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ABSTRACT

INVESTIGATION OF UNDERGRADUATE STUDENTS’ MENTAL
MODELS ABOUT THE QUANTIZATION OF PHYSICAL OBSERVABL ES

Didis, Nilifer

Ph.D., Department of Secondary Science and Mattesrtaducation
Supervisor  : Assoc. Prof. Dr. Ali Eryilmaz

Co-Supervisor: Prof. D&akir Erkog

April 2012, 328 pages

The purpose of this research is to investigate ntgndduate students’ mental
models about the quantization of physical obseesllhe research was guided by
ethnography, case study, and content analgtigrated to each other. It focused
on second-year physics and physics education diidemo were taking the
Modern Physics course at the Department of Physic$fiddle East Technical
University. Wide range of data was collected bgiiview, observation, test, diary,
and other documents during 2008-2 academic semeghter findings obtained
from the qualitative analysis of the data indicatke following conclusions: (1)
Students displayed six different mental models,ingef as Scientific Model,
Primitive Scientific Model, Shredding Model, Altextng Model, Integrative
Model, and Evolution Model, about the quantizatadnphysical observables. (2)
Students’ models were influenced by the externalrees such as textbooks
(explanations in textbooks, bringing textbook itfte classes, and the use of one or
both textbooks), instructional elements (explamegim instruction, taking notes in
classes, and studying before and after the clatdasg notes in classes+attending
classes regularly), topic order, and classmatey, Were influenced by the internal

sources such as meta-cognitive elements, motivatelef (the nature of science

iv



and the nature of quantum physics concepts), andidaity and background about
the concepts. (3) The models displayed by studiisloped with the contribution
of these sources in different proportions. Furtheem although upgrading in
models was observed within the cases of quantizastudents’ mental models
about the quantization of physical observablescargext dependent, and stable

during the semester.

Keywords: Physics Education, Mental Models, Quartitim.



0z

LiSANS OGRENCILERININ GOZLENEBILIR FiZiKSEL
BUYUKLUKLER 1IN KUANT IZE OLMASI HAKKINDAK 1 ZIHINSEL
MODELLER INIiN INCELENMESI

Didis, Nilifer

Doktora, Orta @retim Fen ve Matematik Alanlarigimi Bolimi
Tez Yoneticisi : Dog. Dr. Ali Eryllmaz
Ortak Tez Yoneticisi: Prof. DSakir Erkog

Nisan 2012, 328 sayfa

Bu argtirmanin amaci lisans gencilerinin  gozlenebilir fiziksel
buyukliklerin kuantize (kuantumlu) olmasi hakkindakhinsel modellerini
incelemektir. Aratirma birbirine entegre edilgietnografi, durum calmasi, ve
icerik analizi ile yuratilmitar. Arastirma, Orta Dgu Teknik Universitesi Fizik
Bolumi’'nde Modern Fizik dersi alan fizik ve fizikgtetmenlgi ikinci sinif
Ogrencilerine odaklanmgtir. 2008-2 akademik donemi suresince giré, gozlem,
test, gunlik, ve der belgeler yoluyla g&li veriler toplanmstir. Verilerin nitel
analizinden elde edilen bulgulasu sonuglari gosterstir: (1) Ogrenciler
gozlenebilir fiziksel buytkluklerin kuantize olmasi iliskin Bilimsel Model, Ilkel
Bilimsel Model, Dilimleme Modeli, Dalgali (O#sken) Model, Birlatirici Model,
ve Evrim Modeli olarak tanimlanan alti farkh zisel model sergilengierdir. (2)
Ogrencilerin modelleri ders kitaplari (ders kitaptataki aciklamalar, derslere ders
kitab1 getirmek, ve ders kitaplarindan biri ya d@a tkisini kullanmak), @retime ait
elementler (gretimde yapilan aciklamalar, derslerde not tutnddes 6ncesi ve
sonras! Gasmak-+derslerde not tutmak+derslere dizenli olarakinkak), konu

siralamasi ve yakin sinif arkadaibi dis kaynaklardan; dst-bisel elementler,
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motivasyon, inani (bilimin dogasi ve kuantum figi kavramlarinin dgasi) ve
kavramlara ginalik ve altyapi gibi i¢ kaynaklardan etkilerytii. (3) Ogrenciler
tarafindan sergilenen modeller bu kaynaklarin far@tanlarda katilimi ile
gelismistir.  Ayrica, kuantumlanma durumlarn icinde moddler iyilesme
gozlenmesine gamen, @rencilerin gozlenebilir fiziksel buyudkliklerin kutipe

olusuna iliskin zihinsel modelleri blam ba&imli ve dénem siresince dgendir.

Anahtar Kelimeler: Fizik Eitimi, Zihinsel Modeller, Kuantize (kuantumlu) olma
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CHAPTER 1

INTRODUCTION

1.1 Physics Education in the World

Science is like a tripod standing on the discidioé biology, chemistry and
physics. Among these disciplines, physics triepubforward some explanations
about all of nature, from micro to macro, from tiving to the nonliving, by using
mathematical expressions, theories and laws. Wewktioe roots of first
explanations about physics date back to early izatibns on the earth. For
example, with the invention of the wheel, early plecobserved nature and used
some ideas of physics without being aware of plsyaiith this simple tool, they
minimized the applied force to carry their load.3%0 B.C., Aristotle was the first
person who developed common sense beliefs abowgigathyphenomena such as
force and motion (Halloun & Hestenes, 1985a).

As the roots of ideas about physics are so ol@&nsific explanations and
research on physics also date back several cemtufiemparing “research on
physics” and “research on physics teaching anchilegt, the latter is far younger.
The first ideas and scientific research on “physidscation” were started in 1980s.
Physics education firstly aims to identify studemiblems in physics in detalil
and tries to develop some pedagogical tools arldnigaes to help students to
understand physics at any level, such as secorsgaol, college, university etc.
Many students have problems with physics and thegktthat physics is a
collection of facts and formulas; they cannot catiEhysics with daily life, and
they cannot solve physics problems (Hammer & ER03). Students also think
that physics is difficult to understand. Althoudtey get good grades, they have
misconceptions, poor problem solving skills, andeythhave difficulty in
interpreting physical laws (Reif, 1995). Many stode also think that being
successful while studying in physics is an inndigitg and/or depends on hard

work (Prosser, Walker, & Millar, 1996). These négmaexperiences, ideas, beliefs,
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expectations, as well as students’ knowledge osioly might be caused by many
different sources. However, as physics educatoes,may start from the most
available source to convert them from negative dsitiye by revising physics
instructions. For example, Redish and Steinberd@q1%xplained one of the
sources of difficulty in the nature of introductgshiysics courses. The approach of
these courses is explaining many topics supefjcial provide a context for later
physics studies, as well as emphasizing matherhatigaipulations and structures
that are basis for advance studies (Redish & Steintd999). McDermott (1991,
1993, 1997, p.139) showed that there is a mismbattiveen what instructors
taught and what students learned. In traditionsthirction, many instructors have a
tendency to think of students as younger versidrithamselves, and are unaware
of how students’ perceptions and readiness caosblé in learning physics. For

these reasons, she (1993) put forward some sugged$tr physics instructors:

= Instructors should ask questions which requireesttglto use qualitative

reasoning and verbal explanations,

= Students’ own construction of qualitative models tmderstand

relationships and differences among concepts isitapt,
= Conceptual difficulties should be addressed ired#ht contexts,
= Students’ scientific reasoning skills should beicated,

= Practice in interpretation of physical formalismdarmelating it to a real

world is necessary for students,

= Being intellectually active is necessary for studdn develop functional

understanding.

It is very important to be aware of what studentmd into classroom,
because this interferes with new information preeserin the class. Halloun and
Hestenes (1985a, 1985b), and Hestenes, Wells aadkBamer (1992) mentioned
that many students had a “well-established systecormmon sense beliefs” about
the physical world which had an important roleaarhing physics. Therefore, the
researchers suggested that instruction should thkee preconceptions into
account, and conceptual learning must be encouragiedtilitate effective physics

instruction (Dykstra, Boyle, & Monarch, 1992).



Another consideration for physics instructors isngeaware of the past
issues in physics and knowing what students exXpact physics. Heilbron (1983)
stressed the importance of historical events irsjaisylectures to not only explain
the content of physics, but also to show its naamé methods, and indicate the
development of concepts to students (as cited wil&®ua & Giannetto, 1998).
Therefore, after having the idea of students’ etqiems, it is important for
physics instructors to take them into account, esititese expectations affect
students’ selection of activities when constructihgir own knowledge (Redish,
Saul, & Steinberg, 1998).

Another important issue in physics instructions about “knowledge
organization”. Reif (1995, 1997, p.187) indicatdéw importance of knowledge
organization in physics learning and drew attention the requirement of
hierarchical knowledge organization, because in@ttedisconnected knowledge
did not provide a good basis for problem solvinglysics. In the light of previous
research on physics education, the theoretical dvaork of this dissertation is
based on “knowledge organization”. Although studehink that physics requires
the memorization of many facts and formulas, beangood physicist requires
having organized knowledge, which permits remennigeaind inferring the details
(Reif, 1995).

One of the theories about knowledge organizatiomental modeling”. The
roots of the “mental model” term date back quitensotime in physics. For
example, Lord Kelvin mentioned the importance @& tlonstruction of mechanical
models (Johnson-Laird, 2004). Also, Maxwell's madef electromagnetic theory
and Feynman’s models of quantum electrodynamichnglin-Laird, 2004) are
other examples of models of scientific thinking.nfental model is “an internal
representation which acts out as a structural goelof situations or processes. Its
role is to account for the individuals’ reasoningttbowhen they try to understand
discourse and when they try to explain and pretiietphysical world behavior”
(Greca & Moreira, 2002).

1.2 Learning Quantum Physics and Mental Modeling

Many students have difficulty in understanding tlo@cepts of the quantum
theory because of its abstract nature and its mepaint of complex mathematical

formalism (Sadaghiani, 2005). Also, instructors énalifficulty while teaching
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guantum physics because it introduces a new plutgsavhich is different from
classical physics, the concepts are abstract, and lack of analogies and
metaphors (Wattanakasiwich, 2005). Pedagogicakreseon students’ quantum
physics learning conducted with diverse numberathdollection techniques and
students in different countries showed that stugldrad conceptual problems
(Budde, Niedderer, Scott, & Leach, 2002a, 2002btalggu, 2002; Dids,
Eryilmaz, & Erkog¢, 2007, 2010; Gardner, 2002; Ires@000; Ke, Monk, &
Duschl, 2005; Miiller & Wiesner, 1999, 2002; OIs2802; Ozcan, Digj & Tasar,
2009; Singh, 2001; Singh, Belloni, & Christian, B0 Styer, 1996;
Wattanakasiwich, 2005)nathematical problem&ardner, 2002; Ireson 2000; Ke
et al.,, 2005; Pospiech, 2000; Sadaghiani, 2005;e1$a2000; Strnad, 1981;
Wattanakasiwich, 2005), andisual problems(Catal@lu, 2002; Catalglu &
Robinett, 2002; Mashhadi & Woolnough, 1999) whiarhing quantum physics.
In addition, they havelifficulty in discriminating classical and quanturoncepts
(Bao, 1999; Budde et al., 2002a, 2002b; Mannilapdfen, & Niskanen, 2002;
Miller & Wiesner, 2002; Olsen, 2002; Pospiech, 2088daghiani, 2005; Strnad,
1981).

Identification of students’ mental models abouestfic phenomena is an
important issue to be able to understand studegaming of scientific concepts. In
physics education, many research examined studemgstal models in various
physics concepts (Bao, 1999; Bao & Redish, 2008g&0& Gilbert, 1999; Chiou
& Anderson, 2010; Corpuz, 2006; Corpuz & Rebelld02, 2011a; Hrepic, 2002,
2004; Hrepic, Zollman, & Rebello, 2010; Hubber, @0®za-Ortiz, Rebello, &
Zollman, 2004; Redish, 1994; Scherr, 2007; Vadr&réoshi, 2009; Wittmann,
Steinberg, & Redish, 1999). Most of the researcbutilidentification of mental
models was conducted with university students.

University of Maryland (UMD) Physics Educationdearch Group (PERG)
has great importance in the development of mentabaling research by
integrating “cognitive science” into physics edumatresearch. One of the pioneer
of these studies in UMD PERG is the study of Ba@999) dissertation. He
examined students’ mental models of quantum cosceéfe classified students’
models into three categories such as classical Isyolgbrid models, and mixing
models. Also, Wittmann's (1998) dissertation, whialas conducted in UMD



PERG, examined students’ models of mechanical wawelowing studies of

Wittmann et al. (1999) explained models in termstbier knowledge elements i.e.
p-prims, resources, facets etc. Kansas State L#iiye (KSU) PERG also

conducted some research about students’ mentallsnddee of the pioneers is
Hrepic's (2002) research for master thesis. He dtigated students’ mental
models of sound propagation via qualitative redeare identified that students
had hybrid mental models as they had pure mentdleleoThere are some other
studies about the investigation of mental modelsamind propagation in KSU
PERG (Hrepic, 2004; Hrepic et al., 2005, 2010). pbar and Rebello’s (2005,
2011a, 2011b) studies and Corpuz’'s (2006) disgemtan KSU PERG examined

also university students’ mental models of frictiddne of the results of their
studies was how students’ mental models of micnuiscooncepts were affected

from macroscopic experiences.
1.3 Research Questions of the Dissertation

Investigation of mental models provides a theoattiramework to
investigation of students’ understanding of physamncepts. In the light of
literature, | focused on how students organizer ipgantum physics knowledge. At
this point, my research design uses mental modeltheoretical framework to
identify students’ understanding quantum physias. tRis reason, the aim of this
research is to examine second-year physics andgghggucation students’ mental
models of some concepts in quantum theory. Sdherfitst and second research
guestions, students’ mental models and the chaistate (the nature and context
dependency of models with the role of cues, modaebktruction approach i.e. on
the spot or previously thought out, model constomcsource i.e. common sense,
recalling, or reasoning, and degree of certaintiyth@se mental models were

examined by asking;

= What are the second-year physics and physics eductidents’ mental
models of the quantization of physical observalfies electromagnetic

radiation /light, energy and angular momentum)?

