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INTRODUCTION

Dean Zollman
Department of Physics, Kansas State University, Manhattan, KS 66506 USA,
dzollman@phys.ksu.edu

"l believe that any lover of nature should study quantum mechanics -- not its mathematics but its ideas."
--Douglas Hofstadter

Until recently the main purpose for students other than physicists and chemists to study quantum
mechanics was for a better appreciation of its influence on modern thought. Now people who will be
making decisions about business and technology need an understanding of modern physics. Recent
developments in miniaturization of electronics and nanotechnology bring into the business and engineering
world devices that can be appreciated only through the principles of quantum mechanics. Likewise, in the
past few years experiments have directly anadyzed some of the fundamental paradoxes in quantum
mechanics. Thus, an understanding of quantum physics beyond the level of a coffee table book is needed
for the well-informed citizens and al types of professional in the 21st Century.

As the need for students to understand quantum phenomena increases, so does our need to understand
the learning process for these abstract and counterintuitive concepts. In recent years research in student
understanding of quantum science has increased greatly. Some researchers have investigated traditional
methods of learning, while others have developed and assessed techniques such as hands-on experiments
and interactive computer visualizations. (Generally, hands-on experiments would not be considered non-
traditional. However, the usual method of teaching quantum science is with little or no experimentation.)
Over the past ten years a small number of researchers have been involved in these efforts. Their work is
now showing some good results that can help us understand how to teach quantum mechanics and, perhaps,
other abstract scientific concepts.

Most of the studies have concentrated on conceptual understanding of quantum science. The primary
guestion is, Can students learn the ideas of quantum mechanics even if they are not familiar with the
advanced mathematics that forms the basis of the topic? By studying the learning process researchers have
been able to determine some techniques are effect and some that are not. Modifications in learning
materials and suggestions for improvements in traditional approaches have been created as a result of these
studies. At the 1999 Annua Meeting of the National Association for Research in Science Teaching seven
different groups who are addressing the learning of quantum mechanics from different perspectives present
their findings. Two of the groups have relied heavily on interactive computer visualization and other
minds-on activities. One group has assessed a learning technique that uses a commercial computer problem
solving technique has a foundation. The other three have relied primarily on more traditional approaches to
learning/teaching athough they have moved beyond the lecture and textbook. In all cases research data
have been collected about the process. One additional group which was unable to present at NARST is
represented by a short paper here.

As can be seen from these paper, the research of each group is closely related to the others. At the same
time each group’s approach is sufficiently different that their research complements the others. Further,
different groups have focused on different groups of students. The students include university-bound
students in science classes, physical science students in both high school and college and physics mgjors at
universities. Thus, the NARST session and these papers provide meeting participants and readers with a
broad view of the research and development concerning the learning of quantum science.



CONCEPTUAL UNDERSTANDING OF QUANTUM MECHANICS AFTER
USING HANDS-ON AND VISUALIZATION INSTRUCTIONAL MATERIALS”

N. Sanjay Rebello
Department of Physics, Clarion University of Pennsylvania, Clarion, PA 16214 USA,
srebello@clarion.edu

Dean Zollman
Department of Physics, Kansas State University, Manhattan, KS 66506 USA,
dzollman@phys.ksu.edu

ABSTRACT

Materials developed by the Visual Quantum Mechanics project teach some basic ideas of quantum
mechanics to high school and introductory college students by integrating hands-on activities and computer
visuaization. During field tests of the materials we obtained data concerning student understanding of
some quantum concepts including potential energy diagrams, energy levels and spectra in atoms, energy
bands in solids, wave functions and probability, and quantum tunneling. Data were collected from written
responses of students structured interviews and a concept map. While a few misconceptions persist, the
overall resultsindicate that students seem to have acquired a good general understanding of some important
concepts that are usually not taught at the introductory level.

INTRODUCTION

The physics curriculum in most high schools and introductory college courses contains, at best, a passing
reference to 20" Century physics. Hence, students often do not see the topics of interest to contemporary
physicists, the contribution of physics to modern thought or the connection between the physics they learn
and modern technology. Thislack of exposure can result in alack of interest in physics.

The Visual Quantum Mechanics (VQM) project makes quantum mechanics and related topics accessible
to high-school and introductory college students by minimizing the use of mathematics in its presentation.
Instead, hands-on activities, computer visualizations, and written worksheets are integrated in an activity-
based environment. (Zollman, 1999) We utilize the Learning Cycle instructional model (Karplus, 1974).
Students begin by exploring a modern device - Light Emitting Diode (LED). They realize that they cannot
explain the device' s operation by using any existing metal models and therefore must construct new models
to explain their observations. Subsequently, they apply these mental models in a different situation.

INSTRUCTIONAL MATERIALS

The curricular materials are organized into instructional units that can each be completed in about 6-12
hours of classroom instruction. The units can be integrated into an existing curriculum since the
prerequisites are topics covered in a standard physics curriculum. Theinstructional units are:

Solids & Light - Students use LEDs and gas lamps to understand the concepts of energy levels and
energy bands, transitions, and spectra.

Luminescence: It’s Cool Light - Students utilize fluorescent and phosphorescent materials to understand
the effects of impurities on energy bands and on the creation of metastable states. Some overlap exists
between this unit and the Solids & Light unit.

The Waves of Matter - Students explore the creation of a model to explain the discrete energy states.
Applying aspects of the model to the Star Trek transporter and the electron microscope students learn about
the wave nature of particles, wave functions, Schrodinger equation (qualitatively) and wave packets.

Seeing the Very Small: Quantum Tunneling - Using a simulation of the Scanning Tunneling Microscope
(STM) as the pedagogical vehicle students learn about quantum tunneling and the factors that influence it.

Early in project we realized the need for two units that would address lacunae in a traditional curriculum.
Potential Energy Diagrams - These diagrams are powerful representation that is utilized in quantum
mechanics. We use magnets placed on a Pasco dynamics and along the track or Hot Wheels cars to create
and explore potential energy diagrams of different shapes. (Jolly, et al. 1998)

" Thiswork is supported by the National Science Foundation under grants ESI-9452782, DUE-9652888.& STI 9620042



Making Waves - This unit treats classical waves and introduces just those concepts that are needed for
the study of The Matter of Waves unit.

Prior to the present study all VQM units were field-tested at humerous high schools and colleges in
severa states. Revisions had been completed based on the field tests.

PROCEDURES FOR THE STUDY

Students

The students were enrolled in Contemporary Physics at Kansas State University. This course is offered
for students who are planning to be secondary science or mathematics teachers, but have an area of
concentration different from physics. If this one-semester course is taken after they have completed one
year of introductory physics, it meets the requirement for the students to become certified to teach physics.
In addition, some students enroll in the course to fulfill a general education requirement in the physical
sciences. These students have completed a one-semester physics course for non-science students. Thus, all
17 students in this class during the Spring Semester, 1998, had taken at least one semester of introductory
physics prior to enrolling in Contemporary Physics. However, the level of reasoning and mathematical
skill in the students’ previous physics course varied greatly. Contemporary Physics was taught in manner
which integrated lecture, discussion, hands-on experiments and interactive computer activities. The
students worked in small groups with the hands-on and computers activities

Propose of the study

In this study we examined the level of understanding the students gained from their conceptual study of
guantum phenomena. We attempted to ascertain what level of understanding the students reached during
their semester of study and what areas of quantum physics provided the most conceptual difficult

Evaluation Instruments

No established instrument for measuring students' conceptual understanding in quantum mechanics or
modern physics, similar to those that exist in mechanics was available. Further, since this material is not
usually taught in the traditional format, we could not compare our results in student understanding with
those from alternative materials or approaches. Thus, results are based on student responses to questions on
activity worksheets, examinations, interviews conductor by one of us (NSR), and a concept map which the
students drew at the end of the semester.

RESULTS

Because of the small number of students in the study and the type of data available, we did not perform a
dtatistical analysis on the data. Instead, we analyzed the various data sources to uncover trends in the
students' thinking and successes and difficulties in the conceptual understanding.

Representation of an Atom

We have assiduously avoided the use of the Bohr model of the atom in all our representations. Rather we
have focused on the energy diagram representation. This representation is introduced to students in the
Solids & Light unit and expanded in the Luminescence unit, after they have observed the spectra of gases
and studied potential energy diagrams of a cart on the track.

We found that most students do not relinquish the previously learned planetary model of the atom. There
is also considerable confusion in students minds about whether the energy level represents the total energy
or the potential energy of the electron. This confusion is reflected primarily in students inability to
correctly determine the binding energy of an electron in a particular energy level.

