgtical axis from the
optical system to animage. For alens, the image distandeis
defined to be a positive quantity if it is measured on the opposite side
- — of the lens, with respect to the object. The image distaaagefined

to be a negative quantity if it is measured on the same side of the lens
as an object(Seethin lens equation .)

image height h
Vertical distance measured frothe optical axis of anoptical

system, to animage. The image heighty is defined to be a
+hﬁ positive quantity if it is measuredvertically upwards from the
optical axis, and anegative quantity if measuredvertically
—hi downwards fromthe opticalaxis. (Seemagnification, linear,
thin lens equation .)
lens
An optical system that usegefraction to redirect lightays from
anobject in order tocreate anmage. (Seeconverging lens,
diverging lens .)

magnification, linear M,

A ratio of how larggor small) theimage (measured by its height
h) is compared to the originabject (measured by its heiglf ):
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_imagesize _ h
" objectsize h,’

mage distancell 0 O
- LF - .
Fbbject distancel, HH]

The linear magnificatiorM,, .., is defined to be positive quantity if
the image is upright or right-side-up (with respect to the object). The
linear magnificationM,, ., is defined to be aegativequantity if the
image is inverted oupside-down(with respect to the object)Note
that the negativaign is necessary ithe —(i/0) form of the linear
magnification.

The absolutevalue of the linear magnificationM,.,, is less
than 1 if the image is smaller than the object. The absadlite of
the linear magnificatiorM,.,, is more than 1 if thénage is larger
than the object. The absolutalue ofthe linear magnification is
equal to 1 if the image is the same size as the oljSeethin lens
equation .)

mirror
An optical system thatusesreflection to redirect lightrays
from anobject in order tocreate anmage. A planemirror is a
flat reflective surface. A mirror only has one focal point!
Optional to know (but testedor on the MCAT) is that a
converging mirroris a concave reflectiveurface €.g.,the inside of
a spoon); aivergingmirror is a convex reflectiveurface €.g.,the
outside of a spoon). The circular radrief thesecurvedmirrors is
defined to bdwice the focal lengthf of the mirror. The center of
these circles is marked by the origih""(script upper-caséO");
note that it is twice as far as the focal pa@ntayfrom the surface of
a curved mirror.

................ optical
axis

near focal point
(Seefocal point .)
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light )

|ing't_|:>

_optical

0

“axis

object
Any source ofdiverging light rays, idealized as a posdurce of
diverging light rays that may be taken irand redirected by an
optical system to create aimage.

object distance o
Horizontal distance measured along thetical axis from an
object to theoptical system . For alens, the object distance
is usually defined to be positive quantitysome physics textbooks
discussspecialcases ofvirtual objectswhich have negativeobject
distances—for the purposes of Block 15Pinysics7C, we will not
be considering those casegyeethin lens equation .)

object height h,
Vertical distance measured fromhe optical axis of an optical
system, to anobject. The object heighty is defined to be a
positive quantity if it ismeasuredvertically upwards from the
optical axis, and anegative quantity if measuredvertically
downwards fromthe opticalaxis. (Seemagnification, linear,
thin lens equation .)

optical axis
The (horizontal) line of symmetry drawn perpendicular {wegtical)
optical system . Thefocal length f, object distance o0 and
image distance i are all measured horizontally, along thatical
axis.

optical system
Anything that takes lightrays that originally divergedfrom an
object, and redirects these lightays (whether by reflection |,
refraction , and/or total internal reflection ) such that they
rediverge from a new location, thus creatingnaage .

A plane mirror and acurved mirror are examples of optical
systems that use reflection to redirect light rays.

A lensis an opticakystemthat usesrefraction to redirect light
rays, such aseonverging lens or adiverging lens , or a system
of multiple lenses.

A prismis an example of an opticaystemthat usesrefraction
and/or total internal reflection to redirect light rays.

