Chapter 1

Introduction

Perhaps more than in other physics subjects, when talking about quantum
mechanics education it seems inevitable not to speak about the foundations of
the subject taught. When teaching Newtonian mechanics, teachers hardly need
to worry about what is meant by concepts like “position”, or “acceleration”.
This does not mean that teaching Newtonian mechanics does not have its own
peculiarities, and “strangeness” related to the theory. For instance, students
appear to find the idea of a normal force intangible. But at least a teacher can
go back to the theory, on which there is agreement, to try and make sense of
this term. Next, this understanding can be used to design teaching activities
that enable students to also learn what the meaning and use of this term is.
In quantum mechanics this appears not so easy, because many physicists still
debate the “interpretation” of the theory, or at least feel uneasy about it.
The sole fact that the word “interpretation” elicits such a range of reactions
from those who teach and study quantum theory informs us that there is still
something to argue about.

Attitudes towards quantum mechanics seem to differ between generations
of physicists, as observed by Mermin|(1989). The founding fathers of quantum
mechanics (the first generation) struggled with this strange new theory they
had come up with. We here find, for instance, the debates between Bohr
and Einstein. The second generation, students of the founding fathers, “seem
firmly—at times even ferociously—committed to the position that there is really
nothing peculiar about the quantum world at all” (p. 9). Finally, a third
generation, born a decade after the inception of quantum theory, take a more
relaxed stance concerning the foundation of the theory:

Few of us brood about what it all means, any more than we worry
about how to define mass or time when we use classical mechanics.
In contemplative moments some of us think the theory is won-
derfully strange and others think it isn’t; but we don’t hold these
views with great passion. Most of us, in fact, feel irritated, bored or
downright uncomfortable when asked to articulate what we really
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think about quantum mechanics. (p. 9, original emphasis)

Although more relaxed, this is not exactly completely relaxed: some uneasiness
remains.

Kaiser| (2007)) gives a different perspective on this. The attention devoted
to qualitative and interpretational issues appears to depend greatly on the
class size. This class size has varied over the years, in part due to historical
developments. For instance, after World War II there was an effort to increase
the number of physicists, resulting in large classes, with a focus on training
engineers and mechanics, rather than philosophers. This variation over time
might explain the differences between the generations, as defined by [Mermin
(1989). However, variations in class size will exist at any given moment in
history. Kaiser has compared lecture notes from first-year, graduate level
quantum mechanics courses in the 1950s and early 1960s. Class size appears
to be the biggest influence on the teaching of quantum mechanics. In large
classes less time is devoted to the interpretation of quantum mechanics. Kaiser
explains this by arguing that the pedagogic approach followed in these smaller
classes to discuss interpretation, “does not scale up” to larger classrooms:

Back-and-forth discussion was quite difficult to sustain in classes
of 40 or more students; deep discussions of interpretation were ill-
suited for auditorium-sized lecture halls. (p. 31)

As we will see in this thesis, physics education research has resulted in meth-
ods that are able to engage larger number of students during lectures, partly
mitigating the disadvantage of large classes. In any case, Kaiser’s analysis
shows that addressing the interpretation of quantum mechanics in education
is not necessarily something of the past. Furthermore, discussing the interpre-
tation of quantum mechanics is not easy, as small-sized classes seem to be the
preferred setting.

The role of interpretation in quantum mechanics makes it not straightfor-
ward to define, or choose, what we want to teach when we teach quantum
mechanics. It is, however, inevitable to make this choice. As |Kaiser]| (2007])
notes:

My goal is neither to show nostalgia for the philosophically en-
gaged style of Oppenheimer and Nordheim, nor to condemn the
pragmatic approach of Fermi, Bethe and Feynman. It is rather to
highlight the choices that physicists must always make when step-
ping into the classroom. Choices of topics to discuss and problems
to assign reflect deeper decisions about the ideal type of physicist
one seeks to train. Should the new generation be philosophically
attuned, concerned with minute details of conceptual interpreta-
tion? Or should physicists hone their ability to calculate, push-
ing Heisenberg’s and Schrodinger’s equations into the service of
ever more elaborate problems to solve and phenomena to analyse?
Competing ideals have flourished under different pedagogical con-
ditions. (p. 33, emphasis added)
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This above quote seems to suggest that one should choose between two mu-
tual exclusive options. However, this need not necessarily be the case. One
might consider teaching approaches that are placed between the two opposites
described above. The relevance of the interpretation of quantum mechanics
for teaching quantum mechanics will be addressed in Chapter

Using the phrase “quantum mechanics education” might give the impres-
sion that it refers to a specific type of education. However, quantum mechanics
is taught at different levels of education, for different audiences, and with dif-
ferent teaching goals. Each combination of these properties (level, audience,
and teaching goals) results in education with its own peculiarities and diffi-
culties. As will be explained later in this thesis (Section , we are mainly
interested in introductory quantum mechanics (non-relativistic, based on the
Schrodinger equation) aimed at first year physics and chemistry students. In
short the education of interest focuses on letting students learn to work with
the basics of the quantum mechanics formalism. In addition, in the case of
quantum chemistry, students should be able to understand bonding from a
quantum mechanics perspective.