In using the potential energy diagram model of the atom, most students mistake the vertical axis in the
diagram as representing the physical distance of the corresponding energy level from the nucleus, which
they believe is located at the center of the bottom of the rectangular potential well. In spite of these
misconceptions, however, they are correctly able to predict the dependence of the shape (depth and width)
of the potential energy diagram on the nuclear charge

Energy Levels & Spectra

Students construct the energy level model of an atom after observing the spectra of gasesin the Solids &
Light unit. At this time in their studies, the students are observing spectra as an empirical result. While
they may draw an atom as a Bohr model, almost none of them remember its connection to the spectrum of
hydrogen. Essentially, none of them have learned about wave functions, probabilities or applied standing
waves to bound states. Using their knowledge that light is a form of energy and that the atom emits only



specific energies of light, students come to understand that the atom can have only certain values of energy
-- discrete energy levels. Students are, thus, able to use empirical data to grasp one of the fundamental
concepts of quantum physics.

Part of the study of energy levels requires the students to construct energy level diagrams to explain the
trangitions in the atom. In the initial stages of our development we observed that students would assign
identical energies to a spectral line to an energy level. For example, if agas had 3 spectral lines of energies
1.8eV, 2.1eV and 3.0eV, students would construct an energy diagram that had the levels at each of these
energy values. This model is incorrect, since each spectral line is related to a transition between energy
levels and not the energy levels themselves.

We designed the Gas Spectroscopy Lab program to enable students to overcome this difficulty in
understanding. (Rebello, et al. 1998) In the program students construct a trial spectrum to match a given
gas spectrum. The trial spectrum depends upon the energy differences and transitions created by the
student. The program confronts directly the issue of whether the energy of the light is related to the energy
levels or energy differences. After using this program amost all students are able to overcome their earlier
learning difficulty. Many students draw an energy level diagram with all transitions starting at one energy
level and changing to different energy levels with the energy differences corresponding to the energies of
the spectral lines. For hydrogen, of course, this energy level diagram is inaccurate because the visible lines
are created when electrons move from various states to the n=2 state. However, the students do not have
that information available unless they remember from a previous course. When asked explicitly whether
their energy level diagram is the only possible answer, most students reply that other energy level diagrams
are also acceptable, and that it is the difference between the energy levels that is crucial rather than the
energy values themselves. We believe that students realize this because they are specifically asked to
compare the energy level diagram of their group with those of other groupsin class.

In an interview, students were asked to explain whether the fact that a given spectrum could be
constructed by a non-unique set of energy levels contradicted the fact that this spectrum was unique to a
given gas. Most students do not see a contradiction between these two ideas.

Energy Bands in Solids

Most students can “discover” the energy band model for a solid when they are asked to create an
acceptable set of energy levels to explain the continuous spectrum of an LED. They are aso able to predict
the spectrum and turn-on voltage of an LED given its energy band diagram. Some students, however,
relate the turn-on voltage to the energy gap rather than the energy difference between the P and N sides of
the LED. (Rebello, Ravipati,, Zollman & Escalada, 1997)

To see how well the students had understood energy bands and gaps, we asked them to apply these
concepts to a device which can detect infrared light. This device is a small solid strip which can be
purchased at electronics stores such as Radio Shack. When infrared light is incident on the strip it emits
visible light. Thus, the solid is converting relatively low energy light (IR) into higher energy visible light.
Before being asked to explain the device in terms of energy bands and gaps, the students completed a series
of experiments which would help them build a model. Most students had difficulty creating a model of an
infrared detector using energy levels, bands, and transitions. However, we should not be surprised. In
workshops involving research physicists we have observed some of the same difficulties.

Wave Functions & Wave Packets

The wave nature of particles is “discovered” by students when they compare an electron diffraction
pattern (real and computer simulated) with that of light from Y oung's double dlit experiment. By slowing
down the formation of a computer simulated electron diffraction pattern in a ssmulation and asking students
to predict where an electron (represented by a bright spot) will be visible on the screen, we have them
construct the probabilistic model of an electron. The wave function is then presented as a graphica
representation of the electron, which when sguared gives the probability density function.

Students can sketch the probability density function from the wave function and vice-versa, but do not
completely understand the relationship between probability and probability density.

Although most students are clear that the wave function is not the path of the electron, when asked to
sketch the wave function of an electron beam in a tube (experimental set up for the e/m experiment), most
of them sketch a static sinusoidal wave. A few students believe that this picture is a snapshot at a given
instant of time, and would travel as the electron traveled down the tube.

In The Waves of Matter unit, students learn the relationship between the wave function and the potential
energy diagram. They are also expected to learn the reason why the wave function model concludes that



only certain energies are allowed in an atom. Without learning the mathematical formalism of the
Schrédinger equation, students are introduced to various scenarios that result in sinusoidal and decreasing
wave functions. Students are quite successful in applying the criteria for sketching wave functions for
different shapes of potential energy diagrams. When students observe the diverging wave functions in the
Bound States program (Figure 1), they are unable to relate these to the disallowed energy levelsin an atom.
Students are introduced to wave packets created by adding waves functions each representing a particle
with a different momentum. The
Uncertainty Principle is —
introduced by demonstrating that
a larger spread in momentum
values results in a more
compressed spatial wave packet.
Students also use a simulation e LT
showing the time evolution of a
spatial  wave packet. Most
students, however, are unable to
apply the Uncertainty Principle to
relate the increasing spatial spread
to an increasing certainty in the
momentum of the particle. On the
positive side these students do not
identify the Heisenberg Principle
with a difficulty in measurement or with momentum transfer of from a photon to an electron. This teaching
technique seems to help them understand that the Uncertainly Principle arises because of the wave behavior
of matter. In this respect they have a better understanding than many physics students.

Quantum Tunneling

Students learn about quantum tunneling by exploring a computer simulation of a scanning tunneling
microscope (STM). (Rebello, Sushenko & Zollman. 1997) The STM uses quantum tunneling to collect
information about a surface without physical contact with it. Tunneling is a natural consequence of
correctly applying the criteria for sketching wave function for a barrier. Given the tunneling probability of
an electron, most students are successfully able to sketch the wave function, including the relative
amplitudes of the oscillating wave functions on both sides of the barrier. They are also able to predict
correctly how this wave function would change if the width or energy of the potential energy barrier were
changed. Using the STM Simulator program students learn these relationships in the context of the position
and voltage of the probe tip of an STM.

While students successfully apply the concepts of tunneling to an STM, they are unable to extend these
concepts to the macroscopic world. When asked to explain why the cart in the Potential Energy Diagrams
unit could not tunnel through the barrier, most of them incorrectly reason that the cart did not tunnel
because the total energy of the cart is less than the potential energy of the barrier. That thisin fact, is a
necessary condition for tunneling alludes most students. A few students, however, correctly respond that
the cart does not tunnel because its de Broglie wavelength is much smaller than thickness of the barrier.

Overall Concept Map

At the end of the semester, each student was asked to draw a concept map relating various concepts that
they had learned in the course. 10 students (Group |) were asked to create a list of concepts by themselves.
The remaining 7 students (Group I1) were provided with a list of over 50 conceptswords. Both groups
were provided with some written instructions and an example of a concept map.

The concepts can be grouped into 12 concept clusters. In general the concept cluster maps from both
groups are fragmented with most connections shown only between topics that are in the same instructional
unit. Fragmentation was more severe in Group |, although the maps in that group better matched the
instructor’ s expectations. Most maps did not show a central theme. Connections between “Energy Levels’
and “Wave Functions’, or “Schrddinger Equation” and “Wave Functions’ were absent in most maps.
There is no correlation between the richness of the concept map drawn by a student and her/his
performance on related exam questions.

FIGURE 1: Bound States Program demonstrates a diverging
wave function for a disallowed energy level.



CONCLUSIONS

The goal of the Visual Quantum Mechanics project is to enable students who have little science or
mathematical background. The emphasis in placed on conceptual learning and visualization in place of
mathematical rigor. In the present study we attempted to ascertain which concepts have been made
understandable to a group of students with a broad range of previous experiences in science and
mathematics. The analysis at present is preliminary, so we have not yet attempted to correlate the students
level of understanding with their previous experience. Instead, we have looked for over all patterns and
trends. In doing so, we have identified those concepts which seem to cause the students more difficulty
than others have in reaching an acceptable level of understanding.

Overdl, we observe that hands-on activities, computer visualization programs and constructivist
pedagogy enable our students to build mental models which explain their observations. For example, the
empirical approach seems to be quite effective in helping students come to a conclusion about the discrete
nature of energy levels in atoms. Likewise, students are able to move readily form the energy levels in
gases to the energy bands and gaps in solids — again by taking an empirical approach. They are also able to
understand the limitations on their energy models and when more than one model is possible. Many of the
basic features of wave functions also became understood by most of the students. In particular, the students
were able to grasp the empirical reason for the necessity for matter waves and wave functions after they
had explored the interference effects of light and of electrons. They could aso relate probability to wave
functions and understand the relationship between standing waves and the discrete energy levelsin atoms.
Thus, many of the basics of quantum physics seem to be able to be understood at a qualitative level by
these students.