Glassesand contact lensare examples of opticalystemsthat
userefraction to make lightaysdivergingfrom objectsthat cannot
be seen by amye(due to a congenital or acquirddfect in vision)
appear to rediverge from an intermediate image that now caeee
by an eye.

Microscopesand telescopesare examples of more complex
optical systems that use refractionntake lightraysdiverging from
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objects that'appear small" (whether due to @stual size, ofrom
being faraway) appear to redivergeom animage that"appears
big."

principal rays

Selected lightrays from anobject that anoptical system
redirects to create amage . It is important to keep in minthat the
principal rays are not the only raysthat are redirected by an optical
system to create an image; the princigslsare merely the simplest
redirected rays to draw, in order to geometrichiig the location of
an image on gy tracing .

There are three principal light raf@ a converging lens , and
three principal light rays for @iverging lens .

; Rays passing ; Rays passing
3 O through middle o O through middle
near e far of lens is unbent near far of lens is unbent
f fro f f-..
-------- P Parallel ray Parallel ray gets
00— —0—— o Jets bent bent away from
n?ar through far f near f
....... Rays diverging Rays converging
A':,\ _____ 0 from near fget to far fget bent
near "R far.. = pent parallel parallel

f

Optional to know (but testedor on the MCAT) are thefour
principal lightrays for aconverging mirror , andfour principal
light rays for adiverging mirror . These principalrays are
illustrated here solelyfor the purposes of completeness in our
discussion of optical systems.
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Horizontal rays
are reflected
into the focal
point

Horizontal rays
are reflected
away from the
focal point

Rays diverging
from the focal
point are
reflected
horizontally

Rays
converging into
the focal point
are reflected
horizontally

Rays converging
into the origin are
- reflected

= =

from the origin

Ray at flat center of
mirror reflected using
Law of Reflection

(Seeconverging lens , diverging lens , ray tracing .)

ray tracing

A graphical, geometric method to locate iamage created by an
optical system (such as a lens or a mirror) usipgncipal
rays.

A ray tracing for dens involvesdrawing lightraysthat diverge
from an object, and located the actual intersection, or the traced-back
intersection of light rays to locate the image.

The intersection of the principafys redirected by an optical
system gives the location of the image. Four sample ray tracings for
thin lenses are given below. Note that for a simple objeftoim of
a lens, a converging lens has three unique ray tracing regoiltsa
diverginglens producesimilar ray tracingresults nomatter where
the object is placed with respect to its near focal point.
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optical T)bject

converging lens, o< f

axis near -
f
converging lens, o= f
optical object I -
Xi -
axis near far
f f
~ (o) ~ (o]
T oA~ converging lens, 0> f
virtual
image
optical o~ -
Xi
axis near far
f f .
1
d diverging lens
. RS T T T R »
optical |object ~-5 PN
axis near Virtual far -~
f image s
e

Optionalto know (but tested for on the MCAT) are three sample
ray tracings for thin mirrors are given belowote thatfor a simple
object infront of amirror, a convergingnirror hastwo unique ray
tracing resultswhile a divergingmirror alwaysproducesthe same
ray tracing result. These mirror ray tracing diagrams are
illustrated here solelyfor the purposes of completeness in our
discussion of optical systems.
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converging mirror, 0> f

optical

axis

converging mirror, 0 < f

optical

axis

diverging mirror

optical

o

light")>

lens
(converging
or diverging)

axis

(Seeconverging lens , diverging lens , principal rays .)

real image
The location where the light rays redirected byoptical system
first converge towards, then later diverfyjem. Thusthere is an
actual intersection of lightays for areal image. (Seeray
tracing , thin lens equation .)

sign conventions
(Seethin lens equation .)

thin lens equation
A guantitative,algebraic relation between tlubdject distance o,

image distance i, and thdocal length f of the lens:

+ =

1
-

O lr
-

The sign convention(x) for these parameters is important—the

directions ofpositive parameterdor athin lens (o, +, +h,, +h)
are given in thediagram atleft, and also discussed more detail

elsewhere.
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If we know any two of the distancé, or i, we canusethe thin
lens equation to find the third unknown distance. It is alvgayxi
practice tosketch a ray tracing asell, because it is easy tmake
mistakeswith the positiveand negative signs in the thin lens
equation.
Optional to know (but testedor on the MCAT) is thethin
mirror equation which is actually identica(!) to the thin lens ’h-
equation,but f and i are defined dittle differently. For a thin ‘l
converging mirror €.9.,the concavenside of a spoonY,is defined o, i
to bepositive For athin diverging mirror €.9.,the convexoutside ., mirror
of a spoon)f is defined to banegative Since light is reflected back % (converging
off of mirrors, thepositive imageside of a mirror (convergingr or diverging)
diverging) is defined to be theameside asthe objectside. The
directions ofpositiveparameters for a thin mirror ¢++, +h,, +h)
are given in the diagram at left.

thin lens model
An idealization of aconverging lens or adiverging lens as
having negligible thicknessuchthat thelens redirectall incoming
light rays just once. The convention for drawing a tonverging > >
lens or a thindiverging lens is shown at right(Seeray tracing ,
thin lens equation .)

virtual image
The location where the light rays redirected byoptical system
appear to divergdbom. Thusthere is no actual intersection of light
rays for a virtual image(Seeray tracing , thin lens equation )

virtual
image
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Optometry glossary

accommodation hyperopia

bifocals multiple lens system
cornea myopia

contact lens near point

diopter (D) nearsightedness
far point optical strength D
farsightedness presbyopia

glasses retina

accommodation

The process bywhich the ciliarymuscles of an eyésquoosh" and  relaxed lens ———

deform thecornea to shorten it§ocal length . This is suchhat
images can be formed on tetina of an eye for objects at different
distances. The cornea is most deformed in order to focobjents
located at th@ear point .

The ability to accommodate is gradualyst with age, as the accomodated
cornea eventually becomes aplastic due foresbyopia . (See lens

presbyopia , near point .)

bifocals
Glassesthat have adiverginglens onthe top half (to correct for
nearsightedness ), and a converging lens dhe bottom half (to
correctfor farsightedness ), thushaving two different types of
focal lengths. It igpossible forcontact lenses to be bifocal as
well, when the bottom of the contact lens is weighted.
Trifocalsare bifocals with a middle strip that usually is judlan
lens that does not redirect light (for mid-range viewing).
Inevitably,all youngnearsighted peophill be required towear
bifocals to corrector the onset ofpresbyopia in old age. (See
farsightedness , presbyopia , nearsightedness .)

cornea
The primary opticakystem of areye that redirects lightays that object ci
diverge from an object, to convergento the retina toform a real T

image. The cornea can be idealized as a convetgimgwith a

liary muscles

positive focal length. The focal length of a cornea can be decreasgébmea an
slightly throughaccommodation . (Seeaccommodation .) crystalline len

contact lens
A diverginglens or a converging leribat is placed directly on the
cornea, in  order to correct nearsightedness or
farsightedness , respectively. As it is thérst lens in amultiple
lens system, it takes the lightfrom the original object 1 to
produce arintermediate image 1, which is then the objedb2the
cornea (in order to produce a final image 2 orré¢tiea ). Notethat

03.03.17
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if the original object 1 is upright, the intermediate imagmust be
upright (and thus airtual image). This makethe object 2for the
cornea upright, which produces an upside-down final imagénizh
is a real image)(Seemultiple lens system .)

diopter (D)

Units for theoptical strength of a lens (such as@ntact lens, or

a glasses lens). lItis defined to be the inverse of the focal length of a
lens (which is specified in meters); sublat it has units ofmeters®

or equivalently, "diopters" db:

optical strengthD[ diopters] = m
meters|

If the focal lengthf of thelens (measured in meters) pssitive or
negative, then the opticalstrengthD of the lens (measured in
diopters) is also correspondingly positive or negative.