This thesis explores the teaching of university level, introductory quantum
mechanics. We will use the current chapter to outline this research, motivate
the aims and the research method that was used.

1.1 Motivation and focus for this research

There are several reasons to start this research on university level quantum
mechanics. We here sketch the considerations underlying this choice.

As the level of education increases, content knowledge becomes increas-
ingly important. As a result, those teaching at university level are primarily
professional researchers, rather than professional teachers. There is simply
not enough time to contemplate how courses are set up, let alone participate
in educational research. This might in part explain why physics education
research mainly focuses on high school education. Another factor of influence
is of course that there are more students following high school education than
university level educationﬂ As a result, physics education research is more
cost effective when issues at the secondary level are addressed. Furthermore,
many of the problems identified in educational practice (e.g. scientific literacy,
alternative conceptions, lack of mathematical skills) originate from secondary,
or even primary education. If these problems are to be addressed, it is logical
to focus research on those levels of education where these problems originate.
Another reason that tertiary (higher/academic) education attracts less atten-
tion from educational research, might be the belief that students at this level
will find their own, successful way of studying. However, educational research

In the Netherlands for the study year 2008-2009 a total number of 33.186 high school
students followed some kind of advanced physics in the last three years of the higher level
stream (i.e. vwo in Dutch). In the same year a total number of 2.122 students were following
a university level physics study (source: www.cbs.nl).
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shows this premise to be untenable. Students do not always learn what is
intended and alternative conceptions occur at all levels of education. We will
address this in more detail in Chapter [2] where we review research on quan-
tum mechanics and quantum chemistry education. In any case, we believe
there is enough evidence that each level of education has its own characteris-
tics/peculiarities justifying specialized research. With this research we hope
to contribute to the knowledge of how students learn quantum mechanics at
the tertiary level.

Furthermore, this research is expected to stimulate innovations in the cur-
rent educational practice at our university. This stems from a recent develop-
ment in higher education in the Netherlands, where it is acknowledged that
university lecturers and teachers should also be trained as educators. To this
end, several Dutch universities, such as the University of Amsterdam, have
implemented a program to train new lecturers and teachers in educational
skillsﬂ To be able to contribute to the professionalization of the local educa-
tional community, we have chosen to closely cooperate with lecturers in this
field.

Research into quantum mechanics education is more recent than for in-
stance research into the teaching of Newtonian mechanics. An early contri-
bution is due to |Fischler and Lichtfeldt| (1992). Although this publication
concerns modern physics at secondary level, it is cited by studies concerning
quantum physics on tertiary level. However, more general interest in this sub-
ject had to wait an additional ten years: the last decade has shown a substan-
tial increase in research into quantum mechanics education. We might thus
say that this field is relatively new. With this research we hope to contribute
to this development.

Because quantum mechanics is thought to be conceptually difficult, teach-
ing on tertiary level often seems to focus on using the quantum “machinery”,
i.e. the (mathematical) formalism. However, it is questionable whether stu-
dents will benefit from such an approach, as we will discuss in the literature
review in Chapter On the other hand, it is also not known in what way
students will benefit from a focus on conceptual understanding. This leads
to the question what the relation is between conceptual understanding and
procedural fluency when learning quantum mechanics. We will touch upon
this topic in Chapter [§]

In part the research topic will depend on the teaching goals of the education
that is researched. For instance, it is to be expected that a physics student
needs to learn quantum mechanics at a different level than a chemistry student.
A student not majoring in a science topic, will be taught at yet another level.
This results in different teaching goals, which may lead to different research
questions. It can also lead to different answers when considering for instance
the interplay between conceptual understanding and procedural fluency. The

2At the University of Amsterdam this program is called the “Certificate Program
in Learning & Teaching in Higher Education”: http://www.science.uva.nl/research/
amstel/dws/lthe
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educational context in which this research was conducted is explained briefly
in Section [I.3] and in more detail in Chapter [4

Given the above considerations, we have chosen two foci for this research.
Firstly, an engineering focus, to identify weaknesses in the current course de-
sign and develop teaching materials based on research literature to improve the
educational practice. Secondly, we want to understand why these materials are
effective, or not, and how students work with the materials. This should lead
to a generalizable description that is also interesting for others teaching this
subject. In short, we want to contribute to the educational research literature
on this subject. These two foci will be addressed in the next section.

1.2 Methodology

1.2.1 Developmental research

The initial focus for this research might be qualified as a local engineering
problem: finding solutions for learning difficulties identified in introductory
courses on quantum mechanics. However, these solutions may be only of in-
terest to the local situation in which they were developed. These solutions
might become useful to others if they could be described in such a way that
others can apply them in a different context. In other words: if the solutions
would lead to a context independent design that makes it possible to generalize
to other educational environments.

