Surveying students’ conceptual knowledge of electricity and magnetism

David P. Maloney
Physics Department, Indiana Universityurdue University Fort Wayne, Fort Wayne, Indiana 46805

Thomas L. O’'Kuma
Physical Science Department, Lee College

Curtis J. Hieggelke
Natural Science Department, Joliet Junior College

Alan Van Heuvelen
Physics Department, The Ohio State University

(Received 15 May 2000; accepted 26 October 2000

The Conceptual Survey of Electricity and MagnetiSGSEM) was developed to assess students’
knowledge about topics in electricity and magnetism. The survey is a 32-question, multiple-choice
test that can be used as both a pretest and posttest. During four years of testing and refinement, the
survey has been given in one form or another to more than 5000 introductory physics students at 30
different institutions. Typical pretest results are that students in calculus-based courses get 31% of
the questions correct and student’s in algebra/trigonometry-based courses average 25% correct.
Posttest correct results only rise to 47% and 44%, respectively. From analysis of student responses,
a number of student difficulties in electricity and magnetism are indicated200® American
Association of Physics Teachers.
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[. INTRODUCTION Because of inherent difficulties and practical consider-

o he last 20 hvsi d . hh ations described later, we did not expect to be able to de-

ver the last 20 years, physics education research has rga |, 5 conceptual inventory for the entire domain of elec-
vealed that students already have a number of ideas abo city and magnetism. Rather our goal was to develop an
hﬁws.'% 2 _s‘|‘<:lz;I ;y::]e”ézgs;?r\]'gszvzlggg;eggﬁg dsztré:ﬁas.tu Mstrument which could be useful for getting an overview of
Fivg cl;on.ce tions c}lr common senlse sciontiéfer from ac- students’ knowledge(Actually we would question the idea
Puons ¢ .. that there can be anything like a single conceptual inventory

cepted scientific ideas. Other research has shown that it Rr such a broad range of topigs

difficult for students 1o change their initial ideas. Developing a qualitative assessment of students’ ideas in
The development and extensive use of the Force Concepﬁ /eloping a q S . j
electricity and magnetism is a major challenge for a variety

Inventory (FCI) conceptual test concerning some basic kine- reasons. For one thing the physics education research on
matics and Newton’s three laws has raised the consciousne® o tning pny o
udents’ preinstructional ideas about electricity and magne-

of many physics teachers about the effectiveness of tradiz ™ 2.8-14 | trast. when the ECI devel

tional educatiorf:” Many physics instructors have expressed |smd|sthmeage ' bn tco?_ rﬁ‘S » W enk € bwats te(\j/e _t ,
an interest in assessing students’ knowledge of electricityP€d the€re was substantially more known about students
and magnetism. However, developing an instrument to adlternative, or common sense, ideas. Another difference is

sess students’ ideas in electricity and magnetism is a very‘e focus of the instrument. The FCI focuses on the essential
different task than development of the FCI. ideas of Newtonian mechanics. Electricity and magnetism is

a much broader conceptual area and relies on understanding

Il. DEVELOPMENT OF THE CONCEPTUAL in other domains such as force, motion, and energy.

SURVEY OF ELECTRICITY AND MAGNETISM Develppmg an instrument for flrs'_[ semester toplcs_fro_m
(CSEM) mechanics, where many students will have some familiarity

with the phenomena, language, and concepts involved, con-
Our initial goal was to develop a primarily qualitative in- trasts strongly with developing an instrument for electricity
strument to pretest and posttest students in general physié®d magnetism. In the domain of electricity and magnetism,
coursegalgebra and calculus-based physid&/e wanted to  most students lack familiarity with both the phenomena and
be able to assess students’ initial knowledge in electricitynost of the concepts, language, principles, and relations.
and magnetism as well as the effect of various forms ofThis issue of experience with the phenomena versus formal-
instruction on changing that knowledge base to facilitatgsm (the formal, including the mathematical, expression of
comparisons among courses, curricula, and instructiondhe concepts, principles and relatipris important in elec-
methods. We also wanted to provide an instrument thatricity and magnetism because traditional instruction empha-
would touch on important concepts throughout the domain osizes formalism over phenomena. Consequently, decisions
electricity and magnetism. Most instructors feel that theyabout whether to emphasize phenomena or formalism in the
have limited time to devote to assessing students’ knowledgguestions on an assessment for this domain are complex.
so the numbers, and lengths, of assessments need to be miniPreliminary work on the development of the Conceptual
mized. In contrast to instruments like the FCI, or the ForceSurvey of Electricity and MagnetisfiCSEM) began with
and Motion Conceptual EvaluatiofFMCE) or the Test of work on two separate tests, one for electridithe CSE—
Understanding Graphs-Kinemati€BUG-K), the CSEM is a  Conceptual Survey of Electricityand one for magnetism
broad survey instrument. (the CSM—the Conceptual Survey for MagnetjsiA con-
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I Charge distribution on conductorsfinsulators 1,2,13 guage and physics situations, such as adding field vectors. In
a similar way a test can ask questions that require little for-

il. Coulomb's f [ . . .
oulomo's force faw 545 mal physics knowledgémost of the questions in the FCI are
Il Electric force and field superposition 6,89 this type: or ones that demand Specmc p_hySICS .kHOWIedge'
An example of the latter would be a question asking how the
IV.  Force caused by an electric field 10,11, 12, 15,19, 20 kinetic energy of a particle placed in a uniform electric field
. . will change after the particle is released. Finally, tests can
V. Work, electric potential, field and force 11,16,17, 18,18, 20 vary in whether the questions concentrate on phenomena,
VL induced charge and slsctic field 1314 e.g., which way will a compass needle point when placed
near a current-carrying wire, or on the formalism, e.g., given
VIl Magnetic force 21,22, 25,27, 31 equipotential lines, how will field strengths compare. Instruc-
tors should be aware of the characteristics of any instrument
VIl Magnetic field caused by a current 23,24,26.28 they use and make sure those characteristics match the goals
IX.  Magnetic field superposition 23,28 of their assessment plan'
X Feraday'siaw 29.30.31, 32 IV. ANALYSIS OF THE CSEM
Xl Newton's third law 45724 There have been several eéarlier publsi)cations about devel-
Fig. 1. Conceptual areas and question numbers that address each concepl‘aglmg_conceptual_'n_Strumerﬁ& B_e|Chne} did a V_ery thor-
area for the CSEM. ough job of describing the techniques for analyzing a test, so

we will include only brief descriptors of the techniques we
employed. Aubrecht and Aubreéfthave presented guide-