far point

The farthest object distanchat an eye carfocus on. The
uncorrected, nominalaluefor the far point is ¢. A cornea is
relaxed and does nbave to beaccommodated in order for the
eye to see things at the far point (whether or not itols +

If a person's far point is less thaw,#thenthat person is said to
havenearsightedness (i.e.,cannot see far), or bmyopic . This
condition is not mutuallyexclusive of farsightedness ; it is
possible for a nearsighted person to be farsighted as well!

farsightedness

(Seenear point .)

glasses

A diverging lens or a converging lentat is placed at a slight
distance in front of the cornea, in order to correct
nearsightedness orfarsightedness . As itis the first lens in a
multiple lens system , it takes the light fronthe original object 1
to produce an intermediate image 1, which is then the objixst the
cornea (in order to produce a final image 2 orré¢tiea ). Notethat
if the original object 1 is upright, the intermediate imagmust be
upright (and thus &irtual image). This makethe object 2for the
cornea upright, which produces an upside-down final imggénh
is a real image).

Note that the spacbetween thglasses lens and @rnea may
have asignificant effect on how vision defects may be corrected.
(Seemultiple lens system .)
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hyperopia, hyperopic
(Seenear point .)

multiple lens systems
An optical system comprised of more than one ldfst example, a
system oftwo lenscan be analyzed by takirtings one lens at a
time. Lightrays fromthe original object yoes througtihe lens 1,
in order to produce an image 1 (whether analyzed using a ray tracing
and/or the thinens equation). Thismtermediate image 1 is then
considered to be the objectf@r lens 2,which produces d&inal
image 2 (whether analyzewsing a raytracing and/or the thin lens
equation).

object 1 lens 1- image 1

object 2 - lens 2. image 2

myopia, myopic
(Seéfar point .)

near point
The nearest object distance that an eye fmwus on. The
uncorrected, nominal value for the near point2% cm. Acornea
must be "squooshed" accommodated in order forthe eye to
see things at the near point (whether or not it is +25 cm).

If a person's fapoint is congenitally more tha#n25 cm,then
that person is said thavefarsightedness (i.e., cannot se@ear),
or be myopic. This condition is not mutuallyexclusive of
nearsightedness ; it is possible for a farsighted person to be
nearsighted as well!

Children have awesomepowers of accommodationand can
"squoosh”their corneas imorder to attain nearpoints down to
+5 to +10 cm.

College students have lost some of tladility to accommodate,
and can only partially "squoosh” their corneas in ordeatteon near
points of +15 to +20 cm (how dmu compare?).

Middle-aged adultshave lost even more of their ability to
accommodateand canonly "squoosh"their corneas irorder to
attain near points of +25 cm. Any more loss of accommodation than
this results irpresbyopia (literally, "elderly eyes"). Eventhough
presbyopia results fronthe aging process, symptomatically it is
indistinguishable from farsightedness, and is corrected in much the
same way.

nearsightedness
(Seefar point .)
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optical strength D
The degree that a lelisuch as &ontact lens, or glasses lens) can
bend light. Aflat piece ofglass does not benghrallel light atall,
and has docal length off = 0, and thus hagero opticalstrength.
This is the motivationbehind definingoptical strength as being
inversely proportional to focaéngth,suchthat opticalstrength has
units of meters' or equivalently, "diopters.{Seediopter .)

presbyopia, presbyopic
Literally, "elderly eyes." The loss of the ability aecommodate
when thecornea becomes aplastic fromging,suchthat thenear
point increases to more than the nominallue of +25 cm.
Symptomatically presbyopia is indistinguishable  from
farsightedness , and is corrected in much the samay. (See

near point .)
retina
. ciliary muscles The backsurface ofthe eye,where a real image i®rmed by the
object . . . .