A suitable methodology that fits this description is developmental research
(Van den Akker| |1999). Domain specific implementations of this research
method are described by |P. L. Lijnse| (1995) for science education and |Grave-
meijer| (1994) for mathematics education. Developmental research is a com-
bination of prototype development and theory construction, in the sense that
the research culminates in a working educational prototype (e.g. a teaching
unit) motivated by a theory of learning. Thus developmental research aims at
making both practical and scientific contributions. The scientific contribution
focuses on providing a generalized description of the prototype to enable use
in varying education contexts. This will be explained in more detail below.

Van den Akker| (1999) distinguishes between two main types of develop-
mental research, each with a different interaction between development and
research activities: formative research and reconstructive studies. In formative
research, the research and development activities run alongside each other. In
reconstructive studies, the research mostly takes place after the development
process. The developmental research described by |Gravemeijer| (1999) resem-
bles the first kind, and is used in this researchﬁ From hereon we use the term
developmental research in the sense of formative research.

3Gravemeijer| (1999) states that the developmental research he describes focuses on theory
construction, in contrast to the (developmental) research described by Van den Akker|(1999),
which Gravemeijer qualifies as “formative evaluation research” (p. 234). However, [Van den
Akker| (1999) also describes how research findings are generalized in such a way that they
apply to different contexts. Furthermore, |Gravemeijer| (1999) does not give a clear definition
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To give direction to the development activities, a given (local) educational
practice is explored to make an inventory of teaching and learning difficul-
ties and opportunities. Part of this exploration is a literature review, which
can guide the exploration process. Observations might already be interpreted
using a chosen theoretical framework. Also, tentative design ideas might be
suggested during this exploration. The exploration will result in preliminary
research, or design questions. The literature review may already provide pos-
sible answers to these questions. Van den Akker| (1999)) qualifies this work as
“Explorative Design Study”. An important aim of this exploration is to as-
certain whether the conditions for developmental research are met, and thus,
if the project can proceed. In other words, at this stage it should be made
certain that the design questions are answerable in the context available, and
that it is expected that these will lead to generalizable results (stemming from
the scientific focus). The context, or setting for this research is described in
Section[1.3] The results of the exploratory phase of this research are presented
in Chapter

After the aforementioned exploratory phase the actual developing can start.
As a goal of developmental research is to produce a working prototype in an
existing educational situation, it should account for the complexity of this
situation, with its many uncertainties and dynamic context. This requires
research with a “more evolutionary (interactive, cyclic, spiral) approach, with
integrated research activities to feed the process (both forward and backward)”
(Van den Akker} (1999, p. 2). The evolutionary approach chosen in this research
is reflected in the organization of the research in multiple research rounds.

The exploratory phase may be designated as the zeroth research round.
Based on the findings of the zeroth research round, interventions are proposed
to improve the education under consideration. Depending on the focus of the
research, these interventions may be for instance lessons, teaching approaches,
a change of text book, or practical work. For these interventions hypotheses
are formulated that express the researchers’ expectations of the planned inter-
ventions. (Gravemeijer| (1999)) uses the term thought experiments to express the
researchers expectations of how the new design will function in a real teaching
environment. The new teaching design is tested in a teaching experiment and
the results are analyzed. This concludes a research round. The results will be
used in a next research round, leading to an adjustment of the hypotheses and
the teaching design. For the new design, the researcher will again make ex-
plicit what his expectations are of this new design (resulting in a new thought
experiment). This procedure is the evolutionary approach mentioned above
and is repeated multiple times. A graphical representation of this process is
given in Figure

Ultimately, this will result in a teaching design supported by a detailed
theoretical description of how the design will function in a real teaching envi-

of what is meant by the theory that is constructed in his description of developmental
research. For all practical purposes, and certainly for our case, we can safely say that
Gravemeijer and Van den Akker express the same focus for developmental research.
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> other local theories for this domain >
generalization over
local theories:
> (developing) local theory >

domain specific theory
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teaching teaching teaching
exp. exp. exp.
Figure 1.1: Schematic representation of Developmental Research (Formative
Research), adapted from |Gravemeijer| (1999).

ronment. This is the theory construction mentioned above. This description
should enable others to either implement the teaching design (and thus repeat
the experiment), or use the results in a related context. We return to the
outcomes of developmental research in Section [1.2.2)

The cyclic, iterative character of developmental research (in particular in
formative research) can be found in other studies in the field of Physics Ed-
ucation Research (PER). One example is research at the PER Group at the
University of Washington (McDermott & Shaffer, [1992; [Shaffer & McDermott,
1992). These articles describe how research results can be used as a guide in
curriculum development and how, in turn, “development and implementation
of the curriculum have enriched the research base” (p. 994). This research re-
sembles developmental research in several aspects. First of all, it is concerned
with some specific physics content for which instructional materials are devel-
oped that are used in an existing situation to “match the needs and abilities of
students”. This is clearly the engineering focus. Furthermore, research meth-
ods and instruments are used to acquire detailed knowledge about student
thinking and the conceptual difficulties they encounter. The results of these
inquiries are formulated in a generalized form, making them not only relevant
for the local practice (i.e. the University of Washington), but also for others
teaching the subject (electricity in this case).