scious decision was made to exclude the topic of dc circuitéines for developing quality multiple-choice items, so we will
from the electricity test because of concern over its lengthnot discuss that issue. _ y
and there were already some instruments under developmentVersion G of the CSEM was subjected to the traditional
for dc circuits'>!® A group of experienced college physics analysis of both individual items and the overall tdstle
professors at a two-year college physics workshop develope@Port here on version G rather than the most recent version
lists of major concepts and an initial set of questions for eactiversion H because it differs from the current version only
test. These preliminary tesfsalled the Electric Concepts Slightly, and because it is the version for which we have the
Inventory (ECI) and Magnetism Concepts InventofyiCl) ~ Most complete data that has been analyz&tie analysis
initially "Jwere used in a number of classrooms during thevhich follows was carried out on posttest results. The pres-
1995-96 academic year. ence of common sense ideas as alternate answer options for
Analysis of the results on the preliminary versions andMany items as well as the students’ lack of familiarity with a
data from administering open-ended versions of the mor@umber of the formal terms and ideas resulted in very low
promising questions led to the beta versions which were addretest scores. Since these overall pretest scores were rela-
ministered during the 1996—97 academic year. The operfively close to random guessing, despite the presence of defi-
ended response data also led to changes in the distractdf§e response patterns on a number of individual questions,
(incorrect answer choicg$or a number of questions in the USINg standard test analysis tools on the pretests was not
second version. After subsequent analysis and review it wadPpPropriate.
decided to construct one tedhe CSEM form D to surve . )
electricity and magnetism that was a subset of the two iepzf—" Quality of test items
rate tests. This testCSEM) went through three stages of  There are two standard measures of the quality of items on
revision(resulting in version Gbased on analysis of student a test: difficulty and discrimination. Difficulty is exactly
data, students’ explanations for their responses, and feedbagkat the name implies, how difficult the item is. It is usually
from physics instructors who evaluated and/or administere¢heasured by finding the percentage of subjects who get the
the CSEM. The topics and corresponding question numberigem correct. The average difficulty ratingsnging from 0.0

included on this test are shown in Fig. 1. if no one answers correctly to 1.0 if everyone answers cor-
rectly) for the items on version G of the CSEM are displayed
[1l. COMPARING CONCEPTUAL ASSESSMENTS in Fig. 2.

A difficulty value of 0.5 is usually taken as the ideal, but

We believe it is very important to understand the differ-any real test will have items that range in difficulty. As seen
ences between the CSEM and other conceptual assessmeims-ig. 2, the items on the CSEM range in difficulty from
that have been developed recently. One of the primary reaabout 0.10 to a little over 0.8, which is a reasonable range.
sons for being aware of the character of each assessmenth®wever, there are only about seven items with difficulties
because interpreting the results of the test depends on what 0.6 or larger, and this is probably fewer than would be
type of conceptual test it is. Conceptual instruments can varideal.
in a number of ways. For example, a test could focus on a Discrimination is a measure of how well an item differen-
small number of concepts, e.g., Newton’s laws of motion intiates between competent and less competent students. For
the FCI, or it could attempt to survey a much larger concepexample, do students scoring in the top 25% of the test as a
tual domain, e.g., electricity and magnetism in the CSEMwhole (a measure of competent studerdtso score higher
Tests can have questions which use natural, i.e., everydathan less competent students on a particular item? It is typi-
language and situations and have answer choices whidtally calculated by subtracting the number of students in the
closely model students’ natur&ommon sengebeliefs. In  bottom 27% of the overall score range who got the item
contrast, tests can have questions which use technical lagerrect (N,) from the number of students in the top 27% of
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90 Table I. Validity (reasonableness and appropriatenesgjuestions on the
80 CSEM, version G.
7048 d py Reasonable  Appropriate-Algebra  Appropriate-Calculus
5 e0fl——
g Question Mean SD Mean SD Mean SD
2 50 —H— 5
- | M | | 1 462 0.67 4.63 0.60 471 0.52
5 2 459 0.68 4.57 0.61 4.74 0.51
FOE I i il 3 467 0.70 4.76 0.43 4.76 0.50
g | | i 4 472 0.56 4.76 0.43 4.76 0.50
8 1 5 474 050 4.67 0.54 4.73 0.52
101 I I 101 6 471 057 4.60 0.77 4.74 0.51
oM BEILIERIRIG i 11 6888 i 7 472 0.72 4.77 0.43 4.85 0.36
1 3 5 7 9 1 13151719 21 23 25 27 29 3 8 451 0.72 4.26 0.95 4.74 0.51
) 9 4.44 0.75 4.20 0.83 4.74 0.57
CSEM Question 10 469 061 462 0.65 4.88 0.33
11 466 0.71 4.47 0.83 4.73 0.57
12 469 061 4.74 0.45 4.76 0.44
it 13 467 0.62 4.43 0.92 4.76 0.50
14 436 0.99 4.03 1.24 4.50 0.88
Fig. 2. Difficulty of CSEM, Version G, by question. Overall results for two 15 454 0.72 451 0.70 4.71 0.46
year and four year algebra and calculus classes. 16 438 0.92 4.29 0.91 4.39 0.86
17 471 061 4.62 0.82 4.82 0.39
18 461 077 4.36 0.93 4.73 0.45
the score range who got the item correlli,§ and dividing ;8 j‘f’lg 8'23 jgg %g j'gé 8'2?
by half the sum of these two group&N, +N)/2]. That is, 21 461 0.80 4.64 0.74 4.69 0.66
22 4.49 0.95 4.64 0.63 4.74 0.59
| discriminati Ny—N¢ 23 449 095 479 0.47 4.79 0.52
tem discrimination= g~ N 37 24 466 069 451 0.85 4.59 0.85
Lt 25 463 086 474 0.55 4.82 0.51
Discrimination values range from1.0 to 1.0. 26 4.68 0.79 4.85 0.37 4.82 0.45
For the items on the CSEM, students in regular calculus- 2; 2-23 8-22 i-gi g-gé j-?g g-gg
based physics classes had discrimination values ranging from 59 432 106 436 0.90 454 0.79
approximately 0.1 to 0.55. While these values are not as high 30 451 087 441 0.82 451 0.68
as one would hope, all but four of the items had values 31 435 100 430 1.02 457 0.73
greater than 0.2, which is the traditional lower limit for ac- 32 ~ 440 113 4.16 1.20 4.66 0.78

ceptability.
The difficulty of an item has a strong effect on the dis-
crimination of the item. A discrimination value of 1.0 can

only be obtained by an item with a difficulty of 0.5. As the ygjiaple test. The standard way to calculate the reliability of a
difficulty moves away from 0.5, in either direction, the maxi- test is to use what is called KR 28.This formula gives a
mum discrimination decreases. Since only 11 of the 32 itemgepresentation of the average correlation between the test
on the test had difficulty averages in the 0.4 to 0.6 rangesypdivided into two halves in all possible ways. In other
some of the explanation for the relatively small discrimina-yords the actual test is broken down into two tests, each
tion values may be attributed to the average difficulty of theconsisting of half of the items, and the correlation is calcu-

items. lated between performance on those two subtests. The actual
calculation is given by
B. Overall measures of the test n Spq
There are two standard overall measures of the quality ofa =7 |+~ )