At the same time the subjects in this study had difficulty with some concepts which the authors think are
presented equally well. In particular, expanding the energy band and gap model to a device that displays a
rather perplexing behavior (absorbing low energy light and emitting higher energy light) was beyond the
reach of many students. Likewise the reason why quantum tunneling should be considered surprising
(form the classical physics viewpoint) was not fully appreciated. Others and we have observed difficulties
with some of these same issues in students with much stronger physics background. (Johnston, Crawford,
& Fletcher, 1998; Petri & Niedderer, 1998: Euler, et al, 1999)

This preliminary study provides us with information about the relative difficulty in helping students learn
abstract concepts through hands-on activities and computer visualizations. It aso can point the way to
ways in which we can improve the learning of quantum physics for more advanced students. Presumably
the concepts which gave our students the most difficulty at the conceptual level are those that will require
the greatest effort in teaching and learning for students who are attempting to understand both the
conceptual and mathematical aspects of quantum physics. Thus, we intend to build on this foundation with
future studies of student learning of quantum phenomena at al levels.
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HOW COMPUTER SIMULATIONS AFFECT HIGH SCHOOL STUDENTS'
REASONING IN QUANTUM CHEMISTRY

Charles L. Hurwitz, Gerald Abegg &Peter Garik
School of Education, Boston University, Boston, MA 02215 USA,
churwitz@bu.edu gabegg@bu.edu, garik@bu.edu

INTRODUCTION

The focus of this paper is on alternative conceptions in quantum chemistry held by honors students in high
school. The study investigates how an intervention using interactive simulations in quantum chemistry
alters student understanding. The researcher compares the effects of traditional methods of instruction, i.e.
lecture/lab, against the use of discovery via computer simulation on the alternative conceptions of students
in quantum chemistry. The researcher observed chemistry students in four high schools prior to, during,
and after their use of the Quantum Science Across Disciplines (QSAD) materials which were developed at
Boston University, through a National Science Foundation Grant.

Student concept maps, and interviews were used to find the baseline misconceptions of the student cohort
regarding understanding of quantum science in chemistry. The high school students constructed concept
maps and were interviewed after the intervention. The student information including concept maps were
coded, and compared to the information obtained from students that exit a class using a more traditional
approach. As aresult of the intervention, high school chemistry students shift to a paradigm that uses the
atomic or molecular explanations of quantum chemistry to explain macroscopic phenomena like polarity,
and solubility.

Students in the experimental classes were required to investigate quantum phenomena using the simulations
and then make presentations. Classmates were encouraged to ask probing questions. Several answers
included molecular explanations using quantum chemistry to explain measurable phenomena. A Student
began to use quantum science when explaining acid strength.
"The charge density of the molecule shows the degree of polarity in HF. Notice that the charge
density shifts in favor of the fluorine side of the molecule. The electron cloud still surrounds both
nuclei and therefore indicates that the hydrogen probably does not dissociate as easily as other
acids.”
Asafina example a student trying to explain bond length stated,
"You need to calculate the superposition of the wave functions from the nuclei. If the amplitudes
cancel then bonding is not favored, but when constructive interference is observed, then a charge
density will result when you square the amplitude.”

The teachers of the experimental and control classes used similar methods of assessment, while the teacher
of the experimental classes used learning logs (Audet, 1996) during the units. For the learning logs, groups
of three students were required by their teacher to achieve consensus and write a response to selected issues
within quantum chemistry.

METHOD

Participating Students

For this report students were chosen from the Honors Chemistry classes of one of the high schools in
suburban Boston. Two classes of twenty students each, and taught by teacher "A", underwent the
intervention, while one class of twenty students taught by teacher "B", was used as the control group. The
students were drawn from Honors Chemistry courses and were randomly selected to include an even
distribution of males and females as well as varying ability levels. The two cooperating teachers used the
same textbook (Zumdahl, 1993) and stated that previously they covered the same material in their classes.

Research
An investigation of the literature on aternative conceptions shows only minimal prior research on quantum
chemistry. There is a study on student misconceptions for light and energy at the undergraduate level



(Zollman, 1998) that points to confusion around the concepts of color, energy, intensity, and amplitude.
The Bohr Moddl is often used in high schools as a simple way to explain bonding. Teachers do not explain
to their students the shortcomings of the Bohr model with regard to the heavier atoms. Current high school
texts include more abstract concepts, which are only useful if students adopt and apply them.

After conferring with the target high school faculty, the most difficult topic areas seem to be centered
around the categories of phase, amplitude, molecular bonding, the lack of a localized phenomenon and, in
general, connecting the concepts to other phenomenology.

Data analysis

The researcher divided this part of the study into three main areas expressed as questions: First, what
preconceptions do students hold with regard to quantum science in chemistry? Second, what causes these
preconceptions? Third, what can be done to minimize the impact that students' alternative conceptions have
on student learning?

Coding

The researcher started with an outline which grouped the interview information into possible codes and
larger categories. The outline was based on interviews conducted with three chemistry teachers from area
high schools. Using the outline as a protocol for five student interviews, a complete list of fifty seven codes
were generated. The concept mapping program C-map (Novak, 1989) was used to list the codes obtained
from the interviews and then rearranged until they fit comfortably under eight categories. electronic
structure, molecular geometry, bonding, periodic trends, polarity, solubility, energy, and color. After the
main concepts were chosen, all related concepts were listed. Subsequent interviews and concept maps were
focused on the eight main concepts with follow-up questions probing for student understanding of the
relationships of the entire set of fifty-seven quantum chemical concepts.

A system of triangulation was used to check the codes that developed. Student concept maps were
compared to an expert map derived from the eight categories found earlier in the preliminary interview
process. Chemistry class test results from the target school showed the same areas of misconception
prevailed. Student subjects and staff were shown the results as it accumulated. They agreed the conclusions
were reasonable.

Concept mapping

An expert concept map was produced by looking for other possible categories and then gradually reducing
them into eight major concepts under the heading of atomic structure. Several rearranged listings of the
concepts were used in order to decide what topics are the most closely related. One parent map with expert
links and cross-links between the eight concepts was completed for comparison. It was important to
observe whether students can link their basic molecular understanding to macroscopic events.

The researcher instructed each of the honors chemistry classes in the art of concept mapping prior to their
study of the topic of quantum chemistry. Students were presented the categories to see what connections
they could make. Four students, two male and two females, were chosen at random for in-depth interviews
by the researcher. The interview allows the students an opportunity to present more elaborate explanations
regarding their understanding of the material.

Design

The teacher of the control group was instructed to proceed through the material in a normal manner. The
experimental classes worked in groups of three on the computers studying electronic structure as explained
by quantum chemistry including polarity as explained by charge density and bonding as explained by
molecular orbitals. Teachers were instructed to assess their students in their normal manner. For the
traditional class, this meant tests at the end of each chapter. It was interesting to note that the instructor of
the control group was asked by the researcher about the laboratory exercises that were planned for the unit.
The teacher stated, "There are hardly any lab activities for these units. After we do flame tests and mess
around with spectroscopes, the rest of the activities are designed for the students to get extra practice
studying the properties of gases. This year the gas |abs were replaced by quantum chemistry activities'

The teacher of the experimental group had access to three computers in the classroom. The students were
divided in half and were assigned to either work on the computers or write in their learning logs. The



teacher presented them with questions that related to the computer investigation. These groups also worked
on advancing their concept maps.

FINDINGS

Baseline data

The literature, interviews, and concept maps indicate that there are alternative conceptions present when
Honors Chemistry students start the topic in high school. Several misconceptions fall into the definitional
level. For example: when asked about polarity, approximately 5-10% of the students in my sample
discussed how, "This term refers to how light of a certain type lines up in a certain way." Another 25%
believed that the third major energy level could only hold eight electrons and explained that their teacher
said, "The periodic table of elements proved this when you counted the third period.”

Learning Logs

Student groups were required to write their thoughts regarding the relationship between quantum concepts
and observable phenomena. One example is the group explanation for the color that is emitted by a gas
discharge tube and the relationship to discontinuous spectra. Approximately 10% of the sample reported
that the electron making a transition to a higher energy level is the cause of the color. Close to 30% of the
sample continued to confuse the intensity of bright line with the energy of the color released.

Conceptual matrix

A matrix was constructed containing the mistakes from a series of tests given by the chemistry teachersin
the host high school. The columns are codes developed by the previous methods while information filled in
the matrix holds the misconception. The areas that are dense indicate potential problem areas, while the
sparse areas are either ones that the students understood or places where the questions might have been of a
trivial nature. The following is the start of an outline developed for teachers at the host school. The purpose
isto highlight student difficulties for the teacher. Examples of the misconceptions in the matrix follows:

A. Lewis structure:  Student [8317] calculated the formal charge for BF3 as 9 for the whole molecule.
Trying to put a double bond and indicate resonance where one is required, students sometimes miss that the
metal emptiesits outer shell; therefore, looking to fill the octet does not apply.