= What are the characteristics of second-year iphysand physics
education students’ mental models of the quantimatdf physical

observables?



Since we live in a social environment, some fact@asge a critical role on
students’ model construction. Students might beravwd these sources or not
while constructing their models since sources mayirliernal or external for

students. In the third research question, thegerfmwere examined by asking;

=  What are the external and internal sourcesitiflaence students’ mental

models of the quantization of physical observables?

Modern physics course is the only course that tagsfoundations of the
quantum theory in students’ minds. For this reagonexplain students’ model
development is as important as to explain studentslels. For this aim, in the last
research question, the development of studentstaherodels in modern physics
course by the influence of some internal and eglespurces was examined by
asking;

= How do the second-year physics and physics ¢idacstudents’ mental
models of the quantization of physical observablievelop by the

influence of internal and external sources?

1.4 Research Approach of This Study towards the Idgification of Mental
Models

Identification of mental models is not a simple qass, since mental models
can be in a complex form. Also, it is difficult thstinguish fragmented elements
and coherent structures by using a single quesban,the research can offer
indications by in-depth questioning and gettingooeses over time and context
(Taber, 2008). With this aim, this dissertation Isathe basic considerations while

examining students’ mental models. These are:

= We cannot see students’ mental models directtiigir minds. However,
while investigating students’ mental models, we enabme inferences
based on what they explained to us in the intersjewsts, classroom

environment etc.

= Mental models are coherent knowledge structunas allow explaining

physical phenomena and reasoning in qualitativeipgbyproblems.

= They include the organization of the conceptateel to phenomena.



= Coherency is required to specify a mental model.

= “They may not have firm boundaries and their @eta might be

confused with each other” (Norman, 1983, p.8).

= More than one model can be hold together at éingestime, and can be

used inconsistently (Gentner, 2002).

= They allow qualitative reasoning (Gentner, 20&2put the explanation of

experienced and hypothetical situations.

= They may exist by the organization of fragmentémments (Bao, 1999;
Hrepic, 2002, 2004; Itza-Ortiz et al., 2004; Wittma 1998; Wittmann et
al., 1999). If the fragmented elements are not rizgdal, i.e. if they are
disconnected or incoherently used, an unorganitzedtsre is called “no
model” (Hrepic, 2002).

= As students develop their own mental models efpghenomena during a
time-period, previously gained fragmented and mezedr structures
might be organized in-situ, and then students miggnelop mental

models of the phenomena by answering the questamsdiately.

= Quantization is not an independent single condmptit is the whole and
basic idea of the quantum theory causing paradigifh fsom classical
physics with the interpretation of new experimemésults. So, students’
mental models about quantization of light, energyd aangular
momentum in the photoelectric experiment, blackbodgliation and
ultraviolet catastrophe, energy levels and atorpecsa, particle in a
box, harmonic oscillator, the Bohr atom and thenfqui atom contexts

can explain students’ understanding of quantumipbys

= Finally, since quantum physics does not allowtdition”, students’
previous conceptions and linking of the related cepts about the
gquantization phenomenon are important for the ewgtlan of mental

models of the quantization of physical observables.

With these considerations, this study follows poegi mental model
research (Bao, 1999; Bao & Redish, 2006; Corpu@62Corpuz & Rebello, 2005,
2011a; Hrepic, 2002, 2004; Hrepic et al., 2010a-trtiz et al., 2004; Redish,
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1994; Scherr, 2007; Wittmann et al., 1999) in teohshe basic ideas about the
mental modeling framework. So, there are some ndellbgical similarities i.e.

more than one context examination, including largmber of students. However,
this study differs from previous research on memtatiels in physics education in
terms of research design, examined physics concdgtigiled explanation of data
analysis with coding, inter-coding, and construgtthemes. These issues were

emphasized in the current study.
1.4.1 Definitions of Sources Influencing Studentdental Models

Textbook:The book(s) used in PHYS 202 Modern Physics cothiae students
interact with in and out of the classroom settiigxtbook is an actively used
course material.

Instruction and the elements related with instroigtiModern physics classes, the
attitude and motivation of the instructor towards dourse and students, and
activities that students engage in and out of tloelem physics classes such as
preparation before and after modern physics classesidance, taking notes in the
classes, doing homework, studying for examinations.

Topic order:Arrangement of the modern physics concepts whilethimg.
Classmate:Friends whom students interact with in and outtlt# classroom
setting.

Extra sources for learningThe additional sources such as books, internetlet
are used for learning modern physics concepts.

Belief: Fishbein and Ajzen (1975) defined belief as “paissubjective probability
judgments concerning some discriminable aspectgsofvorld; they deal with the
person’s understanding of himself and his enviraming.131). It is one’s stable
subjective knowledge (Lavonen, Jauhiainen, KopoB&eKurki-Suonio, 2004), so
beliefs can be accepted as an internal cognitemeht and interact with students’
learning (Boz & Uzuntiryaki, 2006). In this stud\acceptance of an idea as true”
is defined as belief. Two different beliefs are lakped for this study. These are:
(1) Nature of scienceStudents’ beliefs about scientific knowledge, stfien
methods, and nature of facts/formulas, andN@ure of quantum physics concepts.
Students’ beliefs about the structure (abstractnessunter-intuitiveness,

mathematical formalism etc.) of quantum concepts.



Meta-cognition:Meta-cognition is one of the elements interactindp individuals’
knowledge on a topic (Gredler, 2001, p.211). Treeefit plays an important role
in learning. It can be defined as “act of thinkiagout students’ own mental
process”. Three important elements of meta-cogmiéiee considered in this study.
These are: (LAwarenessBeing aware of what individual knows and does not
know, how s/he thinks etc., (Hatisfaction.Feeling frustration or satisfaction of
own knowledge, and (3}egulation Strategies to regulate own cognitive process.
Motivation: Motivation is an affective variable, which is defd as “the process
whereby goal directed behavior is instigated arstasned” (Schunk, 1990, p.3).
So it is the willingness for learning. Since thaliuiduals direct their energy
through attention, concentration and imaginatiorenvlthey are motivated, they
constantly learn (Wlodkowski, 1999, p.8). For theason, it is an important
element in education. Two elements are considerettis study. These are: (1)
Interest.It is the enjoyment in an activity while learnirgpd (2)Utility. It is the
consideration of future needs for learning.

Familiarity of the conceptsBeing familiar or unfamiliar with some conceptsrfr
classical mechanics.

Background knowledgeHaving information about some physics concepts

discussed in the contexts (i.e. energy, angular embum etc.).
1.5 Significance of the Study

As physics educators, our expectation from student® develop robust
knowledge structures, not a patchwork of ideas @keckt al., 1998), and
understand and apply the developed well-definedeott models of physics
(Wittmann et al., 1999). For this reason, studeh&’ing coherent knowledge
structures- mental models- for physics phenomerim®rtant. Identification of
students’ mental models is also important sincetatanodels are the minimum
organized knowledge that shows understanding. dlitiad, organized knowledge
permits retrieval process systematically and ed&bif, 1995). It is also important
for the use of information in new situations (Isiéel999) by selecting the useful
resource in the given situations (Redish, 2004).

Identification of the mental models of students fprantum mechanical
concepts is important for physics educators wheheguantum theory because

mental models show students’ approaches to sderitiiowledge and how
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students organize their cognitive resources (fangle selecting, coordinating,
combining, and transforming) in order to learn pby¢Redish, 2004). In addition,
learning is facilitated when new information is smstent with existent models
(Gentner, 2002; Gentner & Whitley, 1997). Also, picg education aims to “have
students build the proper mental models for doihgsjrs” (Redish, 1994). This
includes students’ correct qualitative reasoningexplain physical events, using
the existent mental structures coherently, and kmgivow to apply it while doing
physics (Redish, 1994). By this way, this diss@tatsuggests approaches for
meaningful learning of the quantum theory in ursittes. Therefore, courses
teaching quantum theory (i.e. modern physics coupsantum physics course) can
be developed in order to help students to connext rscientific concepts and
develop more scientific mental models about quatibn. In addition, while
developing courses, the findings about external iatetnal sources influencing
students’ mental models might be taken into comatdsn to facilitate students’
scientific knowledge organizations.

This research fills some gaps in physics educditenature in terms of
researched concepts and research design. Fisstedearch is both descriptive and
explanatory in stating students’ mental models almuantization. It stands on
three different science branches; physics, cognipsychology, and anthropology
from the qualitative perspective and by using digenumber of data collection
techniques. Because of the mathematical, complaxter-intuitive and abstract
nature of the quantum theory, the construction ofarscientific mental models of
quantum phenomena is important for teaching andnileg this theory. The
examination of mental models during a period ofetiand in different cases in a
real learning setting by ethnographic manner tagethith the other research
methodologies acts as a window to look at humamitiog by means of physics
phenomena.

Pedagogical research in quantum physics with membaleling is limited in
worldwide. Students’ understanding of “quantizatiophenomenon was not
researched before by mental modeling framework.adidition, both mental
modeling and pedagogical research in quantum phyaie new for physics
education research in Turkey. Because of thesemgisin literature in worldwide

and Turkey, current study aimed a pedagogical resean quantum physics
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learning by using the mental modeling framework. il/lexplaining students’

mental models about quantization, the current stdijycussed some sources
influencing students’ model development. Therefthis research is different from
previous research in terms of research design, ieeg@nphysics concepts, detailed

explanation of data analysis.
1.6 Research Assumptions

As a researcher, | studied in a natural settipedern Physics course- for
four and half month period. Social environmentyvjres experiences and previous
knowledge may affect students’ learning, especitiigir mental models about
quantum phenomena. The design of the study prestimesocially constructed

knowledge claim” as Creswell (2003, pp.8-9) staldte assumptions are:

= |nitially, students do not have mental models o& thuantization
phenomenon since the idea of quantization wasaugghtt in high schools
to students. However, students might have conaeptabout quantum

concepts.

= |Instruction provides a convenient environment teettg models, and

there might be factors which influence studentstialaevelopment.

= How students can achieve organized knowledge caavaaled by using
Gentner’s (2002) method of “not asking directlyithmental models” but
by in-depth questioning and getting responeeger time and context
(Taber, 2008).

1.7 Summary of the Research and Organization of thEhapters

This is a qualitative research that uses threeareh methodologies
interwoven together in order to find explanation tesearch questions.
Quantization of physical observables (i.e. eneangular momentum) were the
cases of this study, since these are the core afdhs quantum theory. The focus
was second-year physics and physics education retideho were taking the
modern physics course at the Department of Phyaic/iddle East Technical
University (METU). The research was conducted dpriime academic semester
2008-2. A range of different data was collectediritgrviews, observations, test,

diary, and other documents (two textbooks of there®, notebooks of students,
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CHAPTER 2

CONCEPTUAL CONTEXT

This chapter presents the conceptual contexteotirdy in four parts. First,
the theoretical framework of the study; second, gm@ntum theory; third, the
pedagogical research on quantum theory, andthessummary of the chapter.

Section 2.1, theoretical framework, is composedaa main sections such
as “mental models” and “fragmented structures”stHpart of this section (2.1.1)
explains what mental modeling was, the methodsdehtification of students’
mental models, and some research on students’ hmatiels of physics concepts.
Second part of this section (2.1.2) is composeti@Explanation of primitives and
facets since the organization of these fragmentethents play a role in the
construction of mental models (Bao, 1999; Hrep@)2 2004, Itza-Ortiz et al.,
2004; Wittmann, 1998; Wittmann et al., 1999). Swmtti2.2 provides brief
explanations about the quantum theory before thglamation of pedagogical
research in quantum theory in Section 2.3. Sogitti®n 2.3, pedagogical research
is explained in two parts, which are student diffies in learning quantum theory
(2.3.1) and new approaches and remedies in teagiagtum theory (2.3.2). Last
section, 2.4, concludes with a summary of the aragitat focuses on previous

research on students’ mental models and learniagtgm theory.
2.1 Theoretical Framework of the Study
2.1.1 Mental Models

Models are the basic elements for explaining s$ifieindeas. They are “key
tools” for scientists, science teachers and sciégammers (Coll, France, & Taylor,
2005). A model can be defined as “a surrogate gbgeconceptual representation
of a real thing” (Hestenes, 1987, p.441), which means they are ptunle
representations of physical systems apdocesses (Wells, Hestenes, &

Swackhamer, 1995). Conceptual models are sciatificaccepted models;
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however, people have some personal models in ithieds, callednental models
(Duit & Glynn, 1996), which they use to expressasiand explain events.

Craik (1943) can be accepted as the pioneer ahé@y of mental models.
In his book, which is called “The Nature of Expléon”, he stated that human
thought had the power to predict events (p.50)iapdovided small-scale models
to explain processes (p.59). After forty years, iiental model term was used in
two different books with the same name, which wibnson-Laird’s (1983) and
Gentner and Stevens’s (1983) books named “Mentadleddd. While Johnson-
Laird’s (1983) book explained the theory from thergmective of psychology,
Gentner and Stevens’s (1983) book clarified it frima perspective of “science
education” by editing the different researcheratgts identifying students’ mental
models of science concepts.

The use of the mental modeling theory is wide-raggit is examined by
many different disciplines, so the approaches #emdint researchers to mental
models differ. A mental model can be defined byesalvways with stressing the
different points. Some of the descriptions, whiafgioated from both science

education and psychology are like that;

= A mental model is “an internal representation whitis out as a
structural analogue of situations or processesolésis to account for the
individuals’ reasoning both when they try to undknsl discourse and
when they try to explain and predict the physicatla behavior” (Greca
& Moreira, 2002, pp.108-109).

= Williams, Hollan and Stevens (1983) defined a mlemtadel as “a

collection of connected autonomous objects” (p.133)

= van der Veer, Kok and Bajo (1999) considered memtadels as

knowledge structures and processes that werevalapermanent.