test: validity and reliability. Validity is an estimate of how . . . . .
well the test measures what it contends to measure. There afdieren is the number of items in the tegtjs the proportion
several different ways to estimate the validity of a test. Inof people who answered an item correctyis the propor-
evaluating the CSEM we asked 42 two-year college physicgon of people who answered the item incorrectly, 8jds
professors attending two workshops in two regions of thehe variance of the whole test. This calculation underesti-
country to rate each item on a five-point scélebeing low  mates the reliability of the test.
and 5 being highfor both reasonableness and appropriate- Reliability values for tests run between 0 and 1.0. Reli-
ness. When evaluating the appropriateness of each item, vabilities in the range 0.9 to 1.0 are rare. Values in the range
ask for a separate response for algebra/trigonometry-bas€d8 to 0.9 are very high and indicate a test that can be used
courses and calculus-based courses. The average overall rigr both individual and group evaluation. Values in the range
ings, as well as the ranges and standard deviations, are givén7 to 0.8 are common for well-made cognitive tests. Values
in Table I. All of the items on the CSEM were rated as bothin the range 0.6 to 0.7 are considered weak for cognitive
highly reasonable and appropriate for both courses. tests, but are acceptable for personality tests. A range of 0.5
The reliability of a test is a measure of how consistentlyto 0.6 is common fowell-madeclassroom tests. The KR 20
the test will reproduce the same score under the same copesttest estimates for the CSEM are around 0.75, which is a
ditions. On a reliable test, two students who are matched irery reasonable value.
knowledge and skill will get the same score. In other words We ran other evaluations of the CSEM, including a factor
equivalent students, either two different students or the samanalysis.(What we actually calculated was a principal com-
student at two different times, will get the same score on gonents analysis, which is a form of factor analyssfactor

S14 Phys. Educ. Res., Am. J. Phys. Suppl., Vol. 69, No. 7, July 2001 Malehey. S14



Table II. Overall results on CSEM.

Course Pretest  (Standard deviation n Posttest  (Standard deviation n
Algebra 25% (8%) 273 44% (13%) 262
Calculus 31% (10%) 1213 47% (16%) 1030
Honors-Calc 41% (21%) 99 69% (14%) 145
Majors/Grad 70% (17%) 24

Overall results on CSE
Algebra 23% (12%) 220 42% (15%) 273
Calculus 35% (14%) 439 47% (16%) 736
Overall results on CSM
Algebra 15% (9%) 253 39% (15%) 289
Calculus 21% (12%) 389 47% (18%) 372

analysis calculates the correlation among all of the items oln a test composed of questions that experienced physics
the test and then looks for significantly correlated groups oteachers agree are reasonable and appropriate is definitely
items. One then looks for some quantity or aspect of thalisappointing. Also included in Table Il are the results on the
entities being measured that could explain the correlatiol©SE and CSM surveys for the same types of students. The
among the items in the group. For a test to have identifiablg@retest and posttest results are less than the CSEM results for
factors there usually needs to be multiple questions on ththe algebra/trigonometry-based students. The pretest results
same concept or principle which could then correlate withare higher for the CSE and lower for the CSM surveys for
each other. On the CSEM, no strong factors were identifiecthe calculus-based students, but are essentially the same on
There were 11 factors identified with eigenvalues greatethe posttests.
than one(one basis for deciding on legitimate factgrbut Three other sets of data were also collected. Both pretest
that number is clearly too large to be a useful reduction fromand posttest data from two high school classes: {03)
32, and the largest of these factors accounted for only 16% afere collected. These high school students scored 23% on
the variance. This latter figure is very small for a first factor,the pretest and 49% for the posttest and these results are very
so these 11 factors, while mathematically identifiable, are nogimilar to the values for the college classes. Additionally,
meaningful. The factor structure of the test could be im-posttest data from two honors calculus-based engineering
proved but that would require adding additional questionsphysics courses at a large research university were collected.
increasing the length of the test and the time to use it. This course employed an interactive engagement approach.
Overall the results of this analysis of this survey instru-This honors data is shown at the bottom of the CSEM data in
ment indicate that the CSEM is a valid, reliable instrument.Table II. Clearly the honor classes performed better, as one
The test is a combination of questions probing students’ alwould expect. A posttest average of approximately 70% is
ternative conceptions and questions that are more realistieasonable since a mixed group of physics majors and gradu-
cally described as measuring students’ knowledge of aspectge students also had an average of 70% as shown in Table
of the formalism. With the information currently available |I. These results, especially when coupled with the result
about students’ natural ideas in these domains, any survey @fom slightly earlier versions—forms E and[& 77% aver-

the domain as a whole is likely to have this character. age (1=95)] for several groups of two-year college physics
professors who attended several of the Two-Year College

V. STUDENT RESULTS Workshop project sessions indicate that the test is a viable
measure of learning in this domaiThis faculty average is

A. Overall results comparable to the 79% and 80% scores on the CSE and

CSM surveys for two-year college physics professars,
The overall results on the CSEM for two groups of stu—_188 andn =118, respectively.

dents, those enrolled in algebra/trigonometry-based courses . .

and those enrolled in calculus-based courses, can be found j W(e;scé& sbeel thi. compir_lsog of the %uestlon_ resglonses }‘or
Table II. Table Il has overall result®ot broken up by type ¢ CSEM Dby looking at Fig. 2 again. One noticeable result
of institution) since there were no significant differences be-"oM Fig. 2 is the disparity between the results on electricity

tween results for courses taught at two-year colleges, fourguestlons(queonns 1-20and magnetism questioriques-

year colleges, or universities. All results are for unmatchedtl';ns 21-32 On the pretest, the calculus students performed

data sets since the overall student responses for matched st 2 Poorer (algebra-based students 14% popren the

dent data were essentially the same as student responses E&:Flgnetlsm questions compared to the electricity guestions.

unmatched data ven on the posttest, students scored 12%culus-based

As might be expected, the overall pretest scores are ver§nd 6%(@lgebra-basgdower on the magnetism questions
weak, being barely above random choice for the algebra st /ersus the electricity questions. This disparity of results is

dents.(Although the students are not responding randomly tocomparable, although slightly higher, than student results on

the individual questions as will be shown belpWhese re- the pretest and posttest on the CSE and CSM surveys as well
sults are probably to be expected because of the student%See Table Il

lack of familiarity with the phenomena and the formalism, as
well as lingering difficulties with important concepts and
ideas from first semesté?.What is not expected is the poor ~ Specific question results for the CSEform G) are indi-
performance on the posttest. A class average of around 50%ated in Table Ill.(Starred questions in the table indicate

B. Detailed results

S15 Phys. Educ. Res., Am. J. Phys. Suppl., Vol. 69, No. 7, July 2001 Malehey. S15



items which have been revised in form)H.he column la- Question 5 shows an additional small reduction in correct
beled n represents the number of students who have anresponses and indicates confusion on both the effect of the
swered this question on one of the CSE, CSM, or CSEMmagnitude of the charges and the distance of separation. In
surveys. We have combined results from the different surgeneral, students do not seem to be able to apply Coulomb’s
veys because there were no significant differences in rdaw as well as one would expect after instruction.