B. VSEPR, valence shell electron pair repulsion: Student [8316] stated H2S is nonpolar while disregarding
the fact that the unshared pairs of electrons bends the molecule and makesiit polar.

C. Formal charge: Student [8312] calculated the formal charge for BF3 as 9 for the whole molecule. It is
the individual items that we are trying to minimize. The benefit of formal charge is that it is a device for
determining the best of a series of potential dot structures, and only one suggests itself with this molecule.
D. Three dimensiona Vs two: Student [8311] OF2 drawn in two dimensions can look linear from one

direction but is really bent from a perpendicular point of view. This same incorrect interpretation occurs
when students diagram water (H20) from the wrong point of view and somehow depth perception islost.

CONCLUSIONS

Causes

The qualitative and quantitative results cannot be generalized because of the small sample size. There is
evidence of several areas in which students misconceptions are produced on entering, during, and after the
study of quantum science: courses that repeatedly build to a climax of the atomic model with the Bohr
description of the atom, and the inability of students to visualize the scientific model in three dimensional
space when all they have seen are two dimensional representations or mathematical models. These deficits
were highlighted by the students who had problems with polarity. Their difficulties arose from the students
inability to rotate the three dimensional model in their mind, alack of depth perception, or limited sense of
perspective. The student who is not a visual learner or has problems thinking in three dimensional space is
at a disadvantage. Also vague wording of some text material leaves students unable to discern the correct
definition for a particular condition. Other misconceptions occur relating to the cognitive level of the
student and what degree of abstraction is understood. Some individuals have difficulty relating to models at
an atomic scale.

Shifts in Student Behavior
In this study, students were allowed to make predictions about the macroscopic world based on their
understanding of the microscopic. When the content is rich enough, students absorb themselves in study



leading to the development of judgment in the area of scientific prediction. In chemistry, concepts learned
in one unit become the foundation for the next. The mindful instructor needs to be alert to typical student
errors before these misconceptions get in the way of further learning. Students investigated bonding and
anti-bonding in the Diatomic Molecular Explorer prior to reading about them in the textbook. The teacher
noted that students successfully used their information on molecular orbitals to predict why the formation
of some bonds (e.g. He2) are not favored.

Lingering Behavior

The science education literature has many references to the durability of student misconceptionsin science.
Novak points out that although it can be difficult to positively affect many alternative conceptions not all
are intractable (Gabel, 1994). We have evidence that an interesting concept met with considerable
resistance. It was noted by the researcher during the preliminary study that students often misinterpreted the
signs on ions and also on energy values such as transition energies when a photon is released or when bond
energies are evaluated. The symptom is manifested when students use a number line interpretation of the
sign when evaluating endo- or exothermic situations. In addition, students were found to continually
misinterpret the meaning of (+/-) for ions by adding electrons for plus and subtracting electrons for minus.
Even after the instructor emphasized the correct analysis of each of these concepts 5-10% of the students
continued to misinterpret the data.

Future Study

The information gathered on student alternative conceptions in quantum chemistry will help to improve
both curriculum content and teacher presentation. The findings of this effort are being used to refine the
protocol interview for use with a broader set of quantum concepts after students use the computer
simulations.
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INTRODUCTION

We are investigating the relationship between chemistry teachers pedagogical content knowledge
and their teaching strategies for incorporating computer visualization models to teach quantum science.
Quantum Science Across Disciplines (QSAD) is a National Science Foundation project (REC-9554198) to
develop software and instructional materials, based on the idea that “quantum phenomena are critica to
understanding the world around us’ and that quantum effects underlie concepts in biology, chemistry, and
physics. The QSAD project includes development of computer simulations, which provide visual models
for students to investigate the properties of atoms and molecules to “alter the classroom environment so
that students have a greater opportunity to explore science and become acquainted with the process of
science” (QSAD project summary).

QSAD software applications produce graphical representations of atoms and molecules without
requiring students to perform high level computations. Students can create visual models of different atoms
and molecules, predict their behavior, and test those predictions. Through in-service training using the
software, teachers acquire the content knowledge they need to provide qualitative explanations for the
electron behavior that accounts for the visual images. The software enables users to investigate currently
accepted models of atoms and molecules in an interactive environment.

Although QSAD software offers a potentially efficient method for teaching and learning quantum
science, a number of external variables might influence the effectiveness of these materials. This paper
focuses on one part of alarger study that investigates possible relationships between variables in the school
setting and decisions about implementing QSAD software and materials. These variables include such
factors as teachers expectations of students, beliefs about learning and teaching, content knowledge, and
pedagogical content knowledge. We began with the premise that teachers content knowledge in quantum
science is a critical factor affecting how QSAD materials would be used in classrooms. Therefore, our
research was based on teachers who participated in intensive summer workshops at Boston University in
which they received instruction on how to use the software and engaged in discussions with the
programmer and scientists who designed the software. During the workshop, participants also investigated
the capabilities of the software, asked questions about the graphical representations and underlying
scientific concepts, and developed lessons that would be appropriate for their students. This paper reports
findings related to teachers content knowledge in quantum science and a close investigation of how one
experienced chemistry teacher enhanced his own content knowledge in quantum science and subsequently
employed and refined his pedagogical content knowledge during hisinitial use of QSAD materials.

METHOD

Participating teachers

Eight Greater Boston public high school teachers participated in workshops at the Science and
Mathematics Education Center at Boston University in the summer of 1997 or 1998. Participants included
biology, chemistry, and physics teachers. The workshops provided information about the design, interface,
and navigation of the software, and participants engaged in discussions with the programmer and scientists
who designed the software. During the workshops, teachers investigated the capabilities of the software,
asked questions about the graphical representations and underlying scientific concepts, and developed
lessons based on the software.

Data sources

Participating teachers answered survey questions to provide background data on their education,
teaching experience, and computer experience. They also completed a modified Views on Science
Technology and Society (VOSTS) questionnaire (Aikenhead, Ryan, & Fleming, 1989) to assess their
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perceptions of the nature of science and the process of scientific learning. Participants created concept
maps (Novak & Gowin, 1984) at the beginning and end of the summer workshop. Concept maps were then
used as a basis for interviews to evaluate content knowledge and pedagogical content knowledge as it
would be applied when teaching atomic and molecular structure and related topics. Preliminary interviews
focused on teachers perceptions of their teaching styles, methods used to assess student comprehension,
and abilities of their students. Classroom instruction was observed and recorded on audiotape.

Audiotaped interviews and observations were transcribed, coded, and analyzed. Codes for the data
included indications of the teachers content knowledge, pedagogical content knowledge, beliefs about how
scientific knowledge is acquired and how students learn, and terminology used by teachers when referring
to atoms and molecules. Comparisons of the teachers' statements about their beliefs and instructional plans
were compared to actual classroom practices. Evidence of pedagogical content knowledge included
anticipation and recognition of students aternative conceptions, use of a variety of representations to
explain concepts, and ability to modify instruction or explanations based on specific student questions or
evidence of students' misconceptions.

RESULTS

Teachers’ content knowledge and alternative conceptions

All of the participating teachers initialy reported having limited knowledge of quantum science
concepts. When asked to identify their basis for content knowledge in quantum science, teachers most
frequently referred to definitions or explanations in the textbooks they used with their students. However,
analysis of the textbooks used by these teachers revealed discrepancies and misleading explanations for
concepts such as electron orbitals. This finding is supported by research that shows that the high school
textbooks provide only superficial facts about the quantum mechanical model and that they fail to establish
convincing arguments for its superiority to other atomic models in predicting and explaining atomic
behavior (Shiland, 1997).

Participants in the summer workshops revealed a number of alternative conceptions about atomic
structure and electron behavior. Alternative conceptions included the belief that pi orbitals were involved
only when multiple bonds were formed between a pair of atoms. None of the teachers understood that the
term “orbital” referred to the mathematical wave function. Thus they interchanged the concepts of electron
orbital and electron density. Teachers admitted a poor understanding of the relationship between wave
properties of electrons and the resulting electron densities of specific orbitals. During their investigations of
QSAD software, all of the teachers were surprised to find that the electron density of antibonding orbitals
was highest on the outside of the molecule and that a node was displayed in the internuclear region. We
also discovered that teachers of different science disciplines used different definitions for the same
phenomenon. For example, chemistry teachers explained oxidation and reduction in terms of loss and gain
of electrons, while biology teachers definitions were based on loss and gain of hydrogen ions.

Concept maps and interviews identified changes in quantum science content knowledge for all
participating teachers as a result of the summer workshop. The most significant changes in content
knowledge were related to wave properties of electrons and factors affecting formation of molecular
orbitals. At the conclusion of the summer workshops, all participants expressed a greater confidence in
teaching quantum science concepts to their students, indicating that the availability of modeling software
made the abstract concepts of quantum science more concrete and understandable.

