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Abstract. We present a study of student understanding of energy in quantum mechanical tunneling and barrier penetration.
This paper will focus on student responses to two questions that were part of a test given in class to two modern physics
classes and in individual interviews with 17 students. The test, which we refer to as the Quantum Mechanics Conceptual
Survey (QMCS), is being developed to measure student understanding of basic concepts in quantum mechanics. In this paper
we explore and clarify the previously reported misconception that reflection from a barrier is due to particles having a range
of energies rather than wave properties. We also confirm previous studies reporting the student misconception that energy
is lost in tunneling, and report a misconception not previously reported, that potential energy diagrams shown in tunneling
problems do not represent the potential energy of the particle itself. The present work is part of a much larger study of student
understanding of quantum mechanics.
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INTRODUCTION material, but were taught by different professors with dif-
ferent teaching styles. One class was intended for engi-
Quantum mechanics is a fascinating subject because iteering majors (ENGsp05, N=68) and one for physics
is so challenging to the intuition. Learning quantum me-majors (PHYSsp05, N=64). The interview subjects in-
chanics requires learning to accept such counterintuitiveluded four students from ENGsp05, nine students from
notions as “particles” reflecting off barriers even thoughPHYsp05, and four students who took the equivalent of
they have enough energy to cross them as well as tunneENGspO05 in a previous semester (ENGfa04), taught by a
ing through barriers that they do not have enough energdifferent professor. In interviews, students were asked to
to cross. Perhaps even harder than accepting these naork through the QMCS, thinking out loud and explain-
tions is actually understanding them. Previous researcing why they chose the answers they did. The interviewer
shows that even when students accept strange ideas, th€yBM) asked questions to further probe their thinking.
often do not understand them [1-4]. In order to change There is some controversy in the Physics Education
this, we must first gain a clearer understanding of howResearch community over the definition of the word
students actually think about these concepts. We are ifmisconceptions” and the extent to which students have
the process of developing an instrument called the Quarthem [7]. In this paper we will take the perspective that
tum Mechanics Conceptual Survey (QMCS) [5] to mea-student thinking can take many forms, ranging from frag-
sure understanding of basic concepts in quantum memented and incoherent ideas that apply only in certain
chanics. The QMCS is a multiple-choice survey, de-contexts to robust theories that are consistent across all
signed to provide quantitative data to complement andelevant contexts. Here we will use the word “miscon-
extend the qualitative interview data that already existeption” to mean any incorrect student idea that can be
on this subject. Through in-class tests and student interelearly articulated and is seen consistently in numerous
views, we have used the QMCS to elicit and explore stustudents in at least one context.
dent thinking about many concepts in quantum mechan-
ics. Here we focus on two QMCS questions that were
developed to further explore student misconceptions preREFLECTION: A RANGE OF ENERGY?
sented in a previous study [1]. We elaborate on the source
and extent of these misconceptions and present a nelm an extensive study of student understanding of wave
misconception not seen in previous work. properties of light and matter [1], Ambrose has reported
We present results from two modern physics classesn the “failure to recognize that reflection occurs at the
where the QMCS was given at the end of the Springboundary between regions of different potential or wave
2005 semester and from 17 student interviews. The twepeed” and the “mistaken belief that reflection and trans-
classes used the same textbook [6] and covered similanission of a beam of particles is due to a range of ener-
gies of the particles in the beam.” Using a survey with an



open-ended question similar to that shown in Fig. 1, hereflection occurred in some cases. In ENGsp05 a nearly
found that many students did not believe that any elecidentical question had been discussed in class at great
trons would be reflected, using the classical reasoning aength, which probably explains why these students did
answer A. Of those students who knew that some elecbetter on this question than the PHYspO05 students, al-
trons should be reflected, many thought the reason wathough the PHYsp05 students did better on most QMCS
that the beam contained electrons with a range of enemguestions. In spite of instruction, the test results, coupled
gies, as stated in answer B, in spite of the fact that thewvith the interviews discussed below, show that a signifi-
beam was described as “monoenergetic”. We adapted theant fraction of students in both classes held the miscon-
qguestion in Fig. 1 from Ref. [1] in order to further ex- ceptions described by answers A and B.

plore these misconceptions. We wanted to determine the Out of the 15 students interviewed on this question,
extent to which students hold these misconceptions andight students initially selected answer B. In all of these
why. Further, we wanted to determine to what degree theases, the interviewer then asked, “How do you recon-
misconception described by answer B was due to stueile that answer with the statement in the question that all
dents’ simple misunderstanding of the word “monoener-the electrons have the same energy?” In response to this
getic,” and whether it was robust enough to appear evequestion, three students stuck by their answer, giving de-
if the contradiction between the problem statement andailed justifications, two students changed their answers
the answer was more apparent. Our results show that thie C (the correct answer), two students changed to A, and
misconception is quite robust; most students hold on tmne student changed to D.