sponse patterns wherever the items were presented. The

numbers vary because certain questions have appeared on @llgq,ce and field superposition

seven versions of the instruments while others have been N )

more recent. The answer columns display the percentages of Students seem to perform superposition fairly well for

students who answered the question with that letter responsgiraightforward applications. Question 6 has a good success
rate for both groups of students on the posttest and is the best

gainer from pretest to posttest of the electricity questions for
the algebra-based students. Questions 8 and 9 are a more
Students seem to have some confusion about how chargesbtle application of superposition coupled with force and
are distributed on conductors and insulators. On the prete§ield ideas. Students perform about 10% less well on the
there is a clear difference in how the students respond tposttest for these questions than on question 6. A noticeable
questions 1 and 2. For question 1 about conductors the maercentage of students seem to be confused about how a new
jority of the students distribute the charges over the sphereharge affects the direction of the force or field, answer D.
(choices B and € In contrast, the answer distribution on  Question 23 is designed to be a straightforward applica-
guestion 2 is essentially random, which is what we wouldtion for the magnetic field around a long, straight wire and
expect if the students did not have any strong initial ideas. superposition. Although students may not know this idea on
Student response to question 1 about charge distributiothe pretest, we would assume they would know it on the
on conductors shows a definite improvement from pre- tgosttest. Choice B is a fairly strong distracter and may indi-
posttest(gains of 24% and a good success rate on the postcate that students confuse the magnetic field effects with
test(63% and 75% However, at post instruction a substan- electric field effectgif the wires were positive and negatjve
tial number of students still responded that the charge wa€ombined with answer C, which could also fall under this
distributed over both the inner and outer surfaces of theénterpretation, about 20% of the calculus-based students and
metal spheré14% to 23%. For charge distribution on insu- 28% of the algebra-based students seem to have this idea on
lators, see question 2, the gains were l@dsout 15% and  the posttest. Answer E was a distracter on the pretest, but not
the posttest results were a little more than 20% less thaon the posttest. Answer D could be interpreted as the oppo-
guestion 1. It appears that a substantial number of studensite of the correct answer, A. It, however, does not receive
seem not to be able to distinguish between condudemms  much support. This question was one of the best gainers.
swers B and Cand insulators or fully understand what hap- Question 26 provides some insight into the “depth” of
pens to the charge at glinswer B The data suggests that student understanding of the magnetic field created by a cur-
many of the students may simply be recalling a statementent carrying wire and superposition of these fields. This
about charge distribution without understanding the physicastraightforward question does have a high success as a post-
mechanism. test item, 67% for calculus-based students and 49% for
Based on results to date, students’ knowledge of thalgebra-based studen(s is the best performer for magne-
shielding effect of conductors seems rather weak. The cortism questions This question shows a clear nonrandom re-
trast between about 50% correct on question 13 and abogponse pattern on the pretest. Answer B is an attractive dis-
16% correct on question 14 may seem strange. Howevetracter for pretest students. This answer probably still
part of the explanation is that about half of the students chosidicates electric field thinking by students with the current
the correct response on question 13 for the wrong reason. lecoming out of the page equated to a negative charge consis-
version G the sphere in question 13 was initially unchargedtent with answer B of question 280n the posttest this dis-
(This has been changed on version) Hrom open-ended tracter becomes insignificaptAnswer D remains a fairly
responses, it appeared that these students believe the figldod distracter for both pretest and to a lesser extent for the
within is zero because the sphere was initially unchargedposttest(except for algebra-based studenihis could indi-
This also helps explain why E is a strong pretest choice. Focate that students think the current coming out of the page is
question 14 there is a clear pattern in the pretest choices arapositive chargéelectrical analog This question is the best
more than 50% of the students still choose answer A fogainer of all the CSEM questions, hopefully indicating that
guestion 14 on the posttest, which seems to indicate a misus¢udents can be helped to abandon the electric charge anal-
of Newton’s third law. ogy when determining magnetic fields for electric currents.
Question 28 is another superposition question. Students
show a fairly strong understanding of superposition by
choosing answer C. Answer A would be a reasonable alter-
Question 3, which is a straightforward application of Cou-native if their only problem was getting the direction wrong,
lomb’s law, is the easiest item overall, having the best pretesjut it is an insignificant distracter. Answer E, a strong dis-
and posttest correct answer percentages. However, when Wecter, may be another electrical analog with two like

turn to question 4, which looks at the force on the othercharges and the point in between them having no net field.
charge, we find many fewer correct respon&asout 33%

less. The favored alternative choice C indicates that many . . ,
students do not apply Newton’s third law or symmetry of4' Force, field, work, and electric potential

Coulomb’s law to electric point charge situations. Students Influence of residual conceptual problems from first se-
still seem to believe larger “objectslin charge magnitude mester could help explain the weak performance on question
for this case exert larger forces than smaller “objects.” 10. Post instruction, one would expect students should have

1. Conductors and insulators

2. Coulomb’s law
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Table Ill. Student responses for CSEM questiohs-algebra-based students=Calculus-based studehts

n A (%) B (%) C (%) D (%) E (%)