T cornea. The dlstan_ce from the corneatlte retina can be idealized

_ as a constant, nominghlue of1.71 cm. Notehateventhough the
lens (cornea and/i! 'ma?gﬁ‘r’]g [ real image on the retina igside-down(!), the visualprocesses of

crystalline lens, the brain are conditioned to correct for this unusual circumstance. (It
1.71cm iS interesting to note that wearing special inverting gogglitsnake
(fixed) upright real images on the retina. A volunteer who wereh

goggles for several weeks was able to recondition his brain to correct
for this, and was fortunatehalso able to recover afteinevitably
taking the goggles off at the end of the protracted experiment.)
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Physics 7C Quiz Archives

Disclaimer
Please carefully read the following information regarding tlaedeived
Physics 7C quizzes:

» These quizzes are presented is, whereis" in asclose to their original
form as possible, as Wwas presented tetudents in Physics 7@cture
sections taught bfpr. Patrick M. Len at the University of California at
Davis in Spring quarter 2001, Summe$essions [-112001, and Fall
quarter 2001all of which are over one year ago.

» The intent of presenting these quizzes is to providd tstudents (and not
just thosewho are somehow able pyocure classnaterialsfrom former
Physics 7C students) additional resource irstudying questionshat
have historically appeared on typical Physics 7C quizzes.

Be aware thatthese archived Physics 7Cquizzes are not to be
construed in anyway, shape, orform as an indicator othe content,
difficulty, or length of future Physics 7C quizzes.

* No effort hasbeen orwill be made topresent worked-out solutions to
thesearchivedPhysics 7C quizzes. This hiasen left toyou as aunique
and unprecedented opportunity to gaygeir understandingelative to
paststudents who have taken Physics 7C in previous quarters.

Be aware that your performance on thasghivedPhysics 7Cquizzes
is not to be construed in amyay, shape, oform as an indicator ofour
actual performance onfuture Physics 7Cquizzes relative to current
students.

By reading the following?hysics 7C QuiArchives,you acknowledge and
accept the above conditions and terms regardingghge of thesarchived
Physics 7Cquizzes. If you neither understand noraccept the above
conditions and termsyou are to tear out and discarthese Physics 7C
Quiz Archives pages no later than January 17, 2003.
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Quiz 11

1. [40%] An astronaut finds that on Earth a certain pendulum has a period of 1.5 seconds when
a 6.9 kg mass is attached and displaced at a maximum angle of 19°. This same astronaut also
finds that a certain vertical spring has a period of 2.2 seconds when a 2.0 kg mass is attached
and displaced a maximum distance (from its oscillation equilibrium) of 0.28 m.

The astronaut then takes these two experiments with her on her trip to the Moon. This
astronaut sends a message back to you on Earth, telling you what the periods of motion are
for each of these systems, as they oscillate on the Momdit is assigned for the
completeness and clarity of your justification using the properties of harmonic and wave
motion, and not necessarily for stating the correct answers below.

(a) Explain whether or not you could find the gravitational constant of the MpgnX
using the pendulum period on the Moon, and how would you use this information to do
so (or why you cannot use this information).

(b) Explain whether or not you could find the gravitational constant of the Mypgn X
using the mass-spring period on the Moon, and how would you use this information to
do so (or why you cannot use this information).

2.  [60%] A transverse wave moves along a horizontal rope at a velocity of 16 m/s, in the positive
x direction. A graph of the wave at tirhe 0.0 s is shown belowCredit is assigned for the
completeness and clarity of your justification using the properties of harmonic and wave
motion, and not necessarily for finding the correct answers below.

y[m] at t=0.0s
+0.4

0 —t
—0.4:|: 1.0

(@) Atthis very instant in time € 0.0 s), discuss which rope particle has the faster vertical
velocity. Credit is assigned for the completeness and clarity of your justification using
the properties of SHM/wave parameters and harmonic functions, and not necessarily
for finding the correct choice below.

Choose and defend one statement only.

(A) Att=0.0s,the particle locatedxat 1.8 m has a faster vertical velocity than the
particle located at = 2.4 m.