= Vosniadou's approach to mental models was that these temporal
representations constructed on the spot with thpgse of solving the
problem or answering questions (van der Veer etl8b9; Vosniadou &
Brewer, 1992, 1994; Vosniadou et al., 1999).
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= Gentner (2002) described her approach to mentalemoebearch as
“knowledge-based,” which means it is used “to cb@mdze the
knowledge and processes that support understaradidgreasoning in

knowledge-rich domains” (p.9683).

In their explanations about mental models, whiksthperspectives focus on
their representation of reality and permanence,sigbyeducation researchers
mainly focus on coherently organization of smalbwtedge elements. Some other
descriptions of mental models that are from thespeative of physics educators,

are:

= Bao (1999) put forward his model definition by ciolesing the other
mental model definitions in the literature. Accoglito him, mental
models are “productive mental structures that ecmaiplied to a variety

of different physical contexts to generate explanatesults” (p.13).

= Corpuz and Rebello (2005) defined a mental modéstasients’ way of
understanding a certain physical phenomenon”, thedesical
phenomena may be an unseen physical phenomenauC&rRebello,
2011a).

= Bao and Redish (2006) explained that a mental misdal knowledge
element or a strongly associated set of knowledigments, and it has a

robust and coherent characteristic.

= Hrepic et al. (2010) explained how they perceivetiental model with
these words: “A mental structure built of more fangntal cognitive and
knowledge elements, e.g., p-prims or conceptuaburess” (p.1). In
addition, the researchers stressed the “cohereg@inization of these

elements to form a mental model.

Mental models are the elements used to explain rétaion between
cognitive process and the world (Borges & Gilb&899). They are dynamic and
generative representations that can be manipulatedtally while making
predictions and causal explanations about phygilcahomena (Greca & Moreira,
2000, 2002; Johnson-Laird, 1983; Vosniadou et 1899). Individuals’ mental

models may contain contradictory, erroneous andcessary concepts (Norman,

15



1983). They sometimes contradict with scientific daels; namely, they are

“coherent but incorrect” (Chi, 2008). In order t@ke explanations or predictions

for events, students may use incorrect mental msodeflawed models- in a
consistent way (Chi, 2008).

Mental models represent parts of reality; althotlgy imitate reality, just

certain aspects resemble reality, and, they do haxe to resemble reality
pictorially (Craik, 1943, p.51; Johson-Laird, 200H) addition, they do not need to

be technically accurate; however, they must betfonal (Norman, 1983). Then,

they can facilitate problem solving and reasoni@egr{tner, 2002; Gentner &

Whitley, 1997). However, they might still not be pdigitly verbalized or

consciously used (Wittmann et al., 1999).

Johnson-Laird (1983, p.10) expressed that undelistg occurs with

working models in the mind, and understanding stigntific theory requires the

construction of mental models in the mind. Therefdearning occurs during the

active construction of mental models. When the maltbeing learned is consistent

with the existent mental models, learning is féaiéd (Gentner, 2002; Gentner &

Whitley, 1997). Some of the other determining chtEastics of mental models are
stated by Norman (1983);

“Mental models are incomplete.
People’s abilities to ‘run’ their models are selelignited.

Mental models are unstable: People forget the Idatéithe system they
are using, especially when those details have erenlused for some

period.

Mental models do not have firm boundaries: simifgvices and

operations get confused with one another.

Mental models are ‘unscientific’.: People maintailsuperstitious’
behavior patterns even when they know they are edetk because they

cost little in physical effort and save mental éffo

Mental models are parsimonious: Often people doraexthysical
operations rather than the mental planning thatdvallow them to avoid

those actions; they are willing to trade-off exphysical action for
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reduced mental complexity. This is especially tulere the extra actions
allow one simplified rule to apply to a varietyd#vices, thus minimizing

the chances for confusions.” (p.8).
Gentner (2002) added some other characteristianéotal models:
= Reasoning due to mental models is qualitative icelat

= Mental models permit mental simulation (running antal model and

observing the outcome).

= People can hold two or more “inconsistent” mentatleis together in the

same domain.

Redish (1994) indicated another characteristic rfmmtal models as the

following:

= “They consist of propositions, images, rules afgedure, and statements

as to when and how they are to be used” (p.797).

According to diSessa’s (diSessa, 1996 as citeiSassa, 2002) - also stated
in Hrepic (2002, 2004) and Hrepic et al. (2010)-ntaé models require some

characteristics. These are:

= “Mental models should (1) involve a strong wedlveloped ‘substrate’
knowledge system, such as spatial reasoning, (B)walexplicit
hypothetical reasoning, and (3) involve only a $nvell defined class of

causal inferencegpp.53-54).

Therefore, we understand from the literature thahtal models are very
useful elements that people construct in their siriche development of mental
models occurs through learning and it depends amesiactors such as previous
knowledge, previous experiences, the structure hef information processing
system, ability to learn, culture, how the new mfation presented during
teaching, and interaction with the system or dom@ollins & Gentner, 1987;
Norman, 1983; van der Veer et al., 1999). Humansstroct their own mental
models by interacting with their social environmémbugh discourse. During this
interaction, meaning is central to models sincdeswes, background knowledge

and knowledge of human communication are imporfantthe construction of
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mental models in discourse (Johnson-Laird, 2004gyTevolve during interaction

until to get a workable result. The models, whick eonstructed by experience,
may be resistant to instruction (Gentner, 2002)c&istudents’ knowledge does
not mainly depend on their experiences in the atamarld, students’ development
of incorrect ideas may be interpreted as being -tanigjht” or being caused by the
“misinterpretation of information” based on cultub®oks, instruction etc. (Taber,
2008).

Vosniadou et al. (1999) mentioned two importantmaets in the
development of mental models. These are framewushkries, which consist of
ontological and epistemological presuppositionsg apecific theories, which
consist of beliefs generated through observatiahiaformation coming from the
culture. Mental models are mainly based on “systefmfong-standing beliefs”
(Gentner & Whitley, 1997). Norman (1983) explairiedividuals’ mental models
contain “degree of certainty” statements about tkieowledge due to his studies of
human error and human —machine interaction. Therefmental models may
include “knowledge or beliefs that are thought ¢odb doubtful validity (Norman,
1983). Moreover, incorrect or flawed mental modebsy contain correct and false
beliefs (Chi, 2008). Since they are the elementsuafan cognition, they cannot be
experienced directly (Coll et al., 2005).

Ontology of mental models is important since it lakgs the components
that constitute a mental model and collection ef pnoperties used for describing
these components (Schwamb, 1990). It specifiegitite of information, which is
available for reasoning (Greeno, 1983, p.228). &foee, ontological beliefs about
the phenomena provide some information about mantalels (Reiner, Slotta,
Chi, & Resnick, 2000; Slotta & Chi, 2006). For exde) in the examination of
students’ understanding of force, heat, light alettdcity, it was identified that
some students had some materialistic (substanepg4iltental models rather than
process-like (Reiner et al.,, 2000; Slotta & Chi,0&0 From the “ontological
beliefs” perspective, students’ unscientific mentalodels, or alternative
conceptions, or misconceptions are explained stademommitment to
inappropriate ontologies (Slotta & Chi, 2006), sirantology divide individuals’

knowledge into conceptually different categorieki(@992).
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Constructed mental models are based on what arpehsady knows about
the “words” (Greca & Moreira, 2002). The “words” ags by students while
explaining the concepts are very important forlnsaddition, use of these words
are important to explain physics concepts corre&tiyting different meanings into
words, which is called as “language degeneracyepidr, 2002), has a role in the
construction of mental models as it was identifiethe Bao’s (1999) and Hrepic's
(2002) studies. In the examination of students’ tamlemodels, both of the
researchers identified that although students asgeswvords (terminology), they
displayed putting different meanings into the woilg this way, as mental models
were shaped around the meaning of the words, tteeglso the determinants of the

perception of the phenomenon (Greca & Moreira, 2002
2.1.1.a Identification of students’ mental models

Identification of mental models can be classifiedoi two fundamental
groups such as qualitative and quantitative ingagbn of mental models;
however, they are not alternative of each otheril&\fpalitative investigations
focus on sequenced interviews by in depth quesiipand getting responses over
time and context (Taber, 2008), quantitative ingastons focus on development
of a test to identify mental models. So, quantimtinvestigations needs “a
qualitative examination” before the developmentnméntal model test. For this
reason, they are used after or together with aitqtiaé research. Table 2.1
summarizes the research in terms of research mathges. Detailed information

about the research presented in Table 2.1 are givesxt section 2.1.1.b.
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Table 2.1 Summary of mental model research in physics in seoh model
investigation approach.

Research Examined concepts Research Used techniques
approach

Wittmann et al. Mechanical waves First Individual demonstration interviews,

(1999) qualitative and pretests (short, ungraded quizzes that
then accompany tutorials), examination
quantitative questions, and specially designed

diagnostic tests.

Borges and Electricity Qualitative Semi-structured intervietvased on
Gilbert's (1999) simple experiments by “predict-
observe-explain” technique.

Hrepic (2002), Sound propagation Qualitative Interviews before after the
Hrepic et al. instruction about sound from
(2010) different contexts.

Hrepic (2004), Sound propagation Quantitative Conducting Linked Item Model

Hrepic et al. based on Analysis (LIMA) on Formative
(2005) Hrepic (2002, Assessment of Mental Models of
2004) Sound Propagation (FAMM-Sound).
Bao (1999) Potential energy  First Tutorials, interviews, conceptual
diagrams, qualitative and quizzes, homework/exams.
probability then
quantitative Conducting “Model Analysis”
technique on the developed multiple-
choice test.
Itza-Ortizetal. Newton’s second First Series of interviews in two semesters
(2004) law in mechanics qualitative and by using some FCI (Hestenes et al.,
and electricity then 1992) questions.
quantitative

Development of a multiple choice
test (with four- five options) with
two dimensions in mechanics and
three dimensions in
electromagnetism.

Corpuz (2006), Microscopic friction  Qualitative Interviews with twsessions from
Corpuz and different contexts by “Model
Rebello (2005, Eliciting Activities”

2011a),

Scherr's (2007)  Special relativity Qualitative dntiews, tutorials
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Table 2.1 (continued

Hubber (2006) Nature of light Qualitative Longitodl study prior to, and
following 12th grade

Vadnere and Heat transfer, Quantitative Conducting “Model Analysis”
Joshi’s (2009)  electromagnetic technique on the developed multiple-
radiation, blackbody choice test.
radiation, Wien law
etc.
Chiou and Heat conduction Qualitative Interviews
Anderson
(2010)

Each type of examination has different contribugioRor example, while it
is possible to see how students organize their lediye in a period of time by
qualitative investigations, the examination of matydents’ mental models at the
same time in a limited period is possible with ditahive investigations. However,
both types of investigations need carefully plandesigns.

There is no “unique” qualitative design for invgstiion of mental models.
So, physics education researchers use severaletitfelesigns by focusing on

some issues, such as:

= the examination of models in a course context (ipain university

level),

= the examination of models in a long period (suchoag or two

semester(s)),

= the examination of models by following interviewsittw in depth

questioning,
= the examination of models in multiple contexts.
2.1.1.b Research on students’ mental models in pligs

There are many research investigating studentstahemodels on various
phenomena. As their investigation approaches amthwnm characteristics were
discussed in previous section (2.1.1.a), theirifigsl about students’ mental

models were stated in this section.

21



One of the pioneers in mental model research insiphyeducation is
research of Bao (1999) that is also base for tireent research. Bao studied
university physics students’ mental models aboabgbility concept for classical
and quantum mechanics. He developed his “Model y&igll tool to make
gquantitative explanations of students’ models. Thid included two algorithms in
order to examine students’ mental models quantiéiti With Model Analysis
tool, by using students’ answers in the test withltiple-choice questions, he
identified students’ model-based responses. Intiaddiby using these model-
based responses, he constructed density matrickslimg the information about
students’ model states. Five force and motion dquestof FCI (Hestenes et al.,
1992) were used to determine physical models aséecty, “incorrect” and “null”
models. After the analysis, Bao explained the sapgr of this analysis to the
score-based (measurement with multiple-choice )testalysis by indicating the
loss of information in score-based analysis. Helemented this analysis to
examine students’ mental models in quantum mechartte first developed
tutorials and implemented in the quantum physicarses. He conducted
interviews, conceptual quizzes and homework/exaestipns. Then he developed
a multiple-choice test to construct matrices. Bg #xperience about students’
difficulties in the classes, he examined studeotsiceptions of “potential energy
diagrams” and “probability” topics. In his studya® identified three types of
mental models of students for quantum mechanicateats. These are: (1) strong
classical mechanical models, (2) hybrid models, cihiincluded correct
information about quantum mechanical concepts hgiguslassical mechanical
reasoning and (3) mixing models, which includedhbgtiantum mechanical and
classical mechanical models at the same time.

Another important study and one of the pioneerisgudxamining students’
mental models belongs to Wittmann et al. (1999)e Thsearchers examined
university physics students’ mental models on meidah waves. They collected
data by individual demonstration interviews, and thterviews were videotaped.
In addition, “pretests (short, ungraded quizzes that accompaurigridls),
examination questions, and specially designed distimtests” (p.15) were used
for collecting the data. In the analysis, varioypes of wrong reasoning were

identified on wave propagation and wave supermsitiAll of the reasoning
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revealed that students had a Particle Pulses Mbtadel, which was constructed
by making analogies between waves and rigid objbgtsthinking about the
Newtonian particle model.

Borges and Gilbert's (1999) study was differentrirthe previous research
on mental models in terms of diversity of particifsa The researchers examined
the mental models about the electricity. 56 pgréints of that study was different
since participants were composed of 15-17 yearBylkilian secondary school
students, technical school students, teachers, nemg and practitioners
(electricians and school laboratory assistants)irdgavith the electricity. The
researchers used semi-structured interviews teaodata. The interviews were
based on simple experiments by “predict-observéa@xXptechnique to answer the
questions. Since the interviews were independem fyrade level, the researchers
used only “simple circuits” in the interviews. Aftthe analysis of audio recorded
interviews to transcriptions, the researchers ifledtfour types of models such as
electricity as “Flow, Opposing Currents, Moving @es, and a Field
Phenomenon”.