Case study findings

Teacher’s pedagogical content knowledge

Six teachers were observed over periods of four to five months to obtain baseline data on teaching
methods with topics other than quantum science as well as data on their use of QSAD materials. Data are
presented here for one teacher, who has 29 years teaching experience and currently teaches chemistry at a
public high school in a Boston suburb. The teacher exhibited well-developed pedagogical content
knowledge in his interview answers and his classroom performance. When asked about identifying
students' alternative conceptions, he had both general and specific strategies for eliciting, recognizing, and
correcting those conceptions. His statement, “Different concepts require different initial strategies,”
indicated his awareness that student learning is context-specific. The teacher’s pedagogical content
knowledge was evidenced in his awareness of specific issues that were likely to be barriers to students
comprehension of quantum science. He also demonstrated pedagogical content knowledge by tailoring
examples and explanations to students’ comments, identifying students’ misconceptions, and in designing a
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curriculum that guided students in their discovery of atomic structure. His comments reflected an
awareness of potential difficulties that students would encounter and variations in students' learning styles
and abilities. Prior to teaching this topic, he readily identified analogies, models, and instructional sequence
that would facilitate students' understanding of quantum science. In class, he used some of these strategies
but added others or modified his explanations in response to students' specific questions and comments.
For example, the teacher used the analogy of a staircase when explaining quanta of energy, saying that a
person could go up or down in increments of stair steps but could not move up in fractions of a step. When
one student’s response indicated that he thought that the energy difference between any two principal
energy levels was the same, the teacher identified this misconception and explained that analogies are
useful for explaining idess, but that analogies can never give a completely accurate representation. In
another case, a student’s comments suggested that she was confused by the two-dimensional images
generated by the software. The teacher gave the analogy of aloaf of marbled bread and a comparison of
one dlice of the bread to the entire loaf. He then asked students to visualize dlices through different abjects
such as an orange or a pair of balloons.

The teacher’s beliefs included convictions about how scientific knowledge is acquired, how
students learn, and the capabilities of his students. Interview comments about the epistemology of science
made reference to students’ expectations that the teacher should know everything and the inference that
students have an empiricist view of scientific knowledge. He stated his own belief that “science is a process
by which we continue to build knowledge and that knowledge building process has bumps in the road and
dead ends and keeps chugging along.” This philosophy was evidenced in the teacher’ s instructional design.
Students proceeded through a series of experiences that led them to question their previous conceptions and
rebuild their knowledge.

Observations of instructional and assessment practices reflected the teacher’s stated beliefs. For
example, hisinstructional plan for the quantum science unit guided students toward predictable discoveries
leading to predictable questions. The historical background of atomic theory was provided through student
presentations of the scientists credited with important discoveries, and the teacher augmented these
presentations with demonstrations and analogies. After the student presentation on J. J. Thomson, the
teacher demonstrated the properties of a cathode ray tube, using an exposed television tube. After the
Einstein presentation, the teacher demonstrated the photoelectric effect and its use in a spectrophotometer.
Following the historical overview, students investigated some of the ideas proposed by these theories. They
used spectroscopes to examine spectral lines emitted by excited electrons of different elements, then built
their own spectroscopes, using them to investigate the bright lines spectra produced by sources at home or
in the community. Students also used spectroscopes to analyze the “yellow” light produced by a Singerman
apparatus, learning that a given color can be perceived in the absence of the corresponding wavelength of
light. Students also determined Plank’s constant experimentally using a laboratory exercise from Visua
Quantum Mechanics (Escalada, Rebello, & Zollman, 1999). These experiences led to student questions
about the relationship between atomic structure and spectral lines, why hydrogen has more than one
spectral line if it has only one electron, whether the ionizing gas in a neon tube would “get used up” over a
period of time, and why light from a television appears blue when seen through a window.

Implementation of QSAD software and materials

The teacher’ s pedagogical content knowledge appeared to direct hisinstructional choices for using
the QSAD software. The sequencing of lessons included experiences that were linked to students’ prior
knowledge of light and the Bohr model of the atom. Through experimental results, students discovered
aspects of the Bohr model that were not supported by empirical evidence. Students predicted the
wavelengths of the emission spectra of hydrogen and helium through their own calculations and discovered
that the predictions were accurate for hydrogen but not for helium. This realization provided dissatisfaction
with the prior conception and the opportunity for reception of an alternative model. The teacher reported
extensive modifications of his units on atomic structure and periodic properties as a result of his new
understanding of quantum science. He consulted with the physics teacher at his school for advice on
demonstrations that would model wave properties, and included a new demonstration of constructive and
destructive interference in circular standing waves. He also used QSAD software applications to guide
students in the discovery of atomic structure and periodic trends in atomic size, ionization energy, and
electronegativity.

The researchers did not anticipate the teacher’s decisions about how to use the software. He
designed activities using a different QSAD application than was emphasized during the summer workshop.
During the workshops, teachers focused primarily on the Diatomic Explorer, which produces graphical
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representations of atomic and molecular orbitals of designated elements and binary molecules. However,
this teacher instructed his students to investigate electronic structure of atoms using the Bond Explorer. In
this application, the user selects the energy and sublevel of a single atomic orbital. The program then
generates representations of electron orbitals or densities of pseudoatoms. When the teacher was questioned
about his instructional choices, he explained that he wanted students to understand the general properties of
electron densities independent of the identity of the atom. Students appeared to follow this sequence
without difficulty. They asked many questions, but there was little evidence that students were confused or
frustrated by the software or in working with the abstract concepts of quantum science.

In response to interview questions, the teacher expressed his position on the necessary foundation
for students to be able to understand quantum phenomena. “ Students need to be prepared in a background
understanding of electron energy [and] wave properties.” The teacher commented that in previous years,
“as far as the kids were concerned, they were putting numbers with letters and talking about some
abstraction called orbitals.” He noted that QSAD software changed his own conception of atomic and
molecular orbitals and therefore his approach to teaching these topics. He pointed out that by providing
manipulable visual images, the software alowed students to construct an understanding of atoms and
molecules in terms of electrostatic interactions and wave properties rather than merely committing facts to
memory.

The teacher acknowledged that he would not know whether students understood al of the
preliminary information they would need until they had actually used the software. Thus, he anticipated
growth in his pedagogical content knowledge related to the software as an outcome of his teaching
experience. He also stated that his own content knowledge remains incomplete in the area of quantum
science, but one of his goals in teaching is to have opportunities to learn. He believes that his content
knowledge is greater now that it was before attending the QSAD workshop and gives credit to the increase
in his knowledge as the reason for developing a more extensive instructional unit in quantum science.

CONCLUSION

Data indicate that high school teachers have limited understanding of concepts related to quantum
science and the relationship of those concepts to many of the topics included in the high school science
curriculum. Use of QSAD software and materials resulted in increased content knowledge for all
participating teachers. Case study data from one of these teachers indicate that new content knowledge was
integrated into his existing pedagogical content knowledge, enabling this teacher to guide his students to a
deeper understanding of the events that orchestrate atomic and molecular behavior. Further research is
needed to determine if similar results would be obtained for teachers who participate in less intensive
workshops or tutorials provided over the Web.
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Maodern physics requires an adequate use of models and a deep conceptual understanding of the underlying abstract
ideas. However, there is only limited information available concerning how students have adapted their conceptual
frameworks towards incorporating the highly nonclassical issues of modern physics. In the present pilot study we
have investigated aspects of this conceptual knowledge and ways of changing the students' views of the strange
reality described by Quantum physics. The study was part of a quantum physics seminar. Most of the students had
completed a course in quantum physics. Yet, a pretest indicated that their conceptual understanding was not on an
adequate level. An experimental design was used to examine the impact of instruction emphasizing concepts. The
experimental group was assigned three specia lectures on concepts and models. A posttest was designed to
investigate how the students views of models and general conceptual understanding had changed. Statistical
analyses were done with U tests. The experimental group showed a significant improvement in their understanding
after treatment and a convergence towards experts' views.