(B) Att=0.0s, the particle locatedxat 2.4 m has a faster vertical velocity than the
particle located at = 1.8 m.

(C) Att=0.0s, both particles have the same vertical velocity.

(b) For the rope particle locatedxat 2.4 m, draw &(t) graph. Be sure to scale and label

your horizontal time axes, and plot at least one period of oscillation. You do not need to
show your work for this graph, but you need to clearly show your plot.
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y[m] at x=24m
+0.4

0 B t[s]
—0.4

(c) If only the properties of the rope medium were changed, and everything else (including
the source) remained the same as before, discuss which the above graphs would change
as a resultCredit is assigned for the completeness and clarity of your justification
using the properties of SHM/wave parameters and harmonic functions, and not
necessarily for finding the correct choice below.

Choose and defend one statement only.

(A) Only they(x) att = 0.0 s graph will change.
(B) Only they(t) atx = 2.4 m graph will change.
(C) Both of they(x) andy(t) graphs will change.
(D) Neither of they(x) andy(t) graphs will change.

Quiz 11 useful equations and constants:

[Pt O

. Ot X L t o X L
ySHM (t) = Agnlj? + qJSHM % y(X,t) = AS' ngn? iZTT -Hl"wave X t = g ? T[X WaveE;
Od | .

O— Asin(Bt) = BAcos(pt) T N
Dgt ; Tpendulum =2m ;“_ ; Fsprmg -k [qStretCh) gEarth, at surface =938 T
. Acos(Bt) = -BAsin(B) Vg kg
—_ w“‘ﬁ . f —_ 1 . —_ Vwave . —_ d . ﬁ
Tmass—spring - Zn\‘s“? ) - ?’ - f , Vparticle(x’t) - ayparticle(x't)’ Viave, sound — \ - = 340 —
= 3.00x10° m/s ‘o O dC

Vwave rope = M , Vwave light = ¢ = ( ) ; Vwave water = tanhgn H /97

’ H ’ Nrregium Nrregium ’ \ 2m A0 \2n

Quiz 12
1. [50%] The following two harmonic waves are superposed:

t —om X
(0129 ° (48m) 25

+(0.3 m)sin%n L yon X 2%

(0.1159) (4.4 m)

y, +y, =(0.3 m)sinEZT[

Credit is assigned for the completeness and clarity of your justification using the properties of wave
superposition, and not necessarily for finding the correct answers below.
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(@) What speed and direction is wave 1 traveling? What speed and direction is wave 2
traveling?

(b) Atx=0.0 m, what is the earliest time when constructive interference occurs, after time is
started front = 0 seconds?

[50%)] A proposed new theraidyto "cook" and P,=0 E source 1
thus destroy a cancer tumor has two microwave

emitters that constructively interfere at a tumor
(marked with a black dot) inside of a patient's bod
There are no reflected microwaves anywhere in t
patient's body, and the microwaves have a
wavelength oA = 8 cm inside human tissu€redit
is assigned for the completeness and clarity of you

justification using the properties of wave P,=7? E source 2
superposition, and not necessarily for finding the

correct answers below.

(a) Determine themallest positive valuer the constant phasg, (in radians) of
source 2, if the constant phage of source 1 is zero.

cross-section of
patient's torso

(b) Using your results for the constant phases of source 1 and source 2 in (a), the patient
would like to know whether the microwaves emitted from source 1 and source 2 will
leave his vital organ (marked with an "X") intact or not.

Choose and defend one statement only.
(A) The microwaves emitted from source 1 and source 2 will harm the patient's vital

organ.
(B) The microwaves emitted from source 1 and source 2 will leave the patient's vital

organ intact.