Hrepic et al. (2010) examined students’ mental rsdef sound
propagation. Twenty-three concept-based physicsseostudents participated in
the study, and the interviews were conducted wighgarticipants. Sixteen of the
interviews were before and after the instructiome @f them was just before the
instruction, and six of them were just after thstriaction (totally 39 interviews).
They considered sixteen students (whom intervievbedore and after the
instruction) as a main sample. In the interview® guestions were asked about
sound from different contexts. The researchersiezhrout phenomenographic
analysis. In the study, it was identified that sioid had a scientific model- a wave
model- and an unscientific model- an entity model.addition to these pure
models, the researchers identified hybrid (or, somes called as “blend”) models,
which were new composite models like Bao mentiofE899). These hybrid
models were: Shaking model, Longitudinally Shakimgdel, Propagating Air
model, Vibrating Air model, Ether model, and Etlaad Compression model. The
researchers also observed some students usedmbstedt knowledge. In addition
to students’ mental models, the researchers exanstuelents’ model states. This

examination revealed that some of the students guad model state (that is
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holding just one type of model and using it over tdontexts), some of them had
mixed model state (that is holding more than o tgf model and using them
inconsistently over the contexts), and some of thathhybrid (blend) state (that is
constructing just one type of hybrid model and gshybrid model over the
contexts). This study is important in terms of beiplaining mental models and
their nature, and students’ model states.

Based on identified mental models in Hrepic (202@04) developed a
multiple choice test, which is Formative Assessn@ntlental Models of Sound
Propagation (FAMM-Sound) to identify students’ nanmodels in a classroom
setting. The researchers discussed the Linked Mewahel Analysis (LIMA) as “a
novel method for eliciting and representing memaldels in areas where hybrid
models play a role in students’ learning” of soymdpagation (Hrepic, 2004;
Hrepic et al., 2005). LIMA works by comparing studs’ answer combinations to
questions sets with the model elements statedeanchoices of multiple-choice
questions in the test. If there is a match betvatedents’ answer set and set of the
elements given in the alternatives, students’ metiges can be determined as pure
model; if there is not match, so students are deted as in the mixed state in
addition to examination of students’ mental models.

ltza-Ortiz et al. (2004) examined students’ mentadels of Newton’'s
second law in mechanics and electricity. They aiteedevelop a multiple choice
test in order to investigate students’ mental madelowever, before this, they
explored students’ models by interviews in two seti@es. They started to conduct
interviews with sixteen students from engineeringaa, physics and mathematics.
Since the researchers conducted series of intesVike three of the interviews in
the first semester for classical mechanics tog@osl three of them in the second
semester. Some of the students left the studyttenstudy was completed with ten
students. Some questions from Force Concept InsekCIl) of Hestenes et al.
(1992) were used in the interviews. Models examioedr contexts, and the
researchers identified three mental models devdlapehe mechanics contexts
and transferred to the electromagnetic context®sdhare: Aristotelian model,
Newtonian model and a hybrid model, which is fornbgdthe elements of these
models. At the end of the study, they developeduliphe choice test (with four-

five options) based on two dimensions in mechawicd three dimensions in
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electromagnetism. Number of questions in each guchanges between five to
eight, and each alternative of a question corredpmrio a mental model that
students possibly use. By this way, teachers carthesm in the classes to correct
students’ wrong models.

Corpuz and Rebello (2005, 2011a), and Corpuz (2eR@&jmined students’
mental models of microscopic friction by conductimjerviews with students.
Eleven students from different majors (engineerimgrketing, computer science
etc.) participated in the study. The interviews eveiith two sessions that discuss
different contexts. In the interviews, the researsfused some activities that were
called “Model Eliciting Activities”. The researclgefollowed phenomenographic
research methodology and they categorized studexpanations (quotes and
excepts). The agreement (inter-coder reliabilitgficient) was obtained 0.80 by
two independent coders. Then, the researchers oechbihe categories and
constructed the themes. The researchers identifiecbasic categories as models
of “Mechanical Interactions” (i.e. intertwining amterlocking, rubbing or sliding,
skimming over the top, getting smoother, oil asringg floating and reduction of
bums and valleys), and “Bonding” (i.e. breakingboinds, fewer bonds, weaker
bonds). Moreover, it was explained that these nsodahstructed on the spot while
answering the questions in the interviews.

Scherr’s (2007) followed two theoretical framewotksidentify students’
understanding of special relativity concepts. Idiadn, examined students’ ideas
in terms of both “framework of ideas”, which weralled misconception model,
mental model, alternative model etc. and “piecesletip which were called p-
prims, facets, resources etc. In her study, by idenag the true or false
determinacy of theories, she called the false idEms'misconception model”.
However, she still considers coherently structudkzhs for false frameworks. In
the analysis, which the determinacy, coherencytesttrdependency, variability,
and malleability were discussed, she identified iadents’ ideas about the theory
of special relativity favor both of the theories. dther words, she concluded that
some aspects of the students’ ideas can be deaddrjbmisconception model, and
some of the others can be described by pieces mddeé specifically, students’
ideas about “simultaneity” is consistent with misception model, “nature of

reference frame” is consistent with knowledge iecps, or pieces model.
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Hubber (2006) examined students’ mental models tatb@unature of light
by a longitudinal study. Six participants of thadst were examined in three years
(from 10" year to 12 year). Namely, the researcher examined studergsitah
models prior to, and following 2grade. The research was classroom based, and
the role of the researcher in his research was tesither and the researcher. He
implemented methods of constructivist perspective & his teaching experience.
In order to provide some validity issues, triangjola member checks, and peer
examination were undertaken. Data were collectedirtgrviews, classroom
observations and questionnaires. In the reseahncbe ttypes of models emerged
early in Year 12. These are: Standard Ray Modebrparating Wave Model,
Beam Ray Model and Particle Ray Model. However, rémearcher indicated he
got some evidences that students had views of “Beand “rays” in Years 10 and
11. During Year 12, students presented a rangeodefa about the nature of light.
Students also constructed hybrid models. The relseardentified a change in
students’ “thinking of rays as actual constitueafslight” in three years. The
researcher explained that students presented reslrst epistemology in Years 10
and 11. Three students presented ray scientificemaidlight at the beginning of
Year 12. The researcher concluded that the reasparsistency of understanding
“ray” was the ontological difference between “rayaphysical entity” and “ray as
a graphical representation”.

Vadnere and Joshi's (2009) study is considerably stedy using the tool of
Bao (1999) that he developed in his dissertatiorexamine students’ mental
model; however, their design differed from Bao @P9 he researchers examined
students’ mental models of some physics concepth wiweak experimental
design. The researcher implemented a pre-test 8 vblunteer Standard 12
(corresponding K-12) students. Then, a softwarel fisestudents’ learning of the
physics concepts including heat transfer, electggmatic radiation, Wien law etc.
Then, the students were post-tested. In the asalyse researchers used the
“density matrix”, which was used in mental modetndfication by Bao (1999).
They firstly defined three probabilities for stutmmental models such as expert
model (E), misconception model (M), and null mo@¢) by considering students’
answers. In the examination of the developmenttadents’ mental models, the

researchers identified that the increase in théeahility of triggering expert state,
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and the decrease in the null state were high#rarpost-test then in the pre-test.
By this way, they explained this media is succdsgiuthe development of

students’ mental models. They suggested the tdotgiantum mechanics, which

are the mathematical expressions used in the tlefinof quantum particles i.e.

density matrix, could be used to analyze studeatsiing.

Chiou and Anderson (2010) examined college stutemdstal models about
heat conduction by considering students’ ontoldgitoaliefs. They conducted
interviews with 30 undergraduate physics studanfBaiwan. Each interview was
video recorded. The researchers coded the datg. ddmpared the different data
such as verbal, drawing, writing etc. obtained froanticipants, and they obtained
0.92 agreement on the categorization of ontolodietiefs, and 1.00 agreement on
the categorization of process analogies. Then,ibgudsion the discrepancy the
researcher got the total agreement. At the enteofiaita analyses, the researchers
identified three ontological beliefs for heat thate substance, calorie and
molecule; and five process analogies as marchingding, gradient, gradient-
marching, and gradient-flooding. Then, by combioratiof these issues, they
identified seven mental models about heat conductibhese are: Calorie-
Marching, Molecule-Flooding, Substance-Gradient]o@e-Gradient, Molecule-
Gradient, Molecule- (Gradient-Marching), and Caer(Gradient-Flooding). By
considering these two aspects, the researchersesieggthat examination of

mental models by combination of these two aspexifide better.
2.1.2 Fragmented Structures

There are some knowledge structures, which ardesntizan mental models.
Redish (2003, p.24) and Scherr (2007) stated thatas not necessary to form
coherent frameworks using knowledge pieces suctprasitives, facets, and
resources. However, it might be possible to orgarifragments to construct a
coherent framework, and many researchers such as(B¥9), Hrepic (2002,
2004), Itza-Ortiz et al. (2004), Wittmann (1998)itMiann et al. (1999) explained
that mental models consist of some cognitive amdesknowledge elements such
as p-prims, resources, facets etc. For exampldématiin (1998) explained “mental
model” in terms of primitives. He used a “guidingeeutive” term that “guides
students to use and interpret particular primitivegarticular situations”. So he

considered this guiding executive as “a mental rfiodlen it was “structured”

27



and “coherent”. In addition, Chinn and Brewer (1p@&ntioned there could be
observed a shift from fragmented knowledge to nsiractures knowledge as a
global change of knowledge.

In physics education, the p-prims of diSessa (19833), the resources of
Hammer (2000), and the facets of Minstrell (19928 #he most examined
fragmented elements. Wittmann (1998) defined the tgattern of associations”
between primitive elements and mental models. Patié associations could be
thought of as “a linked web of primitives and facatsociated with a topic,” and
he considered them “more fluid and less precisahtmental models. A pattern of
associations may be also “incomplete” and “selftadictory” as with mental
models; however, he stressed its “incoherency” istinguish it from a mental
model. Since the aim is not to examine such typdrafjmented structures, |
mentioned only two of the knowledge pieces thatveidely examined. These are:
P-prims of diSessa (1983, 1993), and facets of tvkii£1992).

2.1.2.a Primitives

Students might not always have coherent structaréseir mind. They may
have “fragmented” structures. One of the theorighjch draws attention to
students’ fragmented knowledge structure is theefyoimenological primitives (p-
prims) theory” of diSessa (1983). In contrast te ttoherent characteristics of
mental models, according to p-prims theory knowéedgmade up smaller, more
fragmentary structures in the mind (Hammer, 199&ndJ 1993). P-prims are like
“conceptual atoms” to form complex cognitive stures (Taber, 2008). They are
not only elements of knowledge, they also are usedombination with other
elements in cognition (diSessa, 1993).

P-prims operate at a preconscious level (Taber8280hce they are too
abstract, general and oversimplified (Bao, 199%eyr do not need explanation
(Ueno, 1993), however, they explain the eventserAthey are obtained in one
context, they may be transferred to other contbytever-generalizing the events.
Therefore, it is also meaningless to classify pagras correct or wrong. However,
it should be discussed whether the “use of p-pria® appropriate or not in a
specific context. Wittmann (1998) showed that matydents did not have the
ability to determine the appropriate p-prims to tmethe “wave” concept, so they

used them inappropriately.
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P-prims are socially shared (Ueno, 1993) and thieyaativated in specific
contexts (diSessa, Gillespie, & Easterly, 2004)ogRe construct their stable
conceptual structures from primitive elements tgtovepeated use (Taber, 2008).
The students who do not have stable and coheremwl&dge structures may
construct their answers in-situ from fragmentedmelets, so they can give

inconsistent answers influenced by contextual feat(Taber, 2008).
2.1.2.b Facets

Another type of fragmented elements is the “facdtMinstrell (1992). He
defined a facet as a “convenient unit of thougtgiege of knowledge or a strategy
seemingly used by the student in addressing acphati situation” (p. 112). So,
they can be considered as context-specific inteapoas of primitives (Bao, 1999;
Wittmann, 1998). One of the other differences betwp-prims and facets can be
seen in their involvement in mental operations. Example, involvement of p-
prims is often implicit; however, involvement ofcits is often explicit in mental

operations (Bao, 1999).
2.2 Quantum Theory

Two important synchronic studies in 1900's affectbe& framework of
physics differently. One of these studies is “Malanek’s introduction of
guantized energy to explain the spectrum of BladgbRadiation” (Ke et al.,
2005), and the other is the “relativity theory ofbért Einstein”. These studies
specialized physics into relativistic physics amémfum physics. While the theory
of relativity was changing the idea of space andeti the quantum theory
introduced indeterminism, probability and non-léyainto physics (Muller &
Wiesner, 2002).

Quantum physics can be defined briefly as the plysf very smalls. It
explains one of the most successful theories insiphyguantum theory The
quantum theory is a physical theory which is cardrd out of physical ideas, and
it is expressed mathematically (Erkog, 2006, p)XQuantum mechanics provides
mathematical tools to explain the physical everitguantum theory. Merzbacher
(1998) defined it as a “theoretical framework withivhich it has been found
possible to describe, correlate, and predict thetier of a vast range of physical

systems, from particles through nuclei, atoms aadiation to molecules and
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condensed matter” (p.1). It is regarded as proiséibil physical theory with
probabilistic nature (Busch, Lahti, & Mittelstaed§96).

Quantum mechanics was independently explained byyoung physicists
almost at the same time. In 1925, German physigisisenberg’s “Matrix
Mechanics”, and in 1926, Austrian physicist Schngei’'s “Wave Mechanics”
were understood as independent theories. Howdwerbig interrelation between
these theories was comprehended, and they wereimednby English physicist
Dirac in an extensive theory, which w&3uantum” (Penrose, 1997, p.103). 1926
is considered as the golden age of physics witkva quantum theory. Although,
Einstein did not accept the quantum theory by gayihe god does not play with
dice” referring to the probabilistic explanationkstbe theory, his “photoelectric
experiment” is one of the most important experiraantthis theory that indicates
the particle nature of light. The nature of atonmsl juantum particles, wave
particle duality and Heisenberg uncertainty refaioprobability, wave- functions,
the Hilbert space, the Schrédinger equation, qmattin, and matrix
representations are the main elements and conakibiis theory.