Another example is research from the PER group of the University of Mary-
land (Wittmann, Steinberg, & Redish} [1999) |2002). Although not described
in detail, they use a cyclic research approach to design a physics curriculum.
Similarly, the PER group at Kansas State University uses a form of research in-
formed curriculum development (Zollman, Rebello, & Hogg), 2002)). Although
both PER groups present the developed materials in a way such that they
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might be useful to others, there is no primary focus on theory construction
in the development of these materials. Both research groups, however, also
contribute to the educational research literature concerning the issues they
address with their development activities. Given these examples, we may say
that developmental research, although not always named as such, is an ac-
cepted research approach.

1.2.2 Outcomes

The outcomes of developmental research are primarily a prototype design with
a rationale, or theoretical description of how the prototype functions. There
appear to be different, but related formulations of the characteristics of this
resulting description. These formulations have in common that they primarily
describe, or explain how the design works. We here discuss three related
formulations of the outcomes of developmental research and indicate how this
research will formulate its outcomes.

Gravemeijer| (1999)) qualifies the resulting theory as a local theory of how
the topic under consideration is learned and taught. Such a theory asserts
what goes on in the learners mind (cognitive perspective), as well as what goes
on between learners and teacher in a classroom situation (social perspective).
The term local is to be understood as limited to a specific topic (e.g. quantum
mechanics) in a certain context (e.g. introductory, university level)ﬂ Because
of this addition of local, we prefer to call the local theory a model of the
teaching learning sequence. Although a distinction between model and theory
may sometimes be confusing, using the term model here expresses the fact that
a translation is made to a concrete situation based on more general, theoretical
knowledge.

Another formulation of the outcomes of developmental research is the di-
dactical structure (P. Lijnse & Klaassen, [2004). To facilitate the monitoring of
designed materials, their expected effects are made explicit and theoretically
justified in a so-called research scenario. The scenario guides the observations.
Based on the analysis of observations the scenario is adjusted for a possible
next research round. Ultimately, this leads to an accurate description of the
teaching-learning sequence, for the content under consideration in the current
context. This description is called a didactical structure.

A different definition of the result of developmental research is given by [Van
den Akker|(1999). The scientific outcome is defined as generating, articulating
and testing design principles. The term design principle expresses the focus
for making knowledge useful for others, as is also emphasized by |Gravemeijer:
(1999). A design principle then is a statement of the form:

4Gravemeijer| (1999) does not explicitly define what he means by local. We understand
it as stated above, in the main text. However, the term local might also be interpreted as a
given, concrete educational context (in place and time). However, then a local theory would
only apply to that given context. In our use of the term local, already some generalization
has taken place over similar contexts.
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If you want to design intervention X (for the purpose/function Y in
context Z), then you are best advised to give that intervention the
characteristics {a, b, .. . } (substantive emphasis), and to do that via
procedures {k,l, ...} (procedural emphasis), because of arguments
{p,q,...}. (Van den Akker} |1999, p. 9, paraphrased)

The arguments {p,q, ...} can be either empirical, theoretical, or both. Note
the use of the phrase “best advised”. Thus, the design principle does not claim
to give the best approach, only that it gives the best possible approach, given
the current state of our knowledge.

Compared to the design principles one might say that the scenario is a
lower level and more detailed description of the teaching-learning sequence.
The design principles can be seen as “criteria for didactical quality” which are
abstracted from the scenario (P. Lijnse & Klaassen), 2004, p. 551). The concept
didactical structure will be used in Chapter [10]| to formulate the conclusions of
this research in such a form that it enables others to 1) trace and 2) use the
outcomes of this research in another context.

1.2.3 Research instruments

The cyclic, iterative organization of this research, as explained in Section [1.2.1
is chosen to inform the researchers how to adjust the teaching design. Thus,
the research method should not only concentrate on the shortcomings of the
teaching design, but also needs to provide suggestions how to improve this
design (Van den Akker, 1999, p. 10). Developmental research uses whatever
research instruments that suits its objectives:

... efficiency of procedures is crucial. The lower the costs in time
and energy for data collection, processing, analysis and commu-
nication, the bigger the chances on actual use and impact on the
development process. For example, samples of respondents and
situations for data collection will usually be relatively small and
purposive compared to sampling procedures for other research pur-
poses. The added value of getting ‘productive’ information from
more sources tends to decrease, because the opportunities for ‘rich’
data collection methods (such as interviews and observations) are
limited with big numbers. To avoid an overdose of uncertainty in
data interpretation, often triangulation (of methods, instruments,
sources, and sites) is applied. These arguments especially hold true
for early stages of formative evaluation, when the intervention is
still poorly crystallized. (p. 10)

To summarize: developmental research requires “rich” data collection meth-
ods, especially in early stages. Typically, in subsequent research rounds, more
specific research questions are formulated that require their own data collection
methods, depending on the type of question asked.
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Without going into detail here, we can give a general description of the
type of research questions in this research. In Section we give an overview
of the particular research questions in each of the research rounds and the
research instruments that were used to answer them.