Correct
Question A C A C A C A C A C A C answer
1 Pretest 380 1456 5 4 39 51 30 30 14 10 7 3 B
Posttest 425 1332 4 2 63 75 23 14 7 5 3 2
> Pretest 380 1456 27 39 16 17 11 8 14 11 26 24 A
Posttest 425 1332 42 53 21 15 5 6 11 14 19 11
3 Pretest 302 1314 4 4 60 74 16 9 9 6 1 2 B
Posttest 354 1151 5 4 76 84 9 6 8 4 0 0
4 Pretest 302 1314 7 3 38 44 27 30 16 18 1 2 B
Posttest 354 1151 5 2 40 56 32 29 21 12 2 1
5 Pretest 302 1314 8 14 17 13 21 39 34 20 7 10 c
Posttest 354 1151 14 16 20 11 32 52 22 14 11 4
6 Pretest 176 870 8 10 16 11 24 13 18 5 34 61 E
Posttest 168 435 7 7 13 9 10 7 4 4 67 73
7 Pretest 380 1456 25 17 14 25 39 48 8 6 5 2 B
Posttest 425 1332 19 11 31 44 42 38 5 3 2 3
8 Pretest 425 1645 6 3 32 51 18 12 22 24 9 7 B
Posttest 465 1778 5 4 53 64 10 11 21 14 8 5
9 Pretest 425 1645 7 7 36 48 19 16 17 18 6 6 B
Posttest 465 1778 10 6 52 62 12 11 16 13 5 4
10 Pretest 425 1645 10 6 17 18 16 24 9 12 36 36 c
Posttest 465 1778 6 7 20 24 35 46 12 10 25 12
11 Pretest 425 1645 34 32 17 22 11 13 11 11 13 18 £
Posttest 465 1778 30 19 14 13 13 15 9 10 33 41
12 Pretest 425 1645 15 15 10 12 7 7 52 60 3 4 D
Posttest 465 1778 9 8 8 13 13 7 67 68 2 1
13+ Pretest 176 870 15 16 31 39 2 4 2 2 47 36 E
Posttest 168 435 27 23 20 19 1 3 0 2 51 53
14 Pretest 380 1456 49 54 10 8 7 5 5 8 12 19 D
Posttest 425 1332 54 50 9 13 4 6 16 16 13 14
15 Pretest 302 1314 13 17 25 19 35 52 5 4 9 5 A
Posttest 354 1151 24 37 24 22 34 34 9 3 8 3
16 Pretest 386 1645 10 13 19 20 12 17 20 20 19 25 E
Posttest 432 1778 13 15 22 23 13 14 17 12 32 28
17 Pretest 380 1456 4 5 18 17 31 35 5 8 25 28 £
Posttest 425 1332 2 2 16 14 23 23 6 6 51 55
18 Pretest 380 1456 4 2 7 8 21 22 29 41 22 21 D
Posttest 425 1332 2 1 4 4 17 13 a7 49 28 32
19 Pretest 380 1456 13 22 18 24 23 23 12 12 13 12 A
Posttest 425 1332 34 49 25 24 14 12 11 6 10 8
20 Pretest 380 1456 23 22 18 24 22 28 9 13 6 4 D
Posttest 425 132 18 14 20 25 32 34 17 21 8 4
21 Pretest 419 1564 17 19 19 31 13 12 6 8 31 26 E
Posttest 444 1287 15 18 8 28 21 17 8 8 44 28
29 Pretest 419 1564 34 35 10 17 12 12 7 16 26 16 D
Posttest 444 1287 22 14 11 14 28 30 32 39 4 2
23 Pretest 411 1405 11 20 32 30 21 20 8 8 15 17 A
Posttest 444 1263 45 63 15 10 13 10 9 8 11 7
2 Pretest 419 1564 3 4 45 48 8 7 20 29 14 8 c
Posttest 444 1287 2 1 45 45 25 22 19 23 8 7
o5 Pretest 411 1405 14 14 28 22 31 42 8 12 7 5 D
Posttest 444 1263 11 8 12 11 20 25 48 47 5 8
26 Pretest 411 1405 8 22 41 30 8 11 24 26 3 6 A
Posttest 444 1263 49 67 11 8 6 8 21 12 6 4
o7+ Pretest 322 1298 9 15 14 14 9 8 21 28 32 31 E
Posttest 358 1113 19 30 5 8 8 8 23 20 40 34
28 Pretest 419 1564 7 8 22 20 12 28 7 5 38 35 c
Posttest 444 1426 8 6 12 6 40 54 3 2 35 30
29 Pretest 322 1298 25 29 14 18 9 16 22 23 9 7 c
Posttest 358 1113 26 21 23 29 23 22 19 22 6 5
30 Pretest 322 1298 25 28 9 13 23 28 15 15 8 11 A
Posttest 358 1113 48 49 7 9 15 14 14 14 9 10
31 Pretest 166 1219 15 12 25 25 43 37 12 16 4 6 E
Posttest 159 1036 18 18 15 20 25 29 17 16 26 14
3o+ Pretest 166 1219 23 16 43 26 12 19 14 29 5 3 D
Posttest 159 1036 23 23 40 21 16 12 18 37 1 4

little problem thinking through the steps from a uniform field that these students may still be associating a constant veloc-
to a uniform force to a uniform acceleration. Evidence thatity with a constant force. The open-ended response forms
the first step in this reasoning is straightforward is shown byindicated a surprising rationale for choice E on question 10;
the strong success rate on question 12. However, the fact thaadications are that these students are working with an idea
about 25% of the students choose B on question 10 indicatesbout an “equilibrium” situation in a uniform field. This
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inference is strengthened by the fact that about 25% of the Question 30 approaches the induced current/voltage issue
students choose A on question 11. from a different direction. Cases | and Il are corréswer
Students do not seem to be able to deduce the direction &) but are contained in part in answers A-D. Answers A, B,
the electric field from a change in potential. Students seem tand D include case | and answers A, C, and D contain case
confuse whether an increase or a decrease in potential detét- Case Il is included in answers B, C, and D. It appears
mines direction. On question 20, almost 40% choose an inthat students understand that the current-carrying wire is
crease, answers A and B, but only 25% on question 19, argenerating a magnetic fiel@xcept possibly those answering
swer B. A little more than 50% choose a decrease, answers E). Students are unsure of what loop motion induces a cur-
and D, on question 20, but less than 50% on question 19ent. Case Il seems to give them trouble determining
answer A. Around 20% of the students choose an answer owhether it has an induced current or not. This question is a
guestion 19(C and D that indicates both directions. The good gainer.
field strength seems also to be confusing for many students. Question 31 is the least correct question by calculus-based
Answers A and C on question 20 seem to indicate that stustudents on the posttest and pretest. It is the most often
dents are associating large distances between equipotentiaissed question by algebra-based students on the pretest, but
lines with stronger field. This distance separation seems teurprisingly not on the posttest. Answers D and E could in-
have affected student responses on question 17 as well. Igicate students think there is an induced “emf” that causes
noring the change in potential, students choose C more thatharges to move to the tofor bottorm) of the metal bar.
20% of the time(for greater distangeand answer B about Unfortunately, these answers account for only 30% of the
16% of the time(for shorter distange calculus-based students and 43% of the algebra-based stu-
dents on the posttest. Answers B and C are strong distracters,
possibly indicating those students again think of the electri-
5. Magnetic force cal effects instead of the magnetic effects. This interpretation
) ) would account for 49% of the calculus-based students and
The poor performance on question 21 will come as N0 of the algebra-based students on the posttest. Answer A
surprise to any experienced physics instructor. We know thagiso remains a strong distracter and may indicate that stu-
students expect a magnetic force whenever an electric Char%nts think there is no effect or that there are no charges
is placed in a magnetic field. Getting students to first checlgyailable to move.
to make sure the charge has a velocity with at least a com- Question 32 investigates an induced voltage experiment.
ponent perpendicular to the field direction is very difficult. Answer A, a strong distracter, is the same as the ammeter
The first three choices in this question all received about theeading versus time graph, indicating the student may believe
same interestabout 16% of the responge€hoice D, which  that the induced voltage is the sangraphically as the
is the correct answer if the charge actually were to experioriginal current. Answer B, a strong distracter and the domi-
ence a magnetic force, is the only answer not often chosemant answer for algebra-based students, is like “flipping
There are a variety of ways that students seem to be integver” the current graph. Students may be thinking the
preting the effect of a magnetic field on a moving chargednegative” idea(like question 29 Answer C, a distracter, is
particle. On question 22, aboétof the students choose an- more like the “opposite” S|opes_if current is Changing'
swer C and abouj choose answer D. These answers seem tQoltage is not and vice verséanswer choices C and E for
indicate direction confusion. However, there is a strong in+his question have been revised in version H.
dication(about 30% of the answerthat students confuse the
eIectr!c force and magnetic fqrce—see answers A and B. 0_9_ Newton’s third law
guestion 25, a strong alternative answer is C and could indi-
cate a fluid flow interpretation of the effect of the magnetic The failure to believe that Newton’s third law extends to
field on the moving charged particle. electric and magnetic situations is shown by the responses on
questions 7 and 24. On question 7 only about 40%, overall,
choose the response consistent with Newton’s third law. A
6. Faraday’s law similar number of students respond that the larger magnitude
charge exerts the larger force. A lesser distracter was the
Questions 29 through 32 deal with Faraday's law andsmaller magnitude charge exerts the larger force, answer A.
magnetic induction. Answers A, B, and C of question 29When we turn to magnetic interactions we find the same
imply that the students know that a moving magnetic fieldNewton’s third law difficulty. On question 24, 22% of the
(due to the moving magneor a moving bulb in a stationary calculus students and 25% of the algebra students applied
magnetic field will create an induced curreiighting the ~ Newton’s third law correctly to the situation. If we include
bulb). Answer B, a powerful distracter, could indicate thatthe students who said the magnitudes were equal but had the
students think this is the “only” way to get the bulb to light. wrong direction for the interaction, the correct responses in-
Answer A, a powerful distracter as well, indicates that stu-crease to 45% and 44%. This still leaves the majority of
dents believe a rotation is the “movement” necessary tostudents not using the third law. About 45% of both the
induce a currentas well as moving of the magnetic field calculus-based and algebra-based stud@mtsboth the pre-
sourcg. Answer D, another powerful distracter as well, is test and posttesthought the larger current wire exerted a
puzzling since it implies a moving bulb will create an in- larger force on the other wire, answer B.
duced current but not case I. Overall, 72% of the calculus-
and algebra-based students chose answers that used the i§gap;scussioN
that “motion” from either the loop or the magnet is neces-
sary to create an induced current. Students may not see theOur goals when we started this project were to develop a
collapsing loop as changing the magnetic flux or the rotatingjualitative test that could be used both as a pretest and a
loops as not changing the magnetic flux. posttest in introductory college physics courses and to get
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some idea of the prevalence of students’ ideas before and 80