The quantum theory is accepted as a successfutytheahe history of
science. It allows scientists to calculate manyeexpents, and creates new
technology based on the behavior of atomic objgeye,2002). The explanations
of the forces, which compose matter and the phlypicperties such as colors of
matter, freezing and boiling etc. require the klemlge of quantum theory
(Penrose, 1997, p.96). So, it has great importamcghysics. For this reason,
learning of the quantum theory by students is gmtant as quantum theory itself.

Until the beginning of the study of quantum physiseientists were
interested in the physical behaviors of macro systalescribed by classical
physics. However, passing from the macro-world he tnicro-world with the
quantum theory changed all measurement technifquesidition to interpretations
in some parts of physics. “Quantization” is (first)e the important phenomena
considered in the new paradigm “quantum theoryalltiwed Planck and Einstein
having Nobel prizes in 1918 and 1921, respectiv@ly.another example, the first
postulate of the quantum theory explains that aglf-censistently and well-
defined observable (such as energy, linear momermtem in classical physics

corresponds an operator in quantum mechahit®ff, 1998, p. 67). It should be
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acted on some functions, and the calculations ahemaatical expressions that are
the measurement process gives us the behavioreopaiticle. This change is
sometimes considered a paradigm shift in physiosn fclassical physics to
quantum physics because of the deep changes axtenation of behaviors of
small particles. It coerced physicists “to reshtq@ér ideas of reality, to rethink the
nature of things at the deepest level, to revis@ ttoncepts of position and speed,

their notions of cause and effect” (Kleppner & JagR000, p.893).
2.3 Pedagogical Research on Quantum Theory

In 1990s, the amount of educational research aests’ understanding of
guantum mechanical concepts has increased. The paaortion of this research
has been conducted in cognitive domain, and thearel in affective domain has
just been conducted recently, mainly focusing driea@ment motivation (Didi&
Eryllmaz, 2007; Didi & Ozcan, 2007, Digi& Redish, 2010).

Figure 2.1 presents the map of pedagogical resegrcjuantum mechanics.
The pedagogical research on quantum mechanics eaarboth upper level high
school and university physics students’ understamdiand provides new
methodologies about quantum mechanics instrucBamde et al., 2002a, 2002b;
Cuppari, Rinaudo, Robutti, & Violino, 1997; Catgle, 2002; Catalglu &
Robinett, 2002; Didi et al., 2007, 2010; Digli Ozcan, & Abak, 2008; Dobson,
Lawrence, & Britton, 2000; Escalada, 1997; Frederit978; Gardner, 2002;
Hadzidaki, Kalkanis, & Stavrou, 2000; Ireson, 200Calkanis, Hadzidaki, &
Stavrou, 2003; Ke et al., 2005; Kwiat & Hardy, 208dchelini, Ragazzon, Santi,
& Stefanel, 2000; Morgan, 2006; Miller & WiesnefQ99, 2002; Olsen, 2002;
Ozcan et al., 2009; Sadaghiani, 2005; Shadmi, 1S#&yh, 2001; Singh, Belloni,
& Christian, 2006; Strnad, 1981; Styer, 1996; Wadtasiwich, 2005; Vandegrift,
2002).
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Figure 2.1 Map of pedagogical research on quantum mechanics.

The research in the cognitive domain focuses waestt difficulties and new
approaches and remedies to overcome these diffisuftince students have mainly
four types of difficulty in learning quantum theoryl) Conceptual difficulty
(Budde et al. 2002a, 2002b; Caglg 2002; Didis et al., 2007, 2010; Gardner,
2002; Ireson, 2000; Ke et al., 2005; Muller & Wiesn1999, 2002; Olsen, 2002;
Ozcan et al., 2009; Singh, 2001; Singh et al., 2@ger, 1996; Wattanakasiwich,
2005), (2)mathematical difficultyfGardner, 2002; Ireson 2000; Ke et al., 2005;
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Pospiech, 2000; Sadaghiani, 2005; Sauer, 2000ac&trtO81; Wattanakasiwich,
2005), (3) visual difficulty (Catal@lu, 2002; Catalplu & Robinett, 2002;
Mashhadi & Woolnough, 1999), and (difficulty in discriminating classical and
quantum conceptBao, 1999; Budde et al., 2002a, 2002b; Mannilalet2002;
Mdller & Wiesner, 2002; Olsen, 2002; Pospiech, 2088daghiani, 2005; Strnad,
1981). In addition to the identification of thesifidulties, new materials were
developed by the researchers and previous ingingtivere revised (Cuppari et al.,
1997; Dobson et al., 2000; Escalada, 1997; Fredet®78; Hadzidaki et al., 2000;
Kalkanis et al., 2003; Kwiat & Hardy, 2000; Michdliet al., 2000; Shadmi, 1978;
Strnad, 1981; Vadnere & Joshi, 2009; VandegrifQ20

2.3.1 Student Difficulties in Learning Quantum Theoy

2.3.1.a Conceptual difficulties

One of the reasons of students’ “misconceptioaghé difficulty of abstract
concepts in guantum physics (Singh et al., 200&rSt1996). Misconceptions are
stable, unscientific concepts of individuals. Itifficult to understand the abstract
concepts by reading their definitions, so miscotioep are unavoidable in
understanding quantum physics. PERGs study forsdmee goal of providing
conceptual learning for every concept of physias.this reason many researchers
tried to understand students’ conceptions abountgua mechanical concepts
(Budde et al., 2002a, 2002b; Cagdlg 2002; Catalglu & Robinett, 2002; Didi et
al., 2007, 2010; Gardner, 2002; Ireson, 2000; Kal.eP005; Miller & Wiesner,
1999, 2002; Olsen, 2002; Ozcan et al., 2009; Singd0l1; Styer, 1996;
Wattanakasiwich, 2005).

Misconceptions in quantum mechanics are not cormideas “pre-
conceptions” because students have almost no changain experience about
quantum theory in their daily lives. For this reasanscientific, coherent and
robust explanations of the concepts, which mayaieegl from textbooks, teachers
and the language in lesson, were explained as misptions. Styer’s (1996) listed
some misconceptions in quantum mechanics basedsarbkervation of students,
colleagues etc. He emphasized conceptual diffesiltand suggested these
misconceptions should be taken into consideratioorder to combat them. He

classified these misconceptions into three majoassds. They are: “(1)
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misconceptions regarding the idea of quantal st@esut wavefunctions, energy
eigenstates etc.), (2) misconceptions regardingsureenent, (angular momentum
measurements, wave packets etc.), and (3) miscboeepregarding identical

particles” (pp.31-33).

After the identification of the general misconceps of students, Mller and
Wiesner (1999, 2002) investigated German studexni$ity to distinguish between
classical and quantum objects and overview the camoonceptions of quantum
objects. They researched pre-service physics tesiclw®enceptualizations of
“atoms, permanent localization, [and the] Heiseghercertainty principle”. They
focused on students whose major was not physice, mever have a chance for
learning concepts in quantum physics conceptudllye study of Miller and
Wiesner (1999) can be accepted as the first stadyre-service physics teachers.
So it is very important for both its design andutes

In Ireson’s (2000) study, a 40- item questionnauas given to 342 pre-
university students in England to determine thdestis’ understanding of quantum
phenomena. These items were with five point scaid, 29 of the 40 items were
directly related with the “quantum phenomena”. Tésults of the cluster analysis
of the post- study revealed three clusters abauwdesits’ understanding of the
quantum theory. These were: “(1) Quantum thinki(®), Conflicting quantum
thinking, and (3) Conflicting mechanistic thinkingThe study showed that
students could not interpret the quantum theory fifoblematic ones were second
and third clusters) by conflicting some quantumaglewith each other and
attributing conflicting mechanistic properties tonge basic ideas of the quantum
theory.

Gardner (2002) aimed to understand students’ petispe about learning
quantum mechanics in his dissertation. He conduateglialitative research by
getting data by range of techniques. He conductahiiews with large number of
students, and made observations in undergradudsss@g A, B, and C) and
graduate (Class D) quantum mechanics classes sigathychemistry curriculum.
He got artifacts, which were 3x5 cards that stusleniote their comments about
the class at the end of each class. He identitied $tudents had conceptual
difficulties on waves, harmonic oscillator, angularomentum, Hamiltonian,

energy levels and transitions, wave particle dyaitd uncertainty concepts. He
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concluded the reasons of these difficulties wefiécdlty in physical concepts and
difficulty in mathematical ideas.

Morgan (2006) studied undergraduate physics ststerdnceptions of
“energy, probability and barriers” by conducting\ays and interviews. He used
the research results to develop tutorials aboutsetheoncepts. After the
development of the tutorials, they were used ingbhantum mechanics courses.
The results of his experiment showed that the siisdesing the tutorials learned
the basic ideas of quantum physics and answeretkeling questions as well or
better than the advance undergraduate physicsrdtide

Sadaghiani (2005) studied both conceptual and mettieal difficulties of
university physics students with basic concepté siscprobability, operators, wave
functions, and the uncertainty principle. Many sl showed that they did not
have functional understanding of probability anthted concepts. Students had
problems with terminology and they confused somiengesuch as “expectation
value” and “probability density”, “probability demyg’ and “probability amplitude”
with each other.

Wattanakasiwich (2005) also examined university spty/ students’
conceptions about the probability concept. Sheampd the reason for students’
difficulties in conceptual understanding as hawarigck of physics knowledge. For
this reason, they do not understand the matherhabbations” conceptually, and
memorize the solutions.

Singh (2001) examined advanced undergraduate ggiddifficulties in
some quantum mechanics concepts such as measusetmaptdevelopment. She
implemented a test to 89 students from six diffenamiversities and conducted
interviews with nine students. She identified thihough students had different
background, teaching style and textbook, most eiftipresented same difficulties
such as unsureness about their responses, difficuttiscriminating concepts and
conflicting justifications. She identified some wgo®ceptions about operator,
expectation value, eigenstate, and time evolutiBtudents’ difficulties were
summarized in three categories as “(1) lack of Kedge related to a particular
concept, (2) knowledge that is retrieved from megmiout cannot be interpreted
correctly, (3) knowledge that is retrieved and ripteted at the basic level but

cannot be used to draw inferences in specific suns’ (p.892).
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Didis et al. (2010) examined two pre-service physicshtees’ understanding
of some quantum concepts such as operator, observelgenvalues and
interrelated concepts. The researchers collectéa wih the interviews. They
identified that (1) students had insufficient cqoteens that influence their
descriptions and discriminations, (2) students’ poghension contained correct
and wrong ideas simultaneously, and their indefindmprehension influenced the
use of different concepts interchangeably, and nwpkiexplanations and
discriminations by intuitive reasoning, and (3) goaf the conceptions of students
were totally unscientific. In addition, student&mprehension allowed translation
only from mathematical to verbal.

As a summary of this section, although the desams the samples of the
studies were different, the results indicate thadents had conceptual problems in
understanding quantum mechanics. And, from my peisexperience, students’

conceptual difficulties create problems in solvingthematical problems.
2.3.1.b Mathematical difficulties

Mathematical formalism is one of the prominent relsteristics of the
guantum theory. While Pospiech (2000) explained thathematical formalism
often hides the philosophical issues, Ireson (2@M8imed that the mathematical
formalism of quantum mechanics is not the probldmi the problem is
interpretation. Gardner (2002) supported this itehis dissertation by indicating
that students’ problems were not related to theutaion of the mathematical
problems, but they are related with the lack ofhweatatical skills and calculus
background, lack of transfer of mathematical knalgke to quantum mechanics
course, and difficulty in notations. By consideritigese different explanations,
researchers may ask these questions to understendetsons of students’
mathematical difficulties: What is the main probl@mguantum mechanics about
mathematics? Is the problem because of its higlathematical structure (and also
requiring the solving of mathematical problems,luding advanced calculus) or
not being able to interpret these mathematicalesgions?

There are some studies in literature about thenenaatical difficulty of
students (Ke et al., 2005; Sadaghiani, 2005; Strh@@1; Wattanakasiwich, 2005)
helping to find answers to these questions. St(h881) explained that the reasons

for the difficulty in teaching quantum mechanics secondary school are an
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“unsatisfactory mathematics background” in addititm students’ classical
mechanics usage. The exams require strong mattoamnskills to solve problems.
However, the ability of students to solve matheoadtiequations in quantum
mechanics does not show students’ conceptual uadelings (Ke et al., 2005).
Sadaghiani (2005) also studied the mathematidtuliies of students in
quantum mechanics. She indicated that studentsiewmment in quantum
mechanics was related to their mathematics bachkgiouThey had difficulty in
differentiating the wave function and recognizifg tmathematical symbols. She
recommended instructors emphasizing in quantum amch lectures that

“quantum mechanics is a mathematical theory” (p.82)
2.3.1.c Visual difficulties

The statement of Eddington (Eddington, 1928, ipas/cited in Mashhadi &
Woolnough, 1999, p.511) “When | think of an elentthere rises to my mind a
hard, red, tiny ball” is a good example that shawgsthat not being able to
experience the quantum mechanical concepts in rAewrls brings different
visuals to our minds about them. Mashhadi and Wmgah researched students’
imaginations about electrons and photons in Engtardl Wales upper secondary
school students. Students gave many different septations of visuals in their
minds about electrons and photons. The variatiorstudents’ responses was
categorized by the researchers. For example thd provable responses for
electrons and photons were that “electrons are sewgll spherical objects that
move very fast (23%)”, and “photons are bright sma balls (38%)”
respectively. The results showed that majoritytafients made abstract concepts
concrete by unscientific visual images in their dnin

Another study about the visualization of quantamechanical concepts
belongs to Catafu (2002). The researcher aimed to develop a \aii reliable
multiple choice test in quantum mechanics. He dmed 24-questioned Quantum
Mechanics Visualization Instrument (QMVI) by the rieEpation of 213
undergraduate and graduate students. By thisstesients’ understanding of visual
representations was also investigated. Insteadhifetd data on visualization, it
was indicated that students could connect theirhemastical and conceptual
knowledge with visual representations in quantuncimaeics. That means, some

results showed that students could use their krdy@l®n quantum mechanics by
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manipulating the information given in visual reemations.
2.3.1.d Difficulty in discriminating classical andquantum concepts

Pospiech (2000) claimed in her study that the mmdor difficulty in
understanding quantum mechanics started with classnechanics. A similar
study, Budde et al. (2002a, 2002b), added the nsafwr difficulty in learning
atomic models were the differences between the tgoamphysics and classical
physics views. For this reason, “Electronium” atommodel was suggested by the
researchers. In this model, all the quantities saglenergy, angular momentum,
charge, and the field were considered as subsditdhiidh whose density varying
from center to surface. After teaching the probigbdtomic model, Electronium
was introduced to students in order to remove ti@ssal mechanics
interpretations in quantum mechanics for the atomimdel. That means, they
aimed to change students’ electron perspective thatparticle” into the
“substance”.