it even when the contradiction is explicitly pointed out. Of the three students who defended answer B, two
used the Heisenberg uncertainty principle, arguing that

A beam of electronsthat all have the same

gy Eaeradingtrouha e, () Il you could never really know the energy, afidwas
becomes a different kind of metal so that ) just the average energy. The third student gave a more
the patentia! energy of L:éel'fegfgsm hich = elaborate explanation, based on a misunderstanding of a
setement most acourdtely decribes he IUG ) typg of diagram qommonly used quantum mechanics in
0 which wave functions are drawn on top of energy levels:
A g‘;gi?ﬁr;:tﬁ'ﬂmmﬁ@mj'arhjr’;l'i_;;ﬂmsem ctually “,..every picture I've ever seen where they tell us what
C. r31F::Vn?eaor:lt}?eeelozag:grn%i‘;?etransmittedandsomeare reflected because they behave the wave functlon IS and they Say It has thlS eneEgj?Ie
aswaves draws a line down the middle and then draws the wave
D Al of ;ﬁgﬁfg;‘;g‘y‘ffe"mdmse‘“eyp'efmobe‘“t“ereg“’“w“h function around it. And | guess | just internalize that as
E. None of the above statements are correct. saying that. .. that’s like their average energy...”

Of the 15 students interviewed, we argue that seven
FIGURE 1. A barrier penetration question from the QMCS. had a robust misconception that reflection at a barrier is
This question is adapted from an open-ended question in Regaysed by electrons having a range of energies. In addi-

[1], and the distracters are based on student responses reportﬁgn to the three students who defended answer B. there
therein. We have changed the wording from “Monoenergetic. !

electrons” to “A beam of electrons that all have the same energ)'/s strong evidence that the three students who S_WiFChed
E”, and added the figure and description of the wire to make thel0 answers A or D, as well as one student who initially

question more grounded in physical reality. selected answer A, also held this misconception. These
four students all argued that this case, in which all

100 the electrons had the same energy, they would all be

80 | W ENGsp05 transmitted (or reflected), but in all the other cases they

60 PHYsp05 had discussed in class, in which there was reflection, the

electrons must have a range of energies. We view this
misconception as an extension of the first misconception
discussed by Ambrose, that all electrons with sufficient
energy should be transmitted. It is essentially a way of
reconciling the first misconception with the remembered
fact that sometimes electrons are reflected.

FIGURE 2. Percentage of students who selected each answer
to the question shown in Fig. 1 on a test given in two classes.

Fig. 2 shows the answers that students selected fo;rUNNELING: ENERGY LOSS AND THE
the question in Fig. 1 on the in-class exam. It should MEANING OF POTENTIAL ENERGY

be pointed out that transmission and reflection through _ _
a barrier was discussed in both classes, and that all inSeveral previous studies have found that students of-
terview subjects from these two classes remembered th&n believe that particles lose energy in tunneling [1-4].




While these studies provide extensive interview data on|100

this misconception, there is little quantitative data on the| g9 | m ENGsp05
extent to which it is held, as we provide here. 60 @ PHYsp05

Morgan, Wittmann, and Thompson [3] suggest several 38 34

explanations for why students might believe that energy| *° | 18 19 24 72 15 23
is lost in tunneling. One explanation is that most text- | 20 1 .. do e .I m 9 I.
books and lecturers draw the energy and the wave func; o z Z. Z Z Z
tion on the same graph, leading many students to confus A B C D E

the two, believing that the energy, like the wave function,

decays exponentially during tunneling. A second explaFFIGURE 4. Percentage of students who selected each answer
nation is classical intuition about objects physically pass+o the question shown in Fig. 3 on a test given in two classes.
ing through obstacles, in which energy usually is dissi-

pated. Muller and Sharma [4] propose another explana-

tion: students may be thinking of the energy of an ensemstudents who hold the misconception that energy is lost
ble of particles, rather than the energy of a single particlein tunneling. It is only a lower bound because in inter-

In this case, since not all of the particles are transmittedyiews, even students who gave the correct answer with
it is actually correct that an ensemhis a wholeloses  the correct reasoning often second-guessed themselves

energy during tunneling. and wondered whether energy might be lost in cases A
Suppose that in the experiment described in the previousianfeyou would like to and B a.S We” Some StUdentS WhO |n|t|a”y held the mis-
decrease the speed of the electron coming out on thtesiie. Which of the following COI’ICEptIOI’] eventually chose the correct answer because

changes to the experimental set-up would decrease thi¥?spee

cases D and E, which were unlike any examples they had
seen in class, forced them to consider the energy on the