In the zeroth round, the main question was what learning difficulties first
year physics and chemistry students experience when learning quantum me-
chanics. Similarly, we wanted to find out what difficulties lecturers experience
when teaching this subject. In subsequent rounds teaching materials were
developed with the aim to remedy some of the observed learning difficulties.
In both cases, a research instrument is needed with which students’ reasoning
while working with the teaching materials (either existing, or newly developed)
can be examined in detail. In all rounds we used participatory observations.
In early phases of the research we made audio recordings of student—teacher
discussions, in later phases we made audio recordings of student discussions in
selected groups of students. These instruments, as well as other instruments
used in this research, are described below.

In participatory observations the researcher takes on an active role
during teaching activities, as permitted by the situation under consideration.
For instance, during tutorial sessions, the researcher may take on the role of
a teacher, by assisting students in their work, answering their questions and
giving instructions. This way the researcher has the opportunity to ask stu-
dents specific questions to probe their understanding. It is important that the
researcher prepares for these meetings by making an “agenda” of the things he
wishes to find out. This preparation may for instance be explicated in a script,
which also defines if and how the researcher responds to certain student ques-
tions. During the observations the researcher takes notes of these observations.
Participatory observations enable the researcher to experience what students
find difficult and at the same time, what subject matter is particularly difficult
to explain. Also, it will inform the researcher which text book problems are
found easy and which are found difficult. Combined, such observations give
the researcher possible topics to investigate further. The researcher also gets
a general impression of how well the materials function. In this research, lec-
tures have also been observed. Because of the nature of a lecture, observations
are then more passive. However, with smaller student groups (approx. 30),
the researcher can also participate in discussions. Participatory observations
also give an opportunity to talk with students more informally, for instance
during lecture breaks.

Audio recordings were made of students’ discussions to enable detailed
analysis of conversations. In the zeroth round of the research audio recordings
were made during tutorial sessions of both the teacher and the researcher (both
carried an audio recorder). This way a large sample was acquired of the stu-
dent population, from the perspective of the teacher/researcher. The record-
ings thus reflected the interactions between teacher /researcher—students. Dur-
ing subsequent research rounds, in which a specific intervention was planned,
multiple student groups were selected to be audio recorded throughout the

10



1.2. Methodology

course. This method is limited in the sense that it is only possible to follow
a small selection of the student population. However, the gathered informa-
tion is potentially very rich and detailed. Also, following students throughout
the course enables the researcher to determine the effect of an intervention on
the remainder of the course. Typically, a selection was made of audio record-
ings that were to be analyzed in more detail. The main selection criteria is
whether the audio recording contains students working on problems that are of
interest (e.g. newly designed assignments). The selected audio recordings were
transcribed and independently analyzed by two researchers using an analysis
scheme. Both analyses were compared and discussion would follow until both
researchers agreed on the interpretation.

Besides the above two instruments, in the zeroth round of the research an
analysis of written exams was used to find out what the lecturer thought
was important for students to know. In other words: implicit in the exam-
ination are the teaching goals of the course. The exam questions were also
analyzed to find possible limitations in what was examined. Furthermore, stu-
dents’ exam answers can also reveal what they find difficult, or can expose
possible alternative conceptions. The advantage of using exams is that it gives
information of the whole student population, although the information is more
shallow than that gathered from audio recordings.

A questionnaire was used in the first stage of the research to get a general
impression of the student population. In particular: what they expected of the
course and if and where they had earlier learned about quantum mechanics.
Part of the questionnaire probed their thinking to find out to what extent it
could be classified as “quantum” or “classical”. This part of the questionnaire
was repeated after completion of the course and the results were compared to
the first attempt. The results of this questionnaire are discussed in Chapter

In later stages of the research a retention test was developed to measure
retention of quantum concepts. This test was administered twice: shortly after
the final exam and seven months after the final exam. This was done in two
subsequent years of each of the observed courses. Another goal of the test was
to develop a measuring instrument to compare two different years, each with
a different teaching set-up. The development of the test and the results are
discussed in Chapter [0

Finally, two different interviews were held in several stages of the research.
To validate the retention test (see above) a structured interview was held
with three individual students. These students were given the test and asked
to “think aloud” while making the test. This way ambiguous phrasing of
the questions could be revealed. Also, it could show students’ reasoning. A
semi-structured interview was held in the final research round to evaluate the
course and find out what conception students had of the term wave function,
some time after completion of the course. The results of the semi-structured
interview are presented in Chapter

11
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The above research instruments are mainly data collection instruments. A
special research instrument that does not fit this description, is the designed
study material that forms the core of the various interventions. It is to the
educational researcher what the Bunsen burner is to the chemist. Chapter [f]
describes this material in detail and it is reproduced verbatim in Appendix [A]

1.3 Setting

Because of the engineering focus and the developmental research approach cho-
sen for this research, interventions need to be tried out in an existing teaching
environment. Furthermore, this research has a strong exploratory character,
particularly in the earlier phases. This requires a close cooperation with the
lecturers and teachers involved. Therefore, we have chosen to conduct this
research in our own science department. Another reason for this choice is the
aim to help professionalize the local educational practice.