Strnad (1981) explained another difficulty arisifiigm students’ classical
physics background in addition to an unsatisfactorg@thematics background.
Miller and Wiesner (2002) stated that because adittonal instruction and
counter intuitiveness of quantum mechanics, stwdemnfused classical and
quantum notions, so their misconceptions were mqirsingly occurred.

The study of Mannila et al. (2002) was about stt&lezonceptions of the
wave- and particle-like properties of quantum @it The researchers examined
two groups of students’ qualitative problem solvifigm two intermediate
gquantum mechanics courses. One of the groups oedt&ight students who were
educated to get physics teachers degree. The gtbap contained 21 students
from physics majors. The students were shown soiguerels and with eight
questions were asked. The analysis of the intes/iegwealed that students’
responses formed four major classes as quasi-cdhggiarticle ontology based),
trajectory-based, statistical (probabilistic) angasj-quantum. It was stressed that
students persistently used classical models andestsi understood quantum
mechanical concepts by using classical conceptidime main difficulty for
students was to construct a hew ontology for a gptu@l shift. In many studies, it
was recommended that classical mechanical concelpesild be avoided in

gquantum mechanics courses.
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Sadaghiani (2005) found that students used cldssieahanical models to
interpret quantum mechanical events. Olsen (200) eeported that students
poorly understood wave-particle duality in his studth 230 high school students.
He indicated some students clearly demonstratedomeeptions due to their
classical physical background. In contrast, Bao99)9explained that students
could interpret the situations in quantum mechaifickhere were traces from
classical mechanics; otherwise they could not meke physical interpretation,
and quantum mechanics became just a compositioratifematical equations.

To summarize students’ difficulties, the literaumdicated that these
difficulties are not independent from each othdreyl are linked with each other
and they cause interrelated problems (Bao, 199%d8uet al., 2002a, 2002b;
Catalglu, 2002; Catalplu & Robinett, 2002; Didi et al., 2007, 2010; Gardner,
2002; Ireson, 2000; Ke et a2005; Mannila et al., 2002; Mashhadi & Woolnough,
1999:; Muller & Wiesner, 1999, 2002; Olsen, 2002cér et al., 2009; Pospiech,
2000; Sadaghiani, 2005; Wattanakasiwich, 2005pther words, all conceptual,
mathematical and visual difficulties interact wehch other. The sources of these
difficulties are understood differently by the ragghers. Although some of the
researchers thought that the source of them wasatee of the quantum theory,
others thought the source of problems was relatélde students’ background and

instruction.
2.3.2 New Approaches and Remedies in Teaching Quant Theory

Due to students’ these four types of difficulty understanding quantum
mechanics, some researchers proposed new appropachtger words “remedies”,
to these difficulties in several ways (Cuppari bt 4997; Dobson et al., 2000;
Escalada, 1997; Frederick, 1978; Hadzidaki et 2000; Kalkanis et al., 2003;
Kwiat & Hardy, 2000; Michelini et al., 2000; ShadriB78; Strnad, 1981; Vadnere
& Joshi, 2009; Vandegrift, 2002). These approadagsbe classified into basically
into two categories. First one can be considered @smedy for the whole of the
instruction. That means, in order to develop cotngdpunderstanding, quantum
mechanics instructors need to design new courseseXample, Hadzidaki et al.
(2000) and Kalkanis et al. (2003) strongly belietiedt a qualitative approach to
quantum mechanics should be designed followindnisirical development of the

concepts. They proposed a simple, sufficient arldvaat teaching approach
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towards quantum mechanics into pre/in-service achHadzidaki et al. (2000)
and Kalkanis et al. (2003) suggested lectures intipdy independent conceptual
systems of classical mechanics and quantum mechdascalada (1997) tried to
develop activity-based quantum mechanics lessongifin school students who
have a limited mathematical and physics backgrottel studied the solids and
light unit in the Visual Quantum Mechanics ProjeftKansas State University.
The research showed that students learned theddlgpics about solids and light.
It was also indicated that the training of teachfns activity-based quantum
mechanics lectures was very difficult, although tbetures were designed well.
Vadnere and Joshi (2009) identified that use ofutimedia package for learning
of early quantum concepts such as blackbody radiatVien’s Law etc. promoted
construction of scientifically accepted models. fThaeans, it was helpful for
learning.

The other approach is “not standardizing the methased for teaching
concepts”. That means instructors applied differgproaches to teach different
concepts (Cuppari et al., 1997; Dobson et al., 2606derick, 1978; Kwiat &
Hardy, 2000; Michelini et al., 2000; Shadmi, 19 rnad, 1981; Vandegrift,
2002). For example, tutorials were developed amdieg to instruction as course
materials. Michelini et al. (2000) proposed intromhg Dirac formalism without
requiring an advanced mathematics and physics bawgkd in polarization of
photons. These researchers believed students teardd the basic ideas of the
guantum theory without an advanced mathematics gnaokd. Cuppari et al.
(1997) proposed a different idea about the usagdaskical mechanical traces in
quantum mechanics lessons. They proposed that tanduction to quantum
mechanics course should consider the action oiclElsmechanics. This allows
students to investigate the limits of classical hagics to explain quantum
mechanical events. When the studies about remedlies considered, these

remedies change due to the researchers’ epistei@slalgout quantum mechanics.
2.4 Summary of the Related Literature

This is not a narrative summary of previous regeaBy showing the whole

picture in worldwide and Turkey, it aims to state tast status of related literature.
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Previous research showed that students had grebleprs in learning
guantum physics (Bao, 1999; Budde et al., 200282120 Catal@lu,
2002; Catalglu & Robinett, 2002; Didi et al., 2007, 2010; Gardner,
2002; Ireson, 2000; Ke et al., 2005; Mannila et 2002; Mashhadi &
Woolnough, 1999; Miiller & Wiesner, 1999, 2002; @Is2002; Ozcan et
al., 2009; Pospiech, 2000; Sadaghiani, 2005; Sa0€0Q; Singh, 2001,
Singh et al., 2006; Strnad, 1981; Styer, 1996; atkasiwich, 2005).

These problems are not only visual and mathematimal the most
important one is “conceptual”. At this point, hotdents organize their
knowledge is important. One of the theories aboutovkedge
organization is “mental modeling” and in physicsueation literature,
large number of studies (Bao, 1999; Bao & Redigb)62 Borges &
Gilbert, 1999; Chiou & Anderson, 2010; Corpuz, 20@Borpuz &
Rebello, 2005, 2011a; Hrepic, 2002, 2004; Hrepialet2010; Hubber,
2006; Itza-Ortiz et al., 2004; Redish, 1994; Sch2@07; Vadnere and
Joshi, 2009; Wittmann et al., 1999) identified soid’ mental models on
various physics concepts. By this way, the reseaschad idea about
what was happening in students’ minds, and theyagngd students’
understanding of various physics concepts by meansental modeling
framework. Common characteristics of the mental elind research in
physics education can be summarized as the exaamnat models in a
course context, examination in a long period (saEla semester) and by
following interviews, examination in multiple comts, and examination
of university level students’ mental models. Howevalthough they
focus on common issues, the research design ofstadi strictly differs

from each other.

Other common characteristic of these studies isingivlimited
information about the “determination of a mentald®l (i.e. coding
procedure, codes etc.). Thick description of cogliragcedure is not stated
much in these studies. Therefore, we have limitdédrination about the

components of mental models and the characterstittese elements.
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= |n addition, the examination of students’ mentaldele in various
physics concepts provides great advantages to stader the function
and characteristics of mental models. However, ether no strict
methodology to identify mental models, and eachgiebas strong and

weak points.

= To sum up, Table 2.2 and Table 2.3 summarize theiqus research and
present the need for current study by reflectingvisus research in
worldwide and Turkey, respectively. In these tableuld not integrate
all of the related studies although | have readesother related studies.
So, the studies explained in the boxes are moatecklresearch in this

dissertation and | called the unstated ones withrithe boxes.

Table 2.2Whole picture of related literature in worldwide.

Quantization  Quantum Physics Other Physics Domains
With Bao (1999), Vadnere and Joshi Bao and Redish (2006),
mental (2009). Borges and Gilbert (1999),
modeling Chiou and Anderson
framework (2010), Corpuz (2006),

Corpuz and Rebello (2005,
2011a), Hrepic (2002,
2004), Hrepic et al. (2010),
Hubber (2006), Itza-Ortiz et
al. (2004), Redish (1994),
Scherr (2007), Wittmann et

al. (1999)*
Without Budde et al. (2002a, 2002b),
mental Cuppari et al. (1997), Catalim
modeling (2002), Catalplu and Robinett
framework (2002), Dobson et al. (2000),

Gardner (2002), Escalada (1997),
Frederick (1978), Hadzidaki et al.
(2000), Ireson (2000), Ke et al.
(2005), Kalkanis et al. (2003), NOT IN MY INTEREST
Kwiat and Hardy (2000), Mannila,
Koponen and Niskanen (2002),
Mashhadi and Woolnough (1999)
Michelini et al. (2000), Mdiller and
Wiesner (1999, 2002), Olsen
(2002), Pospiech (2000),
Sadaghiani (2005), Sauer (2000),
Shadmi (1978), Singh (2001),
Singh, Belloni and Christian
(2006), Strnad (1981), Styer
(1996), Vadnere and Joshi (2009)
Vandegrift (2002),
Wattanakasiwich (20057,

* represents other research that could not beriated into the table.
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= Asitis seen in Table 2.2, although there is gegabunt of pedagogical
research in quantum physics and mental models aepar there is
limited research in quantum physics with mental etiog) in worldwide.
In addition, these studies have some limitatiomsalfy, first column of
the table also shows that “quantization” phenomersomot studied
anyway by mental modeling framework. Table 2.3¢atks the status of
the literature with these domains in Turkey. Bothnental modeling
and pedagogical research in quantum physics andtigation are new

research areas for physics education researchrikey.u

Table 2.3Whole picture of related literature in Turkey.

Quantization Quantum Physics Other Physics
Domains
With mental
modeling
framework
Without Didis et al. (2007, 2008, 2010),
mental Ozcan et al. (20097, NOT IN MY
modeling INTEREST
framework

* represents other research that could not beriated into the table.

= Because of some missing in the literature in woiddwand Turkey, this
study aimed a pedagogical research in quantum ghyearning by
using the mental modeling framework. While explafnistudents’
mental models about quantization, it discussed sosoeirces
influencing students’ model development. Therefdyg, taking into
consideration the strong points of previous reseand by constructing
a new design, this study differed from previouseassh in terms of
research design, examined physics concepts, dktarplanation of

data analysis (coding, inter-coding, constructimgntes).
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CHAPTER 3

METHODOLOGY

3.1 Research Methodology

This is a qualitative research aimed to examirmrsg-year physics and
physics education students’ mental models aboutesguantum physics concepts.

So, the research questions are:

1. What are the second-year physics and physics édncdtidents’ mental

models of the quantization of physical observables?

2. What are the characteristics of second-year phgsidgphysics education

students’ mental models of the quantization of plajobservables?

3. What are the external and internal sources thatante students’ mental

models of the quantization of physical observables?

4. How do the second-year physics and physics educatiaents’ mental
models of the quantization of physical observahiievelop by the

influence of internal and external sources?

These questions were examined in three parts asiqii) Models and the
characteristics of models (with the first and secquestions), (2) The sources
influencing models (with the third question), ar®) The development of models
by influence of the sources (with the fourth quasti As it is presented in Figure
3.1, the qualitative research in this dissertatiwars guided by three research
methodologies that each methodology is fundameardl inseparable to explain
each part constructing the dissertation. These adethgies are: (1) Case study,

(2) ethnography, and (3) content analysis.
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models influence of the
sources

Figure 3.1Research design of the dissertation.

Although these methodologies are seen separateathenterwoven to each
other by using the data emerged from specific ntglugies. The fundamental
research methodology to explain Part | was called‘case study”. This part
includes sequenced measurements (interviews, Rest)ll is almost unobtrusively
examined by “ethnography” and “content analysisthriography is a type of
qualitative research methodology that documents eberyday experiences of
individuals by observing and interviewing them @@mkel & Wallen, 2000, p.541).
It is widely used in educational settings from po&ools to institutions of higher
and adult education (Beach, Gobbo, Jeffrey, Smgthlroman, 2004). In this
research, students’ natural setting, course canteotirse requirements and
instructor’'s methodology etc. were not manipulatadd students’ artifacts and
course materials were examined through the studytt® fundamental research
methodologies for Part Il were called as ethnogyaphd content analysis,
respectively. Finally, for Part lll, findings of Rd and Il were interpreted together
to explain students’ model development.