Quiz 12 useful equations and constants:

L

m

1 V, m .
t As n%n——ZT[— %usource -I-LIJreﬂectlon = = 2e, Viave sound 340 ; (a|r);

L"'wave

— Ftension . - Cc - (300 X108 m/S) . —
Vivave, rope — v Viave, light — = v Viave, water — tanh T[—H
\ p n 2T[

medlum rlmedlum

L
AW = LP LP QT‘: ZH%HF Al~IJsourcn-*-.s + Al'I'Jrel‘lec’(lons% AL = Ll L21

AW = o =0
gt odd)rt destructive ’ Wretcton Ot"hard" reflection’ B f=f-f

B (even)mt constructive [0 "soft" reflection  Hf L0f +f
(even) e =2, 2); AL = dsing.

beat

® For further information regardingthis proposedcancertherapydeveloped aMIT andlicensed byCelsion, Inc.,
refer to the September/October 2000 issuBezhnologyReview p. 25.
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Quiz 13

1.

[40%] The inter-atomic potential energy as a function of separation distahtweo

nitrogen atoms in aiN, molecule is shown belowCredit is assigned for the completeness

and clarity of your justification using the properties of forces, fields and potential energies,

and not necessarily for finding the correct answer.

(@) From this graph, determine the separation distatoethe nearest 0.1 A) that
corresponds to thmaximumattractiveforce between the two nitrogen atoms, and
evaluate the magnitude (in N) of this attractive force at this separation distance.

(b) Determine theninimumamount of total energy (potential plus kinetic) (in J) that this
two-atom system must have, in order to attain the maximum amount of attractive force

determined in (a).

separation distance r between atoms [x 10710 m]

08 10 15 2.0 2.5 2.8
| | :
—-05 -
-10
15}
[60%] Shown at right are three parallel wires that are /) /5
perpendicular to the plane of this page. All threegyires containgne ®

same amount of current. In two of the wire€s, the @lirection of I
current is into the page, while in the remainiﬁ(g_vﬁr GHE directior?&m
current is out of the page. The two outermost wires are rigidly held in place. In which
direction will the middle wire move? Explain your reasoning using words, pictures, equations
and/or calculationsCredit is assigned for the completeness and clarity of your justification
using the properties of forces, fields and potential energies, and not necessarily for finding

the correct answer.

I
+4 cm
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up

lef| --—
* / v
right — down N/ B 6
® outof page ~ B =

Quiz 13 useful equations and constants: % M page
N 0m? M N

G =6.67x 10_11 kgz ’ gM = Gr_2! gEarth, at surface =9. 8 I:\)Eanh =6.37x 106
_ 2 1. _ o N ﬂﬂz R
Mcyp = 5.98x107 kg; F,,,,=mg; k=38.99%x10 y Eo= k ; Fong =0E;
_ i TesIaDm M| APE
=-1.602x10™ Coul ; =126%x10° ———; :—0; Bsin®; F =
qe ”’O AmpS BI 2_’_”_ onqv qv alongr Ar

_ m/in| _ EN
APE,,, = kQUAT g APE,,, =-GMmAL [~ mgah.

dn (neutron)

Quiz 14 o—%2
1. [50%] Consider the values of thagss defef*/A versusA :
plot for the various nuclei shown at right.

2.4

(@) Which of these three exothermic nuclear reactions will § =
release the most energy to the environment? Choose dne.
of the answers below, and explain your reasoning. Creg& sk -
is given for your explanation, not necessarily for your | 2
choice below.Credit is assigned for the completeness ; ; - %He
and clarity of your justification using the properties of & B o e
mass-energy equivalence and nuclear processes, and not ' P

necessarily for finding the correct answer below.

Choose and defend one statement only. ~10
y 0 1 2 3 4 5
3 4
(A) p+%H42I4—|e+energy. Mass (nucleon) number A
(B) n+,He-,He+energy.
(C) n+iHe-SH+p+energy.

(b) As shown on the plot above, an isolated neutron hasss(defeptA value of zero.
Explain why this is soCredit is assigned for the completeness and clarity of your
justification using the properties of mass-energy equivalence and nuclear processes.
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2.