Two existing introductory courses on quantum mechanics given at the
University of Amsterdam were suitable settings for this research: Quantum
Chemistry (QC) for chemistry majors, and Quantum Physics (QP) for physics
majors. There are three reasons to select both these courses for this research.
First of all, it enables us to compare the effect of interventions for students
with different backgrounds. For instance, on average physics students have
good mathematical skills. This enables us to see the effect of an intervention
when mathematical background is not an issue. Secondly, it is expected to be
better possible to generalize over different student populations. Finally, there
is an organizational reason: spreading risk. Beforehand, we cannot know how
successful our cooperation with the lecturers and teachers of the two courses
will be. There is a risk that at some point, for whatever reason, it will be
decided to stop the cooperation. With two courses, it is less likely that such a
choice will undermine the research as a whole.

In preparation for this research the lecturers of both courses were inter-
viewed to find out whether they were willing to cooperate. It was also impor-
tant to find out what their experiences were teaching this topic, what opinions
they had regarding the way it should be taught, and what possible focus the
research might have. Furthermore, because they are expected to carry out
intended changes in the course, or at least are responsible for such changes,
support from the lecturer and teaching assistants is indispensable. Therefore,
before starting this research it had to be determined whether the type of inter-
ventions these lecturers were willing to support would be sufficient to generate
outcomes of a generalizable character. The outcome of these talks was positive.

Both courses are given in the second semester of the first year. In the first
semester students have had preparatory courses, such as Calculus. Classical
physics is given in the second semester, parallel to the introductory quantum
courses. The QP course discusses the formalism of quantum mechanics enough
to solve basic potentials, such as the infinite square well and the harmonic
oscillator. There is a focus on the mathematical formalism. For instance,

12
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students should be able to derive the solutions for the harmonic oscillator.
The aim of the QC course is to use quantum mechanics to understand chemical
bonding. The first half focuses on the formalism of quantum mechanics, and
using this to find solutions for systems like the infinite square well and the
harmonic oscillator. However, students are not expected to find these solutions
themselves. The course moves on to explain atomic structure using quantum
mechanics, and finally chemical bonding. The number of students enrolled in
each course is limited. For QC this number varies between 10 and 20, for QP
between 40 and 60. Both courses are described in more detail in Chapter [4]
and subsequent chapters.

1.4 Overview of the research rounds

Following a developmental research approach, as explained in Section [T.2.1]
this research is organized in multiple research rounds. For each research round
we can specify the research questions, what interventions related to these ques-
tions were developed, what research instruments were used, what the outcomes
were, and how these outcomes influenced the design in the next round. With
intervention we mean a specific adjustment to the course (design), with a spe-
cific purpose in mind. The interventions can be seen as the experiments of
educational research.

For each of the courses we give an overview of the research rounds, Table
for Quantum Chemistry, Table for Quantum Physics. The thesis itself will
not describe each of these research rounds in detail, but will focus on particular
parts of particular research rounds. This will be explained in Section [T.5]

A few comments are relevant in this overview. The first round of the re-
search in the Quantum Physics course (Table followed upon an idea of
the lecturer to use the Heisenberg matrix mechanics approach. The idea was
to guide students from observations of atomic spectra towards a theoretical
description (i.e. matrix mechanics), which could be shown to be equivalent
to the Schrodinger formalism. It appeared impossible to develop such an ap-
proach in an evolutionary way. The “Heisenberg” activities share no common
base with the “Schrédinger” assignments. A route following Heisenberg was
thought to be possible, but only when it could be designed and tested from be-
ginning to end. This was considered undesirable in an existing course, that has
to prepare students for important follow-up courses on quantum mechanics.
Therefore, the Heisenberg approach was not followed through. Furthermore,
in round three a new lecturer took over. Shortly before the start of the course,
this lecturer had to resign due to health reasons and yet another lecturer took
over. This lecturer did not see any reason to continue the developments that
were planned in earlier rounds. From hereon, the research continued in the
Quantum Chemistry course.

In round three in the Quantum Chemistry course (Table we concluded
that the analogical reasoning failed. However, in the next round it succeeded.
This table does clarify what was changed to the teaching design, nor why
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these changes were appropriate. This is briefly addressed in Chapter [7] and
in |[Koopman, Kaper, and Ellermeijer| (2006). A conclusion of research round
three was that students did not use the term wave in a precise manner (i.e.
not on a descriptive level, see Chapter . As a result there was no need
for them to introduce this term as a hypothesis in the domain of electrons.
Instead they identified the electron interference pattern itself as the wave. In
the next research round, we changed the assignment to stimulate students to
explicate this term and use it more precisely. We also addressed it in a plenary
discussion, to make sure students saw the use for a precise concept wave.