Figure 3.2 presents an overview of the researctirgjafrom the data
collection and up to the integration of results.isTfigure is independent of
research questions just focusing on the data tmlfeand analysis processes of the

dissertation.
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3.2 Description of the Key Issues in This Research

This research was conducted in the Modern Phy@tesyS 202) course
given in the Department of Physics. In this sectibmlescribe five key issues
important for this study. These are: (1) Modernd$#ts/course, (2) the participants
of the study, (3) the instructor, (4) the coursttirsgg, and (5) the cases and contexts

that were examined in this study.
3.2.1 Description of the Modern Physics Course

Concepts of thguantum theory are taught to physics and physiasatibn
students in three related compulsory courses: Modehnysics (PHYS 202),
Quantum Physics (PHYS 300) and Quantum Mechani¢sY@ 431) in the
Department of Physics at METU. The first courseoddrn Physics - includes two
fundamental physics topics: Relativistic Physicsl @puantum Physics. In this
course the “special theory of relativity, particfgoperties of waves, wave
properties of particles, atomic structure, elemgntguantum mechanics, many
electron atoms, nuclear structure and radioactiyepartment of Physics, 2010)
are introduced to students. Appendix A shows thaildeof the course content and
objectives that were written by the researcher, @wised and approved by the
instructor of the course at the beginning of thmeser. The objectives of the
course were not stated to the students takingdbese, but they were presented in
Appendix A for the reader of the dissertation tdkenthe course content clear.

Modern Physics (PHYS 202) is a pre-requisite seufor the Quantum
Physics (PHYS 300) and Quantum Mechanics (PHYS.48iE)very important for
students to make sense of the quantum theory, bedaintroduces the primary
ideas of the quantum theory before taking PHYS &@ PHYS 431. This course
constructs students’ conceptual background abaitgtmantum theory. So it is
more conceptual than PHYS 300 and PHYS 431. Intiaddiit examines “the
gquantization of physical observables” in the atogyistems. Since students did not
learn this phenomenon in high school physics ctasse this course was selected
as a setting.

Modern Physics course is given to students in dwrsd semester of the
second academic year in the physics program. Befloie course, students

complete some science and mathematics courses firghthree semesters of the
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physics and physics education programs. These edpwe: Mechanics (PHYS
109), Electromagnetism (PHYS 110), General Chegis(CHEM 101), General
Chemistry 1l (CHEM 102), Calculus with Analytic Geetry (MATH 119),
Calculus for Functions of Several Variables (MAT2D), Introductory Electronics
I (PHYS 203), Mathematical Methods in Physics | f84209), Optics and Waves
(PHYS 221), Basic Linear Algebra (MATH 260)” (Depaent of Physics, 2010)
courses.

It is a four-credit compulsory course for each jtyygnd physics education
student. The language of the course is “Englisimtesthis is the official language
of education at METU. In the 2008-2 semester, theses were held in one of the
large lecture halls of the Department of Physid®e fotal length of the course was
almost fifteen weeks per academic semester. Thatidarof a class was fifty
minutes, and four classes of modern physics weighteeach week.

In this course, two midterms, quizzes, homework anfthal examination
were the assessment methods. Norm-referenced @ualuaas the main approach

for evaluation of the students.
3.2.2 Description and Selection of the Participants

The participants of this study were seledteth undergraduate second-year
physics and physics education students who werimgathe Modern Physics
course. In the setting, there were basically twal&iof student profiles. These are:
Physics students who were from the Faculty of Amsl Sciences, and physics
education students who were from the Faculty ofdatan. Although students
enrolled to different departments, they took themes&lodern Physics (PHYS 202)
course given by the Department of Physics.

In Turkey, in order to enroll a college or a wersity, each student must take
University Entrance Examination. The students ia tlourse took this examination
in 2006. Table 3.1 drawn by information publishgd@SYM (2006) presents the
University Entrance Examination base scores for Brepartment of Physics
Education and the Department of Physics. As ieensgn Table 3.1, score range of
the Department of Physics was larger than the s@orge of the Department of
Physics Education. However, the score ranges ofliépartments overlapped, and
the mean of the scores were similar. Although sitedevere from different

departments, their University Entrance Examinatienores -their general
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competency- in order to enroll the departments BT M were similar.

Table 3.1Base scores about the departments for the studéatdook University
Entrance Examination in 2006.

GEMEFAL QUOTA QUOTA FOR. THE
STUDENT
GRADUATED WITH
THE FIEST RANK OF
HIGH SCHOOL
CODE DEPARTMENT QUOTA  USED SCOFE MIN. MAX. MIN. MAX.
NAME TYPE

MIDDLE EAST TECHNICAL UNIVERSITY (ANKARA)
Faculty of Education

1421032 Physics 31 31 Sei/ Math 316.847 332.109
Education 2
Faculty of Artz and Seciences

1421101 Physics B2 B2 Sci/Math  303.033 345138

This table is constructed from the data exishemdocument presented by OSYM (2006).

Again as it is seen in Table 3.1, the quota (B2he Department of Physics
was more than twice of the quota (31) of the Depant of Physics Education.
This had affected the homogeneity of the studemtshé class. In the 2008-2
semester, a total of 98 students took the ModegsiBh course. 70 (45 males, 25
females) of them were physics students, and 28nAlés, 11 females) of them
were physics education students.

Physics backgrounds of the students in this eowrsre the same. Physics
and physics education students take exactly sanysigshcourses (excluding
Statistical Thermodynamics, PHYS 430, which mustaken in the last semester
of their program) during their education. These: avkechanics (PHYS 109),
Electromagnetism (PHYS 110), Introductory Electosnil (PHYS 203),
Mathematical Methods in Physics | (PHYS 209), Math&cal Methods in Physics
Il (PHYS 210), Optics and Waves (PHYS 221), Optieal Waves Laboratory
(PHYS 222), Modern Physics (PHYS 202), Applied MedBhysics (PHYS 307),
Classical Mechanics (PHYS 311), Quantum PhysicsYy@H00), Electromagnetic
Theory (PHYS 334), Quantum Mechanics | (PHYS 43pecial Problems in
Physics (PHYS 400) and three elective courses fitenDepartment of Physics

(Department of Physics, 2010). All course settingstructor and laboratory
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sessions are common for physics and physics eduacstiidents. In addition, there
is no restriction in the selection of elective cmg for physics education students
from the Department of Physics. Physics and physiteation students can work
in collaboration with each other in many differehctive physics courses. Their
physics competencies were also similar to eachrotheé a difference occurs in
students’ physics background by the selection eoéehdepartmental elective
physics courses. The ages of the students weresatskar (between 20 and 23
years old). Figure 3.3 presents a scene just befomeodern physics class that

physics and physics education students existirséme setting.

Figure 3.3A scene from the classroom environment.

In contrast to all the similarities between the tstudent profiles, one main
difference originates from the aim of the departteeA physics education student
is educated to be a “physics teacher” at secondahnpols. Physics education
students complete all physics courses at the Dmpaittof Physics in three and
half years. Then, they take pedagogy courses byD#martment of Secondary
Science and Mathematics Education (SSME) in alnmst and half years.
However, a physics student is educated for foursygmbe “physicist” in research
and industrial area. So, students’ future expedtangere different.

Of all 98 students taking Modern Physics courssally thirty-three

participants were purposively selected in ordergéd more information about
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students’ understanding. So, by determining the bmmof students, | aimed to

access large number of students. The aim was mpoesentativeness, but the

“diversity” of the participants. For this reasofmast 1/3 of the total number of the

students in the class were determined as the pamnis of the study. However,

two of the participants (a female physics educasardent and a male physics
students) left the study at the mid of the studgaliee of not having enough time
to participate in the interviews regularly. Forsthieason, these students were
omitted from the study.

Although my aim in the selection of the partanips was diversity, | took
“gender” and “department” variables in my considera in order to prevent
accumulation of the participants into a categoryaoVariable. For this reason,
Table 3.2 presents the number of participants ah €égender” and “department”

categories.

Table 3.2Department and gender of the students who paat®ipin the study.

# of physics students  # of physics education Total # of

(total # students students (total # participants (total #

Participants taking the course) students taking the students taking the
course) course)

Females 9 (25) 4 (11) 13(36)
Males 11 (45) 7(17) 18(62)
Total # of
participants
(total # students 20 (70) 11(28) 31(98)
taking the
course)

While selecting the participants for the intewse students’ physics
achievement and interest were my considerationsst Faight weeks of the
semester, | got information about students in amdod the classes. | examined
students via Cumulative Grade Point Averages (CGPM&term-I results, and
answers to conceptual questions in the quizzesddiition, due to my observations

in the class, | determined the students askingtigunssto the instructor in and out
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of the classes, answering the instructor's questianthe classes, discussing on
modern physics concepts in the breaks, and seatitige front/ back of the lecture
hall (and chatting with each other) in the clas3égy were my considerations for
diversity. Then, | determined the specific criteria to providiversity” also in
these characteristics. Although these characisistere separated from each other
exactly, selected participants might have differdrdracteristics at the same time.
So during selection of the participants, | justused on a specific characteristic of
a participant. | determined almost 2/3 of the p#ytints by considering their
physics achievements. Finally, Table 3.3 presehés number of participants

considered in sampling criteria.

Table 3.3Selected participants due to purposive selectiberia.

Selection Selection Criteria # of students
domains
By CGPA >2.80 2
considering
students’ 2.20 < CGPA <2.80 2
physics
achievement ~CGPA<2.20 2
Grade of Midterm-I above the average 4
Grade of Midterm-I below the average 4
Satisfactory explanations in the quizzes 3
Unsatisfactory explanations in the quizzes 2
By Asking questions to the instructor during/ end 3
considering of the classes
students’
physics Answering the instructor’s questions in the 3
interest classes
Discussing modern physics with each other in 3
the breaks
Sitting at the front of the lecture hall 1
Sitting at the back of the lecture hall and not 2
interested in the classes
Total # of selected students 31
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First, | determined a group of students by caerémd) their CGPA’s up to
taking the course. By my experience, | determimeee categories in this group as
the students’ CGPAs <2.20 (poor academic perforejan2.20<CGPAs<2.80
(average academic performance), and CGPAs>2.8@l (goademic performance).
It was my consideration of students’ physics acdteent in general. Then, |
considered more specific criterion. That was sttaleMidterm-I examination
results. | categorized them into two groups asesttedabove the average, and the
students below the average. Although it was morecifip information about
students’ physics achievement than their CGPAsyas still in general since
Midterm-I included the concepts of the theory datigity. | determined my final
criterion as explanations in the “quizzes”. By ding the explanations in the first
quiz that was about the concepts of theory of ikélgt | focused on students’
second and third quizzes that were asking questidomit early ideas of the
guantum theory. So, | categorized the explanatsamsatisfactory explanations in
the quizzes and unsatisfactory explanations in gbhzzes. My second basic
consideration was students’ physics interest. émeined “asking questions to the
instructor during/ end of the classes”, “answeting instructor’'s questions in the
classes”, “discussing modern physics with eachrathéhe breaks”, “sitting at the
front of the lecture hall”, and “sitting at the WBaof the lecture hall and not
interested in the classes” as the criteria givingscabout students’ interests. |
selected almost 1/3 of the participants by considehese criteria. By this way the

participants were selected for this study.
3.2.3 Description of the Instructor

The instructor of the course was a full time pssfe at the Department of
Physics at METU. He had specialized in astrophyaicshe had several books and
articles on his research area.

He was a middle aged, student friendly, smilind anthusiastic professor.
He always provided students a relax environmeaskohim questions if they need.
He gave several physics courses for several yaatshe has given the Modern
Physics course last five years. In addition to easdn research, he was a good
physics teacher. He had upper level teaching wat#f. He believed that the
importance of having pedagogical knowledge to tepleysics. He always used

pedagogy knowledge in the classes to create aféelgtarning environment.
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3.2.4 Description of the Course Setting

As it is mentioned before, 98 students were takfloglern Physics course in
2008-2 semester. In contrast to previous 5-6 ydhaes,course was given by a
professor in one section having capacity for 12@emts. For this reason, the
classes were held in a large lecture hall. Figude @Besents a scene from this

lecture hall.

Figure 3.4Lecture hall.

Its heating and lightening were appropriate. ksustic was also good.
Because of locating in the second floor, there m@a®xternal noise affecting the
classes. There was no unfavorable element for steide

Figure 3.5 shows students’ attendance to theada3svo 50-minute lectures
were on Mondays, and the other two were on Thussddgth of them were at the
same time period of a day that was between 102301 At least 70% attendance
to the classes during the semester is an obligdtioreach student to pass the

course.
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Figure 3.5Attendance of students during the semester.

As it is seen in Figure 3.5, the overall attendamicthe students was around
60%-70% during the semester. Two sharp decreasesrred in the course
attendance after the exams (Midterm-I in Week 8jtbtim-Il in Week 12).

Instructional methodology of the course was maimgtructor centered.
However, the instructor enriched the instructiosusing several instructional
techniques such as analogy, role play, questiomind,examples from daily life. In
addition, he was telling the stories related wille toncepts and he mentioned
scientists and history of science in the classesukkd them for different aims
such as gaining students’ interest, to provide vatibn to learn and to facilitate
their understanding. When the instructor encourajedents to participate to the
classes, their participation was high. Especiallyile using questioning technique,
students were very enthusiastic to answer the igusst

3.2.5 Cases and Contexts for Quantization

Quantization of physical observables such as ligimergy and angular
momentum in quantum theory were the cases of thiysThe examination of the
literature and my personal experience revealed shatents had problems with
quantum physics concepts. “Quantization” is an irtgpad phenomenon for
quantum theory since its explanation brought a neterpretation to the
experiment results. It caused a paradigm shift frolassical perspective to
quantum. So, it is the heart of the quantum thebearning of it correctly by
students is important since correct conceptionguaintization facilitate students’

understanding of other concepts of the quantunryhemsily.
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Quantization explains the nature of light, eneagg angular momentum in
atomic worlds. It is not just a single concept taiug a modern physics or other
guantum physics courses. Since it is the whole lzagic idea of the quantum
theory, it cannot be reduced under only a spetdpic and a title. Figure 3.6
presents the examination of the quantization phemom in different contexts for
Modern Physics (PHYS 202) course.

Quantization of ]

electromagnetic

radiation (light) J

iz emaminad in Photoelectric Effect

iz emaminad in Blackbody Fadiation

iz emaminad in Particle in 4 Box

iz examinad in Atomic Spectra

[ Quantization of energy

iz examinad in Bohr Atom

iz emaminad in Harmonic O=cillator

iz examinad in the Quantum Theory
of Atoms

Quantizatimof
maznitude of orbitsl
AnEulaT momentmm

Quantizztiaof
direction of orbital
Anzular mopentmm

Quantization of
angular momentum —
(Juantizstian of
magnitude of
intrinzicanzulsr
momentum

Quantizztan of
direction of intrinzic
AnZular mopmentmm

Figure 3.6 Examination of the quantization phenomenon in déffie contexts.