A. Increase the width w of the gap:

rs ry right of the barrier more carefully. In interviews we saw
E—> Up>E becomes  E—> UsoE evidence for all three of the explanations for this miscon-
T, X PEVENRE ception listed above.
B. Increase | the potential energy of the gap: We found this question particularly useful in explor-
) U ing student thinking about energy in tunneling, not only
I ‘ because it elicits the idea that energy is lost, but because
E— become: E— U>E . .
Uo>E ° understanding the correct answer, C, requires a clear un-
N * o, * derstanding of the relationship of potential, kinetic, and
C. Increase the potential energy to the right of the gap: total energy in the context of tunneling. In many cases,
e U6 this question elicited significant cognitive dissonance, as
B becomes  E—» I—|_ students struggled to reconcile two contradictory ideas:
_;llﬁ,x _%ﬁ%ﬂ that energy is lost, and that kinetic plus potential equals
- . R total. While it is technically possible to reconcile these
b Dec[f(i;‘e the potential energy to the right ‘L’Jf(‘x';e gap: ideas if it is the kinetic and total energy that is lost, we
found that most students who thought that energy is lost
E— | UpE becomes  E—> IU_° did not have a clear idea @fhich energy is lost. When
— X U TV asked, they were just as likely to say potential energy

as any other kind. Often a single student would use two
or even all three types of energy interchangeably within

E. More than one of the changes above would decrease t@ apthe electron.

*The previous question in the test, which is not discusséusrpaper, states “An

electron with energg s traveiing through a conducting wire when it encourdesenal the same explanation. Most of the interview subjects had
th w. t t t . .
S o oy e Hiot Tabwe I, oty o Y ® dectron as afunction of positon  gragments of both the correct view and the view that en-

ergy is lost simultaneously.

FIGURE 3. A tunneling question from the QMCS. This Of the four students interviewed from ENGspGH,
question was developed to explore the misconception that emheld a robust misconception not seen in any previous
ergy is lost in tunneling. study, and not seen in any of the interview subjects

Fig. 3 shows a QMCS question designed to elicit thefrom the other courses. These students thought that the
misconception that energy is lost in tunneling. In inter- quantityU (x), plotted here and in nearly every problem
views, all students who selected answers A, B, or E arinvolving solutions to the Schrédinger equation nist
gued that since energy was lost in tunneling, making théhe potential energy of the electron itself, but some kind
barrier wider and/or higher would lead to greater energyof “external energy.” We discovered this misconception
loss. The fraction of students who selected one of thes# the first interview conducted in this study, in which
three answers (62% in ENGsp05 and 53% in PHYsp05))a student drew an exponentially decaying curve over
shown in Fig. 4, gives us a lower bound on the fraction ofthe potential energy graph shown in the question, and



consistently referred to this curve as representing “the Because we had seen this confusion over the meaning
potential energy.” The interviewer then asked what theof potential through the semester, throughout the QMCS
graph shown in the question represented, since it wawe used the symbal (x) rather tharV (x) and referred to
also referred to as “the potential energy.” The studenthis symbol as “the potential energy function of the elec-
replied, “I don't know, that’s just the bump that it goes tron.” In interviews students simply skimmed over this
through. | don't know what it means. | just see that and lunfamiliar phrase and focused on the familiar symbols.
know that it's some kind of obstacle that it goes through.” It is important to note that one should not over-
When pressed, he said that the “bump” was “the externainterpret the statistical results given in Fig. 4 as indicat-
energy that the electron interacts with” and insisted thaing the fraction of students in a class that hold a partic-
it was not the potential energy of the electron itself, inular view. First, answer E does not distinguish between
spite of the fact that it was explicitly labeled as such.students who think that A and B alone are correct and
The interviews with other ENGsp05 students were verystudents who think that A, B, and C are correct. Fur-
similar, with all of them referring to the graph as either thermore, even if this ambiguity were resolved, for ex-
“the external potential energy” or “the potential energy ample by allowing students to mark more than one cor-
of the medium,” and quickly dismissing the idea that it rect answer, the answers alone would not tell us much
was the potential energy of the electron itself. about the thinking of those students who held fragments

It is unclear why this misconception was held so ro-of the correct view and the view that energy is lost. In
bustly by all of the interviewees from one course andinterviews we found that these students selected a wide
not present at all in the interviewees from the other tworange of answers. Some students who held both views
courses. The sample sizes are small and the courses, dscided that A, B, and C were all correct, while others
well as the student populations, were different. Thereforgicked only one or two of these options, either at random
we do not wish to speculate on which factor caused ther because one sounded slightly more plausible. Several
discrepancy. However, it seems unlikely that this misconstudents changed their answer after several minutes of
ception is confined to students in this particular coursethinking through all the implications, which would not
and we hope that other researchers will continue to probbave happened under normal test-taking circumstances.
student thinking about this topic in other contexts. This project is the first step in a comprehensive study

We find this misconception interesting because whileof student thinking about quantum mechanics. We have
many studies have shown that students think energy ddeund the QMCS to be a useful tool in probing student
cays in tunneling, none of these studies discuss how stuhinking, and will extend these results in further studies.
dents reconcile this idea with the fact that they are often
drawing these decaying curves top of graphs of en-
ergy curves that are not decaying. ACKNOWLEDGMENTS
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