after instruction. We believe we have accomplished both

goals. 7o o« —
The recurrent patterns found in the pretest responses for e | ©® *

both groups of students indicate that students are not re- / .

sponding randomly to the questions. Whether the ideas the 60

students are expressing are common-sense conceptions in th

same sense as the “motion implies force” conception will

require much more research. What is clear is that the stu- 50

dents are getting ideas from somewhere, perhaps terms anc®

phrases they have heard without really understanding them, & * e

and that they are trying to use those ideas. It is also clear thato 40 }/

there are some questions for which students retain their ini-
tial ideas in the face of instruction, and that there are some
guestions on which the students switch their responses, but %0 P
often from one incorrect response to another, rather than
from incorrect to correct. 20
One very strong result from this research is that the postin-
struction performance of students on this instrument is much
poorer than any instructor would hope. The fact that perfor- 10
mance by honors students, graduate/upper level students, an
two-year college faculty shows a steady progression indi-
cates that the instrument does measure some aspect of learr 0
ing in this domain. Against this background the weak overall
performance of the students in introductory physics is defi- Pretest
nitely disappointing.
Examination of the CSEM in the Appendix will show that
it has a combination of questions about the basic phenomena
in this domain and about the formalism. In mechanics ther
is a much tighter linkage between phenomena and formaﬁ/ll' SUMMARY
ism. In addition, students usuaIIy have much more familiar- The CSEM is a broad survey of students’ know|edge bases
ity with the phenomena in mechanics than they do with phein electricity and magnetism. It is a combination of a test of
nomena in electricity and magnetism. Examination of mostlternative conceptions and knowledge because we are not in
general physics textbooks shows that the main focus of the position at this time to develop a test of alternative concep-
presentation is the formalism. One might wonder how welltions alone. We do not have sufficient documented informa-
students can learn a formalism which is designed to explaition about the nature of students’ alternative, or common
phenomena with which they have little familiarity and under-sense, ideas about topics in electricity and magnetism. Hav-
standing. ing said that, the CSEM can provide an estimate of student
Another issue that figures strongly in the CSEM is lan-learning for some of the more important ideas in electricity
guage. Language is a factor in several ways. First, there @nd magnetism. We hope the CSEM can begin to provide
the matter of naturali.e., everydaylanguage versus formal Some guidance for research directions into students’ common
(i.e., physics language. Many of the questions in the CSEM S€Nse conceptions in this domain. It has a combination of
use physics terms because it would be difficult, if not impos-queSt!Ons that probe s_tudents conceptual changes as well as
sible, to ask about the concept or issue without those termguestions that determine how well students develop under-
Consequently, it is difficult to know how students actually standing of the important terms and relations. It also has a

interpret the questions on the pretest. Second, even Whecrg)mbmatlon of questions about the phenomena of electricity

: . nd magnetism and questions about the physical formalism
natural language is being employed the students may n plaining the phenomena
interpret the terms in the same way weZdhird, different :

) . S In this article we have provided some base-line perfor-
instructors often introduce and use the same terms in slightly, o data that we hope will inspire others to develop new

different ways that may influence how their studgnts inte;r-and improved ways to teach electricity and magnetism.
pret a question. All of these aspects mean that interpreting

the results on the CSEM should be done with great caution,
Figure 3 indicates the pretest and posttest results on tHeCKNOWLEDGMENTS
CSEM for classes that have taken both the pretest and the Thjs work was supported in part by the Division of Un-

posttest. The bottom line in Fig. 3 indicates a "fractional gergraduate Education of the National Science Foundation
gain” “* of 15% from pretest to posttest on the CSEM. Thethrough a series of grants to the Two-Year College Physics
middle line and top line indicate “fractional gains” of 40% \Workshop Project.

and 60%, respectively. The figure indicates a “clustering” of \We thank Myra West, Marie Plumb, Marvin Nelson,
classes in the range between fractional gains of 0.15 anDwain Desbien, and Mark Bunge for their help in develop-
0.40. This performance implies that additional research oing the first draft of the instruments fcE & M. Several
instructional strategies needs to be done before the impact ofuestions in those instruments were modeled on questions
particular techniques on student performance will be knowninitially written by Dennis Albers and we thank him for al-

0 10 20 30 40 50 60

Fig. 3. Posttest versus pretest for CSEM, Version G. Results by class.
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lowing us to use his materials. We thank the many professors’-
who administered the CSEM and provided us with data and
excellent comments. We also want to thank the many par-
ticipants of the TYC Physics Workshop Project who pro-
vided expert comments at various stages of development of
the surveys. We thank Robert Beichner and the other mem-
bers of the North Carolina State University physics educa-
tion research group for extensive feedback on a preliminary
draft of this article. Finally we thank Bruce Sherwood and
Ruth Chabay for allowing us to incorporate into the CSEM
guestions 3, 4, 5, 31, and 32, which they developed.