INTRODUCTION

It is a generally accepted aim of a modern physics course at the upper secondary level to develop a
worldview that supersedes the view of classical physics. Obviously such a goal requires an understanding
of physical theories which goes beyond manipulating variables and forma understanding. It is more
important to have a conceptua understanding of the abstract ideas expressed in the symbolic language of
mathematics. Especially, this applies to modern physics concepts such as the theory of relativity, nonlinear
physics or quantum theory, which deal with some of the most abstract conceptual issues of modern
Sciences.
As they have to moderate the learning processes of their students, teachers must have an adequate
conceptual understanding of the various theories. This calls for research in science education that focuses
on the conditions that enable teachers to reach such alevel of understanding. Particularly, it is interesting to
know if the university education of teachers sufficiently supports the development of an adequate
conceptual understanding and, if not, how the situation could be improved.
The present pilot study investigates some aspects of these questions focusing on students views of
guantum physics. It was set up to answer the following two questions:
1. What level of conceptual understanding of quantum physics do future physics teachers have?
2. Is it possible to improve students understanding by emphasizing concepts in quantum physics
courses?
The source of data in this study was 13 physics students - 2 females and 11 males - at the University of
Kiel. The average age was 25. Nine of them had completed a course in quantum physics while the others
were just beginning it. In the summer term 1998 this group of future physics teachers took part in a seminar
on advanced aspects of quantum physics. The seminar’ s title was “ Quantum Physics between technological
application and philosophical significance”. These students will not spend much time studying or using
guantum physics after completing their courses on the topic. When they start teaching, they use concepts
developed and acquired in these courses. Thus, they provided us with information about typical
understandings of quantum physics of beginning physics teachers. On the other hand voluntarily taking part
in the seminar means that our thirteen students had a special interest in quantum physics. Hence we
expected them to be more susceptible to a concept-orientated course.
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THE PRETEST

The pretest consisted of questions which mostly had been used in previous tests designed for upper
secondary students (Lichtfeldt 1992, Mashhadi 1998, Wiesner 1996). This upper secondary leve is
comparable to the college level. The approach gave us the possibility to compare the conceptua
understanding of prospective physics teachers with the results known for secondary students. Due to the
explorative character of the present pilot study we decided us for open questions in order to gain a
maximum of information on students thoughts. Below are some examples of questions. (The numbering
scheme appliesto the pretest):

1. Please describe in as much detail as possible your concept of a hydrogen atom. You can do this in
written form or by using an illustration.

2. Why doesn't the electron collapse into the nucleus in a hydrogen atom?

3. Andédectronislocked in abox. At acertain point in time the box is divided into two boxes B1 and B2.
B2 is brought to a location far away. Suppose the electron is found in B2. Was the electron in B2
shortly before the check?

7. Please explain the meaning of the Heisenberg uncertainty principle (no equations).

11. Do you have arough idea of what could be meant with the following terms?

<

AHHHEHEE
2|zlz[z][z] 7]z

Measurement problem of quantum theory
Schrédinger's cat

Bell'sinequality

Complementary

Dualism

Nonlocality of quantum physics
Einstein-Podol sky-Rosen-Paradox

The pretest indicated that the group was very homogenous with respect to the level of their conceptual
knowledge of quantum physics. The answers revealed that most of the students applied ideas from classical
physics to quantum phenomena. Also, these students conceptua understanding was very similar to those of
secondary students. To illustrate the level of understanding found in the pretest here are some excerpts of
answers given for the first three questions.

...eectron, which moves around the nucleus on afixed @?

orbit...(Student E4) s
Question 1

...I imagine the electron the same as the proton, only
substantially smaller. It buzzes around the proton at a huge distance. (Student C5)

The electron does not radiate. (Student C1)
Question 2
Because escape velocity is too huge..(Student E7)
With the probability P1 the electron isin B1 and with the probability | P
P2 it is in B2. The question can't be answered with Yes or No. E 2 t
Question 3 (Student E2)
Probability is 50%, if Vol(B1) = Vol(B2). (Student E1)

We classified every student in one of three categories. The first category was labeled ‘C’ for classical
physics. Ten students belonged to this category because the majority of their answers indicated the use of
classical or Bohr-like models and ideas. The second category was labeled ‘Q’ for quantum physics. This
category was meant for students basing their answers upon the concepts of quantum physics. Only one
student was classified Q' using in the majority ideas from quantum physics. The third category was
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TABLE 1. Subgroups of seminar.

Experimental Group

Comparison Group

Age Sex completed classification*

Quantum
Physics
course

El 22
E2 26
E3 26
E4 24
E5 24
E6 26
E7 23
Mean 24.4

f

333 —+33

Z<<<<<2Z

Quantum
Physics
Pretest course Pretest
Age Sex completed classification*
C C1 25 m Y C
C Cc2 24 m Y H
Q C3 23 m N C
C c4 25 m N C
H C5 29 m Y C
C C6 24 m Y C
C
Mean 25

*C: Classical Physics; Q: Quantum Physics; H: Hybrid

labeled *H’ for hybrid. Two students were classified ‘H’ because they used concepts from classical physics
and quantum physics equally, depending on the content of the question.

resulting subgroups of the seminar.

EXPERIMENTAL DESIGN AND POSTTEST

To investigate the impact of emphasizing concepts on conceptua understanding the seminar group was
split in an experimental group and a comparison group. Distribution was at random. Table 1 shows the

The students of the experimental group took part in three special sessions dedicated to models and concepts
in quantum physics. These sessions included different models of the atom, the principal concepts of
guantum physics, historical and philosophical questions, and a broad discussion of the importance of the
several models and concepts in the evolution of quantum physics. The flowchart illustrates the design of the

study.

Seminar
Group

Pretest

Comparison Group

Ny

Experimental Grou

Y

FIGURE 1. Design of stu

Special sessions on concepts
and models:

- Thomson Mode

- Bohr Model

- Quantum Theory

- History, Philosophy

dy.

The posttest questionnaire consisted of 25 questions. In view of the qualitative information available from
the pretest we opted for closed questions suitable for a quantitative analyse. We chose questions that gave
us the possibility to check improvement of conceptual understanding with respect to the deficits found in
the pretest.
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Examples:

The Heisenberg uncertainty principle can be explained by a disturbance of the measuring process.

Probability data of quantum physics reflect a pure lack of information just like the probability data of
classical physics (e.g. by diffusion), that means the statement: “In principle, position and momentum have
determined values, we are just not able to measure them”, is

Statements were assessed using a scale from 1 to 5 with the following classification:

1 = correct, 2 = mostly correct, 3 = contains to an equal degree elements which are correct and incorrect, 4
= contains a grain of truth, 5 = incorrect. The value of the ‘correct’ answer was established by evaluating
the independent choices made by the four authors. Only those questions were finally accepted in which at
least three of us agreed on the value of the correct answer and at the same time the remaining author
differed in his answer not more than + 1.

RESULTS

The results of the posttest indicated a significant conceptual change of the experimental group.
Performance was measured first by the number of correct answers and second by the added deviations of
given answers from the correct ones. This indicator of performance used the 1-to-5 response scale. We
calculated for every student the sum of the 25 absolute differences between the values of the marked
answers and the values of the corresponding correct answers. For example suppose the correct answer is 5
and the student’s answer 1. This would result in a deviation of 4. 'Deviation' reflects better the overal
performance of a student than the number of correct answers. E.g., student C4 has only 3 correct answers,
but the resulting added deviation of his answers is comparable to the deviation of student C3 with 10
guestions answered correctly. This means his performance much better than indicated by the number of 3
correct answers. The following box plot illustrates the differences for 'deviation' between experimental
group and comparison group.

35.5
35.9
27.5 28.5
The box plot shows for both groups
22.9 the means, standard deviations,
21.1 maximum values and minimum
184 values.
13.8 16.5

Experimental Group Comparison Group

FIGURE 2: Box plot for added deviations of answer-values.
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TABLE 2. Results of posttest.

Experimental Group Comparison Group
Correct Answers  Deviation Correct Answers Deviation
E1l 15 18.50 C1 16 16.50
E2 15 18.50 Cc2 11 25.50
E3 18 12.50 C3 10 35.50
E4 12 27.50 C4 3 34.50
E5 16 17.50 C5 11 33.50
E6 14 16.50 C6 12 25.50
E7 14 17.50
Mean 14.9 18.36 10.5 28.50
Standard 1.9 4.53 4.2 7.38
deviation
Variance 3.5 20.48 17.9 54.40
Median 15 11
Correct Answers Deviation

U-test p=0.017 p=0.037
Effect size* d=1.3 d=1.6

* Effect size was calculated using t-test on the means.

The number of correct answers for the experimental group was more than 40% higher than for the
comparison group. Simultaneoudly the deviation from the correct answers values was 55% higher for the
comparison group. To test the significance of the obtained results a Wilcoxon-Mann-Whitney U-test was
performed (Bortz 1989). Having only a small sample and without the possibility to be sure that the * correct
answers’ and “deviations’ fulfill the condition of being normal distributions the U-test is the adequate test
because it uses only the ordinal information of the data. For “correct answers’ the result was significant,
p(np = 6, n, = 7, U=6) = 0.017 < 0.05 (95% confidence level). For “deviation” the result was aso
significant, p(ny = 6, n, = 7, U=8) = 0.037 < 0.05. Effect size was large in both casesd =1.3and d = 1.6
(Cohen 1988). But these values must be interpreted with caution because we did the calculation using t-test
on the means.