1.5 Setup of this thesis

This thesis roughly follows the development rounds in this research. An
overview of activities in each of the research rounds is given in Table [I.] for
Quantum Chemistry and Table for Quantum Physics (Section . The
following is an overview of the chapters in this thesis, placing them in context.

Chapter @: [Literature review| During the zeroth research round (in 2005)
a literature review on quantum mechanics education research was done to
guide the research activities and find possible directions for the development
of teaching materials. This chapter updates this initial literature review. Both
quantum mechanics and quantum chemistry are discussed.

Chapter |3} [Theoretical framework| The general theoretical background
for this research is described and related to the literature review from the
previous chapter. The theory described here is used to motivate the overall
design choices for the teaching experiments. In subsequent chapters, additional
(learning) theories are discussed as they have played a role in particular parts
of the teaching design, most importantly analogical reasoning (Chapter [7)).

Chapter [4} [Problem Analysis| This chapter gives the results of the zeroth,
inventory research round (conducted in 2005) for both courses (QC and QP).
The set-up of both courses is described briefly. A categorized overview of
observed learning difficulties is presented and linked to relevant literature. In
this year also a pre-/post-course questionnaire was administered to research
students’ motivation before starting the course, as well as trying to measure
the extent to which students have a quantum mechanic view of some specific
situations they are presented with.

The results of the inventory round were discussed with the lecturers to
decide what focus the research would get in the next round. Main conclusions
were that chemistry students experienced great difficulties with the mathemat-
ics involved. In both courses students had difficulties with the interpretation
of quantum mechanics (the meaning of the wave function) and for instance
Heisenberg’s indeterminacy relation. Furthermore, the prior knowledge of

14
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Introduction

Chapter 1.

Table 1.2: Research rounds in the Quantum Physics course.

Round Questions and Instruments® Interventions Outcomes and Design choices

0 What are students’ learning difficulties and al- n/a Conceptual difficulties related to interpretation,
ternative conceptions (1, 2a, 3, 4)7 What prior lack of required prior knowledge of classical me-
knowledge is necessary when learning QM (1, chanics (Ch. g
2a, 3)? Do students “think” more quantum me-
chanically after the course (4)? Are students
motivated for the course (4)?

1 Can we design an approach, based on Potential energy  Hydrogen spectrum analysis leads to concept of
Heisenberg| (1925), where students start from (classical), Hydrogen energy levels (Koopman et al.| 2006). “Heisen-
observables and work towards matrix mechan- spectrum analysis  berg” interventions are too fragmented: stu-
ics? (energy level con- dents do not know what they should lead to. Po-

cept), Rydberg-Ritz tential energy assignment is useful to brush up
rule, Heisenberg ap- on prior knowledge. Difficulties with the map-
proach, Double-slit  ping in the double-slit assignment; no conclu-
experiment sion follows about electron wave function.

2 Wave function hypothesis (see Table : round Double-slit exper- It is not clear for students what the mathemat-
3). Can we let students formulate an interpreta-  iment (adjusted), 1ical calculations of the double-slit assignment
tion of the wave function based on a discussion  which-way experi- should lead too. As a result, the assignment
of a which-way experiment. ment takes too long for a single problem solving ses-

sion: only water domain is finished. Assignment
on which-way experiment appears too difficult.
It takes students much time to comprehend the
experimental setup. They do not reach the core
of the assignment.

3 Wave function hypothesis Double-slit experi- Physics students are mathematically fluent

ment (new lecturer)

enough to describe the base domain (water).
The analogy is successfully made with light and
electrons, and a wave is hypothesized in case of
electrons.

@ The research instruments are referred to by the following numbers: 1) participatory observations, 2a) audio recordings (teacher’s/researcher’s
perspective), 2b) audio recordings (student’s perspective), 3) analysis of written exams, 4) questionnaire, 5) test, 6) interview.
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classical concepts falls short, or conceptual understanding students have of
classical concepts hinders them when learning quantum mechanics. Finally,
it was observed that there are possibilities in improving the instructional ap-
proach (i.e. the combination of lectures and tutorials).

The chapter concludes with a list of possible research questions. These
questions were formulated tentatively based on the research findings and were
used in the discussions with the lecturers of the two courses. In the process
that followed a more definite direction for the research was decided upon. As
a result, the research questions posed in this chapter are not (all) literally
followed in successive research rounds. For QC it was decided to first focus on
improving students mathematical skills (Chapter . For QP the motivation
for quantum mechanics was addressed by trying to find a route to quantum
mechanics via the Heisenberg approach (refer to Table . A topic that
was not given priority is the interpretation of quantum mechanics. It was
considered interesting, but perhaps too advanced and controversial to address
in an introductory course.