Appendix

Conceptual Survey in Electricity and Magnetism (CSEM)
(Form H) 8.

(Answer key is the same as Form G)

In any question referring to current, conventional current will be used (where
conventional current is the flow of positive charges). In addition, all effects due to the
earth’s magnetic field will be so small that they will be ignored. Note that the term
“particle” is meant to be an object without size or structure.

1. A hollow metal sphere is electrically neutral (no excess charge). A small amount
of negative charge is suddenly placed at one point P on this metal sphere. If we
check on this excess negative charge a few seconds later we will find one of the
following possibilities:

(a) All of the excess charge remains right around P.

(b) The excess charge has distributed itself evenly over the outside surface of
the sphere.

(c) The excess charge is evenly distributed over the inside and outside surface.

(d) Most of the charge is still at paint P, but some will have spread over the
sphere.

(e) There will be no excess charge left.

2. A hollow sphere made out of electrically insulating material is electrically neutral
(no excess charge). A small amount of negative charge is suddenly placed at
one point P on the outside of this sphere. If we check on this excess negative
charge a few seconds later we will find one of the following possibilities:

(a) All of the excess charge remains right around P.

(b) The excess charge has distributed itself evenly over the outside surface of
the sphere.

(c) The excess charge is evenly distributed over the inside and outside surface.

(d) Most of the charge is still at point P, but some will have spread over the
sphere.

(e) There will be no excess charge left.

For questions 3 -5:
Two small objects each with a net charge of +Q exert a force of magnitude F on each

other.
F F
— (9 () —

We replace one of the objects with another whose net charge is +4Q:

The picture below shows a particle (labeled B) which has a net electric charge of
+1 unit. Several centimeters to the left is another particle (labeled A) which has a
net charge of -2 units. Choose the pair of force vectors (the arrows) that correctly
compare the electric force on A (caused by B) with the electric force on B
(caused by A).

-2 units +1 unit
. .
A B
force on A | force on B
(a) e <+
(b) > —
(c) —> +—
(d) -+ —
(e) < <

In the figure below, positive charges g2 and gz exert on charge q¢ a net electric
force that points along the +x axis. If a positive charge Q is added at (b,0), what
now will happen to the force on q4? (All charges are fixed at their locations. )

after y

before

(@)  No change in the size of the net force since Q is on the x-axis.

(b)  The size of the net force will change but not the direction.

()  The net force will decrease and the direction may change because of the
interaction between Q and the positive charges g2 and qa.

(d)  The net force will increase and the direction may change because of the
interaction between Q and the positive charges q2 and qs.

(e)  Cannot determine without knowing the magnitude of g4 and/or Q.

In the figure below, the electric field at point P is directed upward along the y-
axis. If a negative charge -Q is added at a point on the positive y-axis, what
happens to the field at P? (All of the charges are fixed in position.)

Y, Y

before after

(@)  Nothing since -Q is on the y-axis.

(b)  Strength will increase because -Q is negative.

(c)  Strength will decrease and direction may change because of the
interactions between -Q and the two negative q's.

(d)  Strength will increase and direction may change because of the
interactions between -Q and the two negative g's.

(e)  Cannot determine without knowing the forces -Q exerts on the two
negative g's.

FOR QUESTIONS 10-11

3. The original magnitude of the force on the +Q charge was F; what is the
magnitude of the force on the +Q now?

(a) 16F (b) 4F (c)F (d)F/4 {(e) other 10.
4. What is the magnitude of the force on the +4Q charge?
(a) 16F (b) 4F (c)F (d)yF/4 (e) other

Next we move the +Q and +4Q charges to be 3 times as far apart as they were:

5. Now what is the magnitude of the force on the +4Q7?
(a) F/9 (b} F/3 (c) 4F/9 (d) 4F/3 (e) other
6. Which of the arrows is in the direction of the net force on charge B?
-1 +1
Ae B
+1
eC
{a) (b) (c) (d) (e) none of these
-—
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A positive charge is placed at rest at the center of a region of space in which

there is a uniform, three-dimensional electric field. (A uniform field is one whose
strength and direction are the same at all points within the region.)

When the positive charge is released from rest in the uniform electric field, what
will its subsequent motion be?

(a) It will move at a constant speed.

(b) It will move at a constant velocity.

(c) It will move at a constant acceleration.

(d) It will move with a linearly changing acceleration.

(e) It will remain at rest in its initial position.

What happens to the electric potential energy of the positive charge, after the

charge is released from rest in the uniform electric field?

(a) It wilt remain constant because the electric field is uniform.

(b) It wilt remain constant because the charge remains at rest.

(c) It will increase because the charge will move in the direction of the electric
field.

(d) It will decrease because the charge will move in the opposite direction of
the electric field.

(e) It will decrease because the charge will move in the direction of the
electric field.
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A positive charge might be placed at one of two different locations in a region
where there is a unlform electnc fi eld ,as shown below.
+-

- - P

- e- - %- ‘e
e “--- «---
t--- ke 4--- 4o e---

—-- 4--- 4o 4-en 4m--

How do the electnc forces on the charge at positions 1 and 2 compare?

(a)  Force on the charge is greater at 1.

(b)  Force on the charge is greater at 2.

(c) Force at both positions is zero.

(d)  Force at both positions is the same but not zero.

(e)  Force at both positions has the same magnitude but is in opposite
directions.

The figure below shows a hollow conducting metal sphere which was given
initially an evenly distributed positive (+) charge on its surface. Then a positive
charge +Q was brought up near the sphere as shown. What is the direction of
the electric field at the center of the sphere after the positive charge +Q is
brought up near the sphere?

(a) Left
(b)  Right
. © Up
+Q (d) Down
(e) Zerofield

The figure below shows an electric charge g located at the center of a hollow
uncharged conducting metal sphere. Outside the sphere is a second charge Q.
Both charges are positive. Choose the description below that describes the net
electrical forces on each charge in this situation.

(a) Both charges experience the same net force
directed away from each other.
. (b)  No net force is experienced by either charge.
+Q (c)  There is no force on Q but a net force on g.
(d)  There is no force on q but a net force on Q.

(e) Both charges experience a net force but they
are different from each other.

USE THE FOLLOWING ELECTRIC FIELD DIAGRAM FOR QUESTION 15.

15.

Y

S

What is the direction of the electric force on a negative charge at point P in the
diagram above?

(a) < (b) K (c) - (d) ﬂ (e) the force is zero

16.

S21

An electron is placed at a position on the x-axis where the electric potential is +
10 V. Which idea below best describes the future motion of the electron?

(a) The electron will move left (-x) since it is negatively charged.

(b) The electron will move right (+x) since it is negatively charged.

(c) The electron will move left (-x) since the potential is positive.

(d) The electron will move right (+x) since the potential is positive.

(e) The motion cannot be predicted with the information given.