We conclude from the results that emphasizing quantum physics concepts in teaching considerably helps
students to improve their conceptual knowledge which seems to be inadequate after completing ordinary
guantum physics courses. A conceptual reflection and reorganization of these courses is necessary. Because
this work is a pilot study, the results can be considered only as hints. Therefore we continue to investigate
the conceptua understanding of modern physics in the broader context of German physics teachers.
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1. INTRODUCTION

How do future physics teachers envisage atoms? Do they regard electrons as being permanently localized?
What does the Heisenberg uncertainty relation mean for them? To answer such questions, we carried out an
empirical study on students conceptions of quantum physics in the years 1996 —1998. The study has been
carried out to support the development of a new course on quantum physics for the German * Oberstufe”
(12" to 13" year). In the center of this course we put the novel type of interpretative problems that quantum
mechanics entails. Such a course makes high demands on the students as well as on the teachers. It is of
particular importance for the teachers to have gained an understanding of the interpretation of quantum
mechanics during their university education.

Up to now, there exists only a relatively small number of studies on this topic. Most of the existing studies
deal with students conceptions [1-9]. They show marked misconceptions. Since we are interested in
teachers we have carried out our study with future teachers (3 to 5" year). As a side effect we gained some
insight on the effectiveness of the German university education in thisfield.

2. INTERVIEW SCHEME

We invited the students to an oral interview (duration ¥z to 1 hour) that was recorded on tape and later
transcribed for the evaluation. Of the 37 students that participated, 52% had heard about quantum physics
already in school. 79% had attended a quantum mechanics lecture (on the level of, e. g., Baym). They were
asked the following questions:

Atoms:
- Which ideas do you link up with the state of electronsin an atom?
Does an electron in an atom have a definite position at each moment of time?
How are charge and mass distributed at a certain time?
How does an electron change from one state to another?
How would you assess Bohr's atomic model in school ?

Heisenberg's uncertainty relation:
What is the meaning of the uncertainty relation?
What do Dx and Dp mean?
Does the uncertainty relation refer to a single quantum object?

Wave function, probability interpreation:
What is|y [2?
You find an electron at the position x in a measurement. Does that mean that it has been there aready
before the measurement?
Meaning of an eigenvalue equation (e.g. for momentum)

Interpretation of Quantum Mechanics:
- Double dit experiment: How can the electron "know" whether the dlit through which it not went was
open or not?
How do you envisage the spin of an electron?
Have you ever heard something about Schrédinger's cat?
Have you ever heard about quantum mechanical non-locality / EPR paradox/ Bells s inequality?
How do you envisage a photon?
Which textbooks / popular books have you read?
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3. RESULTS

In the following, the answers of the students are arranged in categories. To each category, typical student
utterances are given. Since they consist of spoken language with all its grammatical inaccuracies a proper
trandation was not easy. We have tried to match the meaning of the sentences as close as possible.

A. Conception of atoms
Question: Which ideas do you link up with the state of electronsin an atom?

a)  Bohr's atomic model (17%)
S31: There are circles ... around the nucleus... just orbits. They are circles. And the electrons are on
different orbits. They move on them and they can jump from one orbit to another ... if they get more
energy, they can jump to a higher orbit.

b)  Bohr's model with graft-on probability interpretation (24%)
S18: The orbits... | still have that picture when | think of an atom. Oneistold that it's not correct, but
oneis so used to it and, after all, it is employed again and again.

c)  Concrete ideas of "clouds” / smeared charge (14%)

d)  "Orbitals" with probability distribution (38%)
S29: It's the wave function that represents the particles, there is the theory of orbitals, the orbitals can
be represented in space. Then you know where the electrons are approximately and the whole thing
works with the probability interpretation.

The two dominant conceptions are the two variants of Bohr’'s model (together 41% ) and the picture of
orbitals (38%). It is remarkable that Bohr's model is almost aways used as the starting point of the
discussion. Quantum mechanical modifications are “graft upon” the Bohr model more or less strongly. The
“planetary model” of the atom seems to be a very robust conception.

These findings lead to a further question: Do the students confuse the different models (i.e. planetary
model, Bohr’s model, quantum mechanical moddl), or are they able to keep their features apart? 55% of the
students were able to distinguish clearly between models (and/or to reflect the model character of physical
description); 17% applied different models indiscriminately. 28% mentioned only one model.

B. Permanent localization:
Question: Does an electron in an atom have a definite position at each moment of time?

a)  Electron has a definite but unknown position (21%)

S1: Yes, it has to be somewhere, but it isn't accessible through a measurement.

S2: 1 would say in principle it has a definite position, we just don't know it. That's how | imagine.
b)  Electron has a position but no trajectory (due to insufficient knwoledge of initial conditions) (7%)
c) Localization in a region with some probability (25%)

S8: I’ slike that, they have no definite position, to my mind, they are just located arbitrarily

somewhere in a certain region.

S32: You cannot localize it that precisely, you can only give a probability of finding...

d)  No definite position because of the uncertainty relation (18%)
S28: Y ou cannot assign a definite position to an electron because of the uncertainty relation.

e)  Other (11%) / indifferent (18%)

C. Heisenberg's uncertainty relation
Question: What is the meaning of Dx and Dp? (multiple responses allowed)
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a) Measurement uncertainties (15%)
S15: Suppose you know the error Dx. Then you can determine the minimum error you have donein the
momentum measurement

b) disturbance during measurement: position measurement influences the particle’s momentum (21%)
S13: When | measure the position very precisely, | alter the momentum.

c) "Regions of localisation” (18%)
e. g. patia region where the particle is confined; width of the wave function
S34: The deltas are the bandwidth, within which you can determine the position and the momentum. 1f
| try to measure position very precisaly, the momentum bandwidth becomes very large. | will only get
aresult within this bandwith. If | confine an electron very narrowly within a potential, then the
momentum fluctuations are here within; the electron can take any momentum within this bandwidth.
And of course vice versa, if | fix momentum very precisely, | cannot predict whereit is, but | can give
at least a scope where it iswith a high probability.

d) Interval within which the exact value lies with some probability (18%)
S18: It is, so to speak, the probahilities of the momenta at this place. This is the most precise statement
about the momentum. | can only say the momentum lies in the interval between p + Dp.

e) Standard deviation of a statistical distribution (13%)
S21: If | repeat an experiment several times and measure postion and momentum, | don't get always
thesame, i. e. if | haveidentical initial conditions, | don’'t get always the same x and the same p, but it
varies. If | graph it | get a standard deviation.

f)  Never heard about the uncertainty relation (3%)

D. Have you ever heard about Schrédinger’s cat?
a) Yes, but I don’t know what it is (62%)

b) Yes (and the idea could be explained) (31%)

c) No, never (8%)

E. Have you ever heard about quantum-mechanical nonlocality / EPR paradox / Bell’s inequality?
a) Yes, but I don’t know what it is (13%)

b) Yes (and the idea could be explained) (13%)
c) No, never (75%)
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TEACHING APPROACH

The teaching approach under consideration has been under development for about ten years. Basic ideas
are:

(1) From Bohr to Schrédinger

A modern representation of atomic physics using the Schrddinger equation as a theoretical basis. The main
focus here is on qualitative understanding and interpretation of the y-function, not on mathematical
capabilities.

(2) Reducing the mathematical demands

We use the analogy of the standing wave in order to introduce the basic concept of a state (n, Wn, y n).In
addition, the computer is used for modeling the Schradinger equation for many special cases like hydrogen
atom, higher order atoms (He, Li) and molecules.

(3) Relating measurement to theory in a variety of phenomena.

Our approach is directed to the development of applications of our quantum model to a wide range of
phenomenain atomic physics, chemistry and solid-state physics.

(4) Student Orientation

The process of conceptualization and learning of studentsis to be specifically promoted by student-oriented
phases at the beginning of each new chapter.

The investigation reported here had the aim to use this new concept in normal school teaching with three
voluntary teachers, who had to be trained with this approach before. A special manuscript with about 120
pages was prepared for students and teachers (Niedderer& Deylitz 1997; a shorter draft version of 40 pages
is available in English.). The chapters of this script are: Light and electron as quanta; classical standing
waves; the hydrogen atom; higher order atoms. Instruction took place in three classes (H, V, W) in three
different high schoolsin great 13 in advanced physics coursesin Bremen.

THE EVALUATION CONCEPT

Research questions of the evaluation study

1. How far are students achieving the objectives related to this new approach? Do they develop a deeper
understanding of atomic physics asit is defined by this teaching approach?

2. How are conceptions and understanding of students changed during instruction?

Design
Data were gathered from questionnaires before and after teaching, from interviews after teaching, and from
observations during teaching. There were altogether 26 students in three classes.