Chapter [5; [Remedial Mathematics for Quantum Chemistry| One of
the conclusions from the inventory round, was that chemistry students ex-
perienced great difficulties with the mathematics involved. As a result the
lecturer was often explaining mathematics in his lecture that was considered
prior knowledge. Less time was left to explain and discuss quantum mechanics.
Students on the other hand seemed often to get stuck with the mathematics,
thereby not being able to spend time on quantum concepts involved. Before
addressing any conceptual problems related to quantum mechanics, it was de-
cided to first remedy the observed difficulties related to the mathematics. This
resulted in the development of a series of formative online assignments with
which students could prepare themselves for the mathematics that was needed
in the lectures and tutorial sessions. They were first tested in 2006 (research
round 1).

Another conclusion from the inventory round was that students had diffi-
culties studying: they did not spend enough time outside contact hours. In
part this appeared to be caused by difficulties students had reading the book
individually. To help students study more effectively, a Just-in-Time teaching
approach (JiTT) was used to let students prepare for the lectures. In addi-
tion, students were given a diagnostic test after each lecture, with which they
could acquire a bonus for their final grade. Both the remedial mathematics
program, as well as the interventions to improve students’ studying strategies
were found to be effective and were maintained throughout the research.

In the QP course students also experienced some difficulties with the math-
ematics involved, but not as severe as in the QC course. Therefore, it was
decided that a similar remedial mathematics program was not needed for the
physics students.
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Chapter [6} [Designing an Introduction to Quantum Mechanics The
remedial mathematics program was successful in the sense that less students
experienced problems with the mathematics during the lectures, or tutorial ses-
sions. It was concluded that remaining learning difficulties originate from the
quantum mechanics content of the course. Especially the students in the QC
course suffered from the complex structure of the quantum theory. As a result,
many students adopted a learning strategy where they tried to memorize as
much subject matter as possible. This appeared not to lead to understanding,
nor did it lead to satisfactory exam results.

Our expectation was that students will benefit from a teaching approach
that guides them in formulating important quantum concepts themselves. This
way, not only is it better motivated why certain new concepts are needed (such
as the wave function), but students’ conceptions of these concepts are made
explicit, giving the lecturer and teachers the opportunity to address possible
alternative conceptions.

Four introductory sessions were designed to implement this idea. This
chapter explains what conceptual steps we expect our students to take, thereby
focusing on the physics content. To a large extent this is the design that was
used throughout research rounds 2—4 in the QC course. However, as described
in this chapter the design reflects our current idea of how to introduce quantum
mechanics, rather than the actual design as it was tried out in the various
research rounds. We might therefore say that this chapter describes the design
of the next research round (i.e. round 5).

Chapter [7t [An_Analogical Reasoning to let Students Hypothesize]
fthe Wave Function| The introductory sessions have been tested in the QC
course. An important part of these introductory sessions is dedicated to the
introduction of the concept wave function. Students are guided to formulate a
hypothesis to explain the behavior of electrons in the double-slit experiment.
This is done by setting up an analogical reasoning in which students compare
the wave description for water waves and light interfering in the double slit to
that of electrons “interfering” in the double-slit. This sequence is explained in
detail and results from the introductory sessions are presented.

Chapter [Conceptual Understanding and Procedural Fluency| One
of the expectations of introducing the concept wave function more robustly, as
described in Chapter [7] was that students would both better understand this
concept and would be able to use this concept successfully in the remainder of
the course. To assess this, we analyze how students use the concept wave func-
tion in tasks related to the quantum mechanics formalism (e.g. calculating an
expectation value for some observable) and in tasks where quantum mechanics
is applied to understand chemical bonding. We are particularly interested in
students’ conceptual understanding and procedural fluency and the relation
between the two when working with the wave function. In addition, we would
like to know the overall effect of the QC course on students’ conceptual un-
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derstanding of the wave function and whether they could apply this concept
in basic problems related to chemical bonding.

Chapter [9; [Retention of Quantum Mechanical Concepts| During the
inventory round, it was found that students in both courses (QC and QP)
seemed to rely on memorizing procedures to perform calculations. In other
words, students might learn rotely, instead of meaningfully. This is contrary
to what one would hope; namely, that students understand what they are
doing and that they decide upon a solution strategy when solving problems
based on their understanding. To measure the extent to which students have
learned the concepts meaningfully, a retention test was set up. It was expected
that the better (i.e. more meaningfully) students understand relevant quantum
concepts, the better these will be retained in memory. Another use of such a
retention test is to compare two different teaching approaches, to see if there
is a change in retention. The retention test was administered in 2006 and 2007
for the QP course and 2007 and 2008 for the QC course.

Chapter This chapter draws conclusions and gives rec-

ommendations based on the research activities. The conclusions related to the
educational design (in particular the introductory sessions) are presented in
the form of a didactical structure (Section . Arguments are given for
how a course might proceed after an introduction as designed in this research.
We reflect on the research method (developmental research) as chosen for this
research and give recommendations for how to use this method in higher ed-
ucation. Finally, based on the conclusions and recommendations, possible
directions are given for future research.

Chapter [Challenges for Higher Education| Based on our experi-
ences gained in this research, we consider three areas in which higher education
can be improved: the way in which courses and curricula are developed, the
quality of examinations, and the training of lecturers and teachers.
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