FOR QUESTIONS 17-19

In the figures below, the dotted lines show the equipotential lines of electric

fields. (A charge moving along a line of equal potential would have a constant electric
potential energy.) A charged object is moved directly from point A to point B. The
charge on the object is +1 pC.

10v

18.

19.

20.

|
Lo
I
| a?
I
[

[
ol
I
A? I’BI
I
|

| I
I |
I |
I I
1 | I
|
0

| I
| |
| |
| ?B
| |

L | |
L ! |

|
REEEE K
bl | |
| | |

!
|
|
e
!

30V 50V 1ov 30V 50V 10V 20v 30v 40V 50V
20V 40v 20V 40v
! m Il
How does the amount of work needed to move this charge compare for these
three cases?
(a)  Most work required in I.
(b)y  Most work required in Il.
(c¢)  Most work required in lll.
(d) 1and Il require the same amount of work but less than Il
(e) Al three would require the same amount of work.
How does the magnitude of the electric field at B compare for these three cases?
(@ (>1>1
(b)y (>1>1l
(©) Hi>I>1H
@y u=1=m
ey t=l=m
For case |ll what is the direction of the electric force exerted by the field on the +
1 uC charged object when at A and when at B?
(a) leftatAand leftatB
(b) rightat A and rightatB
(c) leftatAandrightatB
(d) rightat A and left at B
(e)  no electric force at either.
A positively-charged proton is first placed at rest at position | and then later at

position Il in a region whose electric potential (voltage) is described by the
equipotential lines. Which set of arrows on the left below best describes the
relative magnitudes and directions of the electric force exerted on the proton
when at position | or lI?

Force || Force Polential  01V2V 3V 5v
atl atIl i H
@ > | —»
O —»| »
© + |e— o
Equipotential lines
O o—| -
© o 0

21. What happens to a positive charge that is placed at rest in a uniform magnetic field?

22,
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(A uniform field is one whose strength and direction are the same at all points.)

(a) It moves with a constant velocity since the force has a constant magnitude.

(b) It moves with a constant acceleration since the force has a constant magnitude.

(c) It moves in a circle at a constant speed since the force is always perpendicular
to the velocity.

(d) It accelerates in a circle since the force is always perpendicular to the velocity.

(e) It remains at rest since the force and the initial velocity are zero.

An electron moves horizontally toward a screen. The electron moves along the
path that is shown because of a magnetic force caused by a magnetic field. In what
direction does that magnetic field point?

(a) Toward the top of the page

(b) Toward the bottom of the page Screen

(c) Into the page

(d) Out of the page 87 -

(e) The magnetic field is in the } : -
direction of the curved path. a -
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23. Wire 1 has a large current i flowing out of the page ( (@) ), as shown in the diagram.
Wire 2 has a large current i flowing into the page ( ® ). In what direction does the
magnetic field point at position P?

b
® ®

fout tin
(a) T (b) (©) (C)] l
b —_—
(e) none of the
above.

24. Two paralle! wires | and Il

that are near each other carry

currents i and 3i both in the i

same direction. Compare the / /

forces that the two wires exert 3i

on each other.

(a) Wire | exerts a stronger force on wire Il than Il exerts on 1.

{b) Wire Il exerts a stronger force on wire | than | exerts on Il

(c) The wires exert equal magnitude attractive forces on each other.
(d) The wires exert equal magnitude repulsive forces on each other.
(e) The wires exert no forces on each other.

25,  The figures below represent positively charged particles moving in the same
uniform magnetic field. The field is directed from left to right. All of the particles
have the same charge and the same speed v. Rank these situations according to
the magnitudes of the force exerted by the field on the moving charge, from
greatest to least.

S22

a) I1=t=1 1 v
(b) H>1>1i 2 o
g "7 Magnetic
(©) N>1>11 R ©TTT7 Field
———— PR
(dy I>0>1 i i
(&) H=>1=>1
I I
---- -——— - e ————
R EETEE 3 N R e --> .
Magnetic v Magnetic
g ©TT" Field i == Field
———— ———— P L -—
R 4 ---- R R -
26. The diagram shows a wire with a A B
large electric current i ( (®) ) coming out of
the paper. In what direction would the
magnetic field be at positions A and B? (a) -

B
(c) ? —
@ fout () - 1
(e) None of these
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27. A positively-charged particle (+q) is at rest in the plane between two fixed bar
magnets, as shown. The magnet on the left is three times as strong as the magnet
on the right. Which choice below best represents the resultant MAGNETIC force
exerted by the magnets on the charge?

[ ] [ ]

(a) = (b)/ (c) *— (d)\ (e) Zero

28. Two identical loops of wire carry identical currents i. The loops are located as
shown in the diagram. Which arrow best represents the direction of the magnetic
field at the point P midway between the loops?

(a) +

(b) —» i
> P
(c) *
d) -§— i
(e) Zero

The five separate figures below involve a cylindrical magnet and a tiny light bulb
connected to the ends of a loop of copper wire. These figures are to be used in the
following question. The plane of the wire loop is perpendicular to the reference axis.
The states of motion of the magnet and of the loop of wire are indicated in the diagram.
Speed will be represented by v and CCW represents counter clockwise.

bulb
] eecvenas S Np=meememeteerfprs wmesrencn. axis
stationary
- moving lef

%
bulb
[[eacoroas S Npe=ermmmmmgdecrecrocccvoces axis
collapsing loop
stationary
bulb
Meorremeade Yo N Jmvmmmmn { ------------ axi
5 N loop rotating s
stationary CCW about axis
bulb
IVeooomonn SRR ) K axis
stationary PrEE
v

29.  In which of the above figures will the light bulb be glowing?
@) 1, 1, v ), v ©LIL IV (d) IV (e) None of
these

30. A very long straight wire carries a large steady current i. Rectangular metal loops,
in the same plane as the wire, move with velocity v in the directions shown.
Which loop will have an induced current?

™ (a) onlyland Il
(b) onlyland Il
(c) only Il and Il
(d) all of the above.

{e) none of the above.
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31. A neutral metal bar is moving at constant velocity v to the right through a region where there is
a uniform magnetic field pointing out of the page. The magnetic field is produced by some
large coils which are not shown on the diagram.

© © © ©

® ©® —&- @

® @ © ©

B out of page
Which one of the following diagrams best describes the charge distribution on the surface of the
metal bar?
+ + -
+ + - -
+ - - +
+ + - -
+ - - +
+ - - +
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(@) (b) (© @ (e)

32. A variable power supply is connected to a coil and an ammeter, and the time dependence of the
ammeter reading is shown. A nearby coil is connected to a voltmeter.

Ammeter Voltmeter
reading Power
supply
2 ,\ —J
Ammeter
— =7
(O @

! time

Which of the following graphs correctly shows the time dependence of the voltmeter reading?

Voltmeter Voltmeter
reading reading
@) \ (b) /—
time time
Voltmeter Voltmeter
reading reading
i
© e — @
time
Voltmeter
reading
I (e)
time
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