Knowledge domains

Coming from our basic ideas as stated above, we defined the basic knowledge domains from the main
contents of our manuscript. As the basis for the evaluation, we defined six knowledge domains of the
approach:

Atom

This objective means that students should develop a description of atoms using an orbital model. Some
special aspects of this tested by specific questions of the questionnaire are: Use of a consistent description
in different situations; use of physics concepts (such as charge cloud, probability density, state, etc.) to
describe an atom; an understanding of the model character of these descriptions; to be able to distinguish
different models of the atom.

y -function
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This objectiveis related to an understanding of they -function and its interpretation. Special objectives are:
To draw y-functions in different states; interpretation of the y-function with the notion of charge
distribution or probability density distribution; to connect the y -function of an atom with the notion of a
State.

Notion of state

This objective is related to an understanding of the concept of state. Specia objectives are: To connect the
concept of state with special physical variables which are characterized by the state (energy distribution);
use of the concept of state to describe the model of an atom; to explain processes like emission and
absorption using the concept of state.

Schrédinger equation (SEQ)

This objective is related to a theoretical understanding of the use of the Schrédinger equation to describe
atoms. Special objectives are: List and explain the variables in the Schrédinger equation; describe processes
to solve the Schrddinger equation in a special case; to be able to explain properties of solutions; to explain
the form (curvature) of a y -function by using the Schrédinger equation and especialy the variables of
energy and potential init.

Relating measurement to theory

This objective is related to the understanding of relations between theoretical results from the Schrédinger
equation and corresponding results of measurements. Special objectives are: To connect differences in
energy level diagrams and frequencies of light spectra; to connect the form of a y-function (and a
theoretical definition of the radius of an atom) with measurement of size of an atom.

Higher order atoms

This objective is related to students ability to understand, how higher order atoms with more than one
electron can be described and modeled with the Schrddinger equation. Special objectives are: To
understand the shielding effect of electrons on the potential; to understand the combination of states in
higher order atoms; to understand the use of the Schrédinger equation for each single electron and their
interrelation; to distinguish the state of an electron and the state of an atom.

Questionnaire

From this content structure, we developed our questionnaire with mainly open ended questions and a final
interview with all 27 students.

Selected questions of the questionnaire

la Draw a picture of an atom and label it!

1b Describe your model with afew sentences.

le Can you determine the size of an atom in your model of an atom?

3b Given are three drawings. Describe commonalties and differences between these three atomic

models and use the notions "electron orbit”, "probability density”, and "charge cloud".

Performance levels
In order to define performance levels for al six knowledge domains, we had to find out combinations of
different answers to different questions related to these knowledge domains. Because of the open-ended
nature of questions a student could answer with his knowledge to one question or another, and we had to
take into account the different answers to different questions related to the same knowledge domain. So,
item combinations were defined to determine performance levels. These item combinations were
determined by logical analysis of the answers in relation to our knowledge domains and justified by
correlation between different item combinations. By this method we got the following three performance
levelsfor al six knowledge domains
Level Description

2 | The combinations of students answers were along the expectations from our teaching approach.

1 | The combinations of students answers showed some major deficiencies.

0 | Students answers were weak in relation to the expectations from our teaching approach.
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RESULTS

Results about performance levels

The results for the three performance levels in al six knowledge domains (research question 1) are
displayed in figure 1. Good results in the domain "atom" tell us, that most students have gained a good or
moderate understanding of the orbital model. In the domain "y -function” a qualitative understanding of the
Schrédinger equation (details see above) was gained to some extent. Some students did very well, but most
of the students had some deficiencies. The knowledge in the domain "notion of state" turned out to be the
second best, so many students got a good or rather good understanding of the notion of state and its
importance for explaining phenomena of size and light spectra. In spite of some efforts of our approach to
foster a qualitative understanding of the Schrédinger equation (domain " Schrodinger equation (SEg.)"), and
work with it in graphical computer models, the understanding here of most students was on a rather low
level.

Figure 1: Number of students in
three performance levels 0, 1

20 and 2 of six knowledge
domains (atom, y-function,
15 notion of state, Schrodinger
Number equation (SEQ), relating
10 measurement to theory (T+E),
s higher order atoms (h.A.)
Students
0 Level
atom PSigiate SEq. 2 of
T+E | A
Knowledge domain Performance

Knowledge domain "relating measurement to theory"(T+E)

In this content domain we analyze students ability to relate theoreticd models and experimental
observations and measurements. From students' responses to various items of the questionnaire we analyze
whether experimental observations can be explained with the intended atomic model. The items are divided
in two groups. Measurement of spectra related to the changing energy of atoms and items where students
tell something about the size and radius of atoms. The results in figure 1 show, that students did rather well
in this - from the view point of our approach - important knowledge domain.

Higher order atoms
This also was an important part of our approach. But most teachers had not enough time for this chapter, so
the low results were not so surprising.

Results about different classes
In addition we show differences between the three classesin figure 2.
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Figure 2: Performance levels 0, 1 and
2 of six knowledge domains (atom, y -
function, notion of state, Schrodinger
2,0-1 equation (SEQ), relating

measurement to theory (T+E), higher
1,5 order atoms (h.A.) in three different
classes

1,07 Students in class H have achieved better
results than in the two other classes. From
0.57 our observations of the classes there are
several preconditions that have influenced
the outcome. The teachers differed in their
class H | acceptance of our approach and in their
class V physics background. Half of the students in
class W class W were not native German speakers.
In average the students in class H spent
more time for preparations and reading the
text book than students in classes W and V.
Despite these preconditions the results in
each class for its own are quite similar;
students have achieved a better understanding of the objectives atom, Psi and state compared to the
objective SEq.

The levels on the vertical axis might be translated as 2.0 is excellent; 1.5 is very good; 1.0 is sufficient; 0.5
means students have achieved a preliminary understanding, and 0.0 means that they have got nothing out
from the course. The values on the vertical axis are mean values of all students in one course. With respect
to the abjective "atomic model" students in class H have achieved very good results, whereas students in
the two other classes have achieved only average or less results. With respect to the objective "y -function”,
students in the classes H and V have achieved average results, whereas in course W they have only reached
a sufficient level on average. With respect to the concept of state, students in course H have achieved very
good results, whereasin the classes V and W they have only achieved sufficient level.

The knowledge achieved about the mathematical understanding of the Schrddinger equation gets the lowest
scores in al three classes. The average even in class H is less than 1.0, so this means that a mathematical
understanding was not developed to a high level. One of the most important objectives for our approach
was to enable students to see a connection between results of theoretical modeling and results from
measurements, such as size of the atoms or frequency of spectral lights. The results show that this aim was
achieved to agood average level in course H and course V, whereas the average level of studentsin course
W was only sufficient.

The aim to understand the modeling of higher order atoms with more than one electron was achieved to a
good average level in class H, the other classes got lower results, but we know from observing the teaching
that the teachers in these classes gave only little time to this part of the instruction.

Results about students changes in conceptions from pre to post questionnaire

- 0o < o -

0,0-

atom

Psi
state
SGL

o

®

ik}
-
=
+—

Knowledge domain

hi atoms

Figure 3: Changes in conceptions
from pre to post questionnaire

electron orbit

electron cloud

Some results about students conceptions

B peest (research question 2) related to electron

B posteest orbits, electron cloud, concept of state,

concept of shell, distribution and movement

and their change from the pre test to the post

o s w1 x o= test are displayed in figure 3. More than 20

rumber ofstudents students change from an electron orbit view

of electrons in an atom to a charge view.

Nearly all students develop a good notion of an electron distribution. Nearly 50 % of the students develop
some good notion of a state and abandon a description of electrons which includes the notion of motion.

concept "state”

notion of a shell

distribution

movement
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CONCLUSION

A new approach to teach quantum atomic physics in upper high school has been transmitted to three
teachers of ordinary high school with partial success. In one of the three classes al but one objective have
been reached by many students. Only the mathematical understanding of the Schrédinger equation got less
average level than 1.0. In two other classes some of the objectives also have been reached with good
success, for instance achieving a new atomic model or understanding some relations between theoretical
model and results of measurement. Other objectives failed to reach a sufficient level. We conclude from
these results that although it was not possible for most of the students to develop a deeper understanding of
the theoretical description they achieved an average to good understanding of the basic quantum
mechanical concepts.
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The purpose of this study was to develop a survey instrument to explore the conceptions that students hold after
completing their first year of tertiary studies in quantum mechanics. The survey comprised four questions
covering fundamental concepts: the photoelectric effect, the meaning of uncertainty, the nature of waves and the
nature of energy levels. The instrument was administered to 231 physics students at the University of Sydney in
1995. A phenomenographic analysis was adopted and supported by content, context and correctness analyses.
The results suggested that new concepts presented in class are considered superficialy; reintegration of
inappropriately associated pre-existing concepts does not frequently occur; development of mental models with
time is minimal, the majority of students retain their original secondary school conceptions; and students have
great difficulty in using models to interpret data.

INTRODUCTION

Despite the fact that quantum mechanics is an area of widespread importance, it has not until recently
attracted much pedagogical research