[50%] The "Super Kamiokande" detector in Japan uses a massive underground tank of
carbon tetrachloride to absorb and detect the rate of neutrinos emitted from the Sun that pass
through the Earth.

(@) [15%] If a}Cl nucleus in this tank absorbs a neutrino, complete the rest of the nuclear
reaction below.Credit is assigned for the completeness and clarity of your justification
using the properties of mass-energy equivalence and nuclear processes, and not
necessarily for finding the correct answer.

v+3ICl - +

(b) [35%] Find the (minimum) amount of energy (in either J or MeV) that will either be
released or taken in by this reaction, and clearly state whether this reaction will be
exothermic/endothermic. Given below is a table of atonutr{uclear masses) fgfCl
and five possible product nuclei, in unified atomic mass uitsdit is assigned for
the completeness and clarity of your justification using the properties of mass-energy
equivalence and nuclear processes, and not necessarily for finding the correct answer
and exothermic/endothermic choice.

Table of atomic masses:
’Cl = 36.965 902 600 u
%Cl =37.968 010 550 u
¥S=236.971 125 716 u

®Ar =37.962 732161 u
SAr = 36.966 775912 u
SAr =35.967 546 282 u

Useful equations and constants:
A X (element); R=(1.2 fm)AY® =(1.2x10™ m)A*; "Binding energy"= (mass defect)c’;

Z(protons)
"Q- value'= (mass decrement)c®; XE o0 = Nf jroon :)\L; h=6.626x10"% J-s;
photon
R Qg -19 s N [m*
n-p+e +v; APE, =k — . =—1.602x10™" Coul; 8.99%x10° ——;

HMyecron = 910939 x10°* kg =5.4858 x10°* US  1u=1.66054107 kg = 1.4924%10"
Om

proton

OM o, =1.674929 x107 kg =1.008665 u

n . 2n’
=1.672623x107 kg=1.007276 u L] . i ¢
c=3x10°m/s; 1eV =1.60210" J,

1 MeV = 1x10° eV.
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Final Exam formula sheet (comprises Quizzes 11-14, plus additional Block 15 information):

Ud
— Asin(t) = BAcod 3t
)/SHM('I)=ASinEQT[t+qJSHMEr y(x,t) = Asmgn— +2TF -I-ll_jwave[ Dd (B)= i )
E» Acos(Bt) = BAs n([3t
N

L
Tpendulum = ZH\E1 FSDrlng -k [qStretCh) gEarth, at surface =9.8 k_’ mass spring = 271\/7 =
¢ _(300x10° m/s)

v

-l

m
particle(x’t) = ayparticle(xi); Vwave, sound 340 E’ Vwave,light =

nmedium nmedium

jy AL=L,—-L,; AL =dsin®;

@%%H

y(L’t) = Asm LIJ = ASl H%T[i - 2 TEE i source -l'l‘IJreﬂectlon
T A
=
00 "soft” reflection  Ef .. =5(f,+f,).

=f -1,

llJreﬂection - ot hard" reﬂection, f

llJWave

beat

O Br(even)mconstructive
ALIJ LIJ LP DZTt ZHAEB'F AL|"sources. + Al-|Jreﬂect|0ns.

=
a gt odd n destructive -
2 p /
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Epilogue

We shall not cease from exploration
And the end of all our exploring

Will be to arrive where we started
And know the place for the first time.

Through the unknown, remembered gate

When the last of earth left to discover
Is that which was the beginning;

At the source of the longest river

The voice of the hidden waterfall

And the children in the apple-tree

Not known, because not looked for

But heard, half-heard, in the stiliness
Between two waves of the sea.

Quick now, here, now, always—

A condition of complete simplicity
(Costing not less than everything)

And all shall be well and

All manner of thing shall be well

When the tongues of flame are in-folded
Into the crowned knot of fire

And the fire and the rose are one.

—T. S. Eliot
Excerpt from "Four Quartets
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