56



For this reason, in this study the contexts, Witjoantization was explained
in during the semester, were selected to identifiglents’ mental models about

quantization. So, the contexts are:
= Context 1: Photoelectric experimdfir the quantization of light)

= Context 2: Blackbody radiation and ultraviolet citaphe (for the

quantization of energy)

= Context 3: Energy levels and atomic spedfiar the quantization of

energy)

= Context 4: Patrticle in a bgfor the quantization of energy)
= Context 5: Harmonic oscillatdgfor the quantization of energy)

= Context 6: Atom (6.a for Bohr, and 6.b for quantomachanical model of

an atom)for the quantization of energy and angular momamtu
3.3 Data Collection Methodology and Recording of th Data

The data of this study were collected by usingaaety of data collection
methods such as interview, observation, test, diangd other documents (two
textbooks of the course, notebooks of students,exadination- homework- quiz
papers). Table 3.4 presents which data collecgohrtiques were used to get the
data for each research question.

In this study, the interviews with students previdata to all research
guestions. Although the research questions werexaaitly independent from each
other, different interviews were planned to get thea of different research
questions at the beginning of the data collectitmwever, some of them were still
“probable” data source for each other. In the datalysis, | experienced some
interviews provided data for other research quesf@r this reason, this situation
was discriminated in Table 3.4 by representing‘th@nned and main data source”
by (), and “probable data source” by (*) for each rese@uestion. In addition to
the interviews, the test was one of the other reaimces providing information for
first, second and fourth research questions. Bintdiktbooks, observation, diary,
interview with the instructor, and other documeprisvide mainly data for the third
and fourth questions examining sources influenaglents’ mental models and

their model developments. As it was explained atltbginning of this chapter, the
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third part (research question 4) was exactly compad the use and execution of

data in the first (research questions 1 and 2)saednd parts (research question 3).

Table 3.4Data sources for each research question.

Research Questions

DATA COLLECTION TECHNIQUES

1 2 3 4
Pre-interview V \
Interview | y \/ \/
Interview I V \ * \
Interview Il \ \/ * \/
Test \ \/ \/
Overall interview V \ * \
Final Comprehensive Interview \/ \/ * \/
Self-Evaluation Interview V \
Interview with the Instructor V \
Observation (classroom video records, field notes) \ \
Diary \/ S
Textbooks y \
Notebooks, examination-homework- quiz papers of tt ~ ** \ \

participants

(\) represents the data source for each question,
(*) represents the probable data source for gaelstion,
(**) used just as a remedy for undeterminedaditins in data analysis.
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3.3.1 Observation

Marshall and Rossman (1999) defined observatofire systematic noting
and recording of events, behaviors and artifactyefts) in the social setting
chosen for study” (p.107). It is an important fumaantal data collection method in
qualitative studies and widely used in educati@edtings to observe the classroom
environment (Marshall & Rossman, 1999, p.107).His study, modern physics
course setting, students and the instructor insitting were observed by me
during the academic semester 2008-2 by ethnograptzioner. Four modern
physics classes were held each week, and eachtolds$0 minutes with breaks
(50-minute class and a 10-minute break). Obsenvatida were recorded by taking
field notes, video records and photographs. AppeBdl presents the information
about observation dates and duration. In this staltyost 2760 minutes (46 hours)
classroom observation video recorded betwédbnekek- and 18 week.

As a researcher, my role was an overt participéserver in the research.
All students in the course setting knew “me” as abserver. They had the
information about the course was being researched, that they were the
participants of the study. The role of a participabserver is linking all the data
which were gained by various methods, so obtaineng‘unique kind of
information” which cannot be obtained by other noelh (Wilson, 1977). So also
by taking notes, | aimed to link the data obtaifredh different sources.

In the observations, there were two dynamic ingttfam sources. First one is
the instructor. The instructor was observed by $omy the contexts that
quantization was explained, the instructional tégines that were used him, the
stress of “quantization” term, the links among @apts and contexts, comparisons
between quantum and classical physics. Second esauas the students in the
setting. They were observed by focusing firstly @iteendance to the classes,
participation to the class activities, interactiomish the instructor in the classes
and breaks, interactions with each other to disausantization, extraordinary
events, students’ questions to the instructomith @ut of (in the breaks) the class,

students’ with each other out of the class etc.
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3.3.1.a Field notes

Bogdan and Biklen (1992) defined field notes lzes writing of “what the
researcher hears, sees, experiences, and thinktee icourse of collecting and
reflecting on the data in a qualitative study” (¥L When research is in an
educational setting, they are usually notes ofrtisearcher taken in the classes or
schools (Fraenkel & Wallen, 2000, p.546). In thigdy, the written data obtained
by me in the classes during observation is accepedield note. In each
observation in the class, field notes were takgnlegly. Taking field notes during
the observation was done by using the outline ipeflix B.2. By this way, the
notes about two dynamic data sources- the instragtd students- were taken. In
addition, some important events in the setting wemorded every ten-minute

period in each class.
3.3.1.b Video records and photographs

Considering the trustworthiness of a video camérés a powerful data
recording instrument. It allows saving the data dolong period of time. In this
study, video records and photographs were obtaiRed.this reason, a small
portable video camera was used. It had a hard wigk both recording and
photograph taking characteristics. Having a smale svideo camera was an
advantage for not disturbing students’ attentiothm course setting. The portable
characteristic of the video camera was an advarftagkeoth observations in and
out of the course setting. In addition, the harskdf the video camera allowed
recording of a large amount of video and photogsapénd the data were
transferred to a computer easily, where it woulddeed.

Video recording was used for both the observatiand interviewsAll
classroom observations were also recorded by time sédeo camera. The video
camera and related setup were prepared in theréeball before the lectures by
me. By examining several places in the lecture imallerms of appropriateness
before starting the data collection, the video cameas always located in the same
place during the data collection period. In additim case of not getting the voice
with video camera, | used a voice recorder by lagdt on the instructor’s table.

| made a great effort to avoid distracting studeand so | always sat the

same place in the back of the lecture hall, whardesits did not see me and the
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video camera. The issues mentioned in observateckiist were focused also
while recording by video camera. These were ingtrig instructional techniques,
explanations about quantization, interactions betwstudents and the instructor
(i.e. asking-answering the questions, role plays).eextraordinary situations in
lecture (i.e. discussion and disagreement withriioidr), participation to the class
activities, and interactions between students (dision with each other about
gquantization) etc. were recorded by me manipulatiegangle of video camera and
using its zoom in/ out properties.

In addition to the course setting, | used vidamera to record interviews.

All interviews were conducted in the same settimgven in Figure 3.7.

Figure 3.7Interview setting for the participants.

The points (a), (b), and (c) describe the bakments of the setting. All
student interviews were recorded by placing the@idamera top of the tripod on
the table in my office in the Department of Phygjesint a). The direction of the
video camera was arranged by me during the intesvidy focusing the
interviewee and her/his interview protocols to captboth verbal and written
answers of the interviewee. The interviewees amditterviewer always sat the
same places by the arrangement of chairs on thesp@d) and (c) shown in the
picture, respectively. Finally, the interview withe instructor was also recorded by

video camera.
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Pole and Morrison (2003) stressed that “what appearthe photographic
print is not arbitrary” (p.64). Photographs werdeta only in the classroom
observation period. While taking photographs, tphec#ic situations that were
focused such as interactions between studentstuatst, student-student,
instructional techniques, and other issues to @xpimantization. One of the

examples was presented in Figure 3.8.

fu L
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Figure 3.8 A photograph from the class in Week 11, Lecturé22004.2009).

Figure 3.8 shows that the instructor recalls etisi some contexts that
quantization was observed. While he was recallexpally, he also noted them on
the board.

3.3.2 Interview

An interview is a way of getting a large amouhtlata in a short period of
time (Marshall & Rossman, 1999, p.108). In thigdgiusemi-structured interviews

were conducted with the participants and the icsbru
3.3.2.a Interview with students

Totally thirty-one students were interviewed regylaluring the study. At
first | specified the appropriate week to start duseting each type of interview,
then students determined regularly the approptiate period for themselves to
interview in that week. That means, after eachrindgv, each student determined

the time of the next interview by considering thpedfied week, and recorded
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his/her interview date into the weekly-preparedtdables. By this way, interview

dates were organized. Strict specification of theekvto conduct each type of
interview but flexibility in students’ determinatioof the best time period for

themselves to interview facilitated great proportio students’ participation to the
interviews. By this way, the interview schedulegsaveetermined for each week up
to the end of the final exam.

Before the interviews, pilot interviews were cantkd with students to
check the communication in order to control theslos data, determine students’
trust to the researcher, and make students reldxfesl confident about the
interviews.

Semi-structuredhterviews were conducted out of the classrooningetind
they were recorded by video camera. In the firstghveeks of the semester, the
theory of relativity was taught, then the ideadlsf quantum theory started to be
explained. After three weeks from the beginninghef semester, the first interview
(Pre-interview) was started inf"9veek, and other interviews followed the Pre-
interview. In the interviews, while students wehgnking aloud and answering
guestions, they had their own copy of interviewtpcols and papers to provide
written explanations, drawings etc.

All interview questions were prepared both fogksh and Turkish. The first
reason of this was students learn the conceptsnglidh; however, they were
difficulty in making explanations in English andteto explain in Turkish. Second
reason was the probability of misinterpreting of tjuestions written in English.
So, in order to remove probable threats about wtaleding the questions, students
were allowed to use the best way to answer thetigaes In addition, they were
allowed to explain their ideas however they wamt (h terms of stating their ideas
in written, drawn or verbal format) by using muléprepresentations. During the
explanations, students were also requested thimkdahs possible and they were
requested to explain the sources of their answers.

| had basically two groups for the interviews:eThore group and the
secondary group. Basic consideration of the detetigin of the group members

among thirty-one participants was students’ “wisldl @onvenience for spending
extra time”. That means, in order to be able todomh three basic interviews

during the semester, the core group students wuale three extra interviews by
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comparison with the secondary group students. Tagsjmilar with the selection

of thirty-one participants of the study, my anotbasic consideration was again
“diversity” in the determination of these groupsang the selected participants.
My final consideration was representativeness feerdity. In order to represent
the diversity that was considered in the selectibparticipants, | determined the
number of participants in each group as almostsisfélents for the core group and
22-24 for the secondary group. By doing this, “nayeenience about coping with
the interviews” was considered at the same timeuwmse the number and detail of
the conducted interviews within these two group8edid. Conducting three

following long interviews with each participant thhe core group during the

semester would take extreme amount of time. Finayconsidering these three
criteria, and using the information presented irbl#a3.3, | determined eight

participants of the core group and twenty- thredigipants of the secondary
group.

The core group was composed of eight students; dbthem were physics
students and four of them were physics educatiatesits. The reason of creating
this group was the examination of mental models @@wklopment of models in
detail. So this group was observed in a step hy gtecess in which the detailed
interviews were conducted topic by topic and inraductive way. The other group
was the secondary group, which was composed oftywhree students; sixteen of
them were physics students and seven of them wsr®gs education students. As
it was presented the characteristics in TabletBi8,group covered the wide range
of achievement status of the students from loweaehs to high achievers. The
data of this group was also important for eviderfoe the categories of
examination since the models firstly identified the core group, then the
secondary group was examined whether the same shed#ted or not. The
secondary group was also examined during the semdstt in a deductive way,
which excluded step by step examination of concepts

Figure 3.9 presents the timetable for reguladyducted interviews. Both of
the groups started the series of interviews wittriBterviews; however, while the
core group was interviewed throughout the semdbternterviews I- II- Il and
Overall, Final comprehensive and Self-Evaluatidenviews), the secondary group

was interviewed almost at the end of the semestsr Qverall, Final
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Comprehensive and Self-Evaluation interviews). &oheparticipant in the core
group had seven interviews, and each participatttensecondary group had four

interviews. Questions asked in all interviews weanesented in Appendix C.
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Figure 3.9 The timetable for the interviews.

Pre-interview:As it is seen in Figure 3.9, Pre-interviews weggted at the
mid of April (Week 9) and they were completed ireomeek with including all
participants. The Pre-interviews aimed to learnerabout the participants; their
feelings, beliefs, ideas about the course, thesdasn environment. The data of
the Pre-interview were also important to discussnesosources influencing
students’ mental models. The questions asked ininRFsziew were given in
Appendix C.1. Twenty minutes was the planned tioreaf Pre-interview with each
of the students, but Pre-interview duration forheatudent was almost fifteen
minutes.

Interview I, Il, and IlI: After the Pre-interview, three interviews (Intewi I,
II, and IIl) were conducted with the core group o8& weeks. These interviews
included questions to examine students’ underatgndbout the quantization of

physical observables in the quantum theory.
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Interview | started after one and half week froime first midterm, and
conducted with eight students during one and hatks (Weeks 10-11). In
Interview |, the quantization of energy and lighasvexamined in blackbody
radiation and photoelectric effect contexts (Cotgexand 2). The questions asked
in Interview | were given in Appendix C.2.

Interview Il started at the first half of May (\&le 13). In Interview II, the
quantization of energy was examined in atomic fitims-spectra, the particle in a
box, and the harmonic oscillator (Contexts 3, 4 & also, the quantization of
energy and angular momentum was examined for thbr Bdom contexts
(Contexts 6.al and 6.a2). The questions asked tarview Il were given in
Appendix C.3.

Interview Ill was conducted at the end of Mayeg@k 15) and continued a
week. In Interview lll, the quantization of energnd angular momentum was
examined in terms of quantum numbers in a quantechanical model of an atom
context (Contexts 6.b1 and 6.b2). The questionsdsgk Interview Il were given
in Appendix C.4. The average time spent for eadhriew I, Il, and 1ll was
almost fifty minutes.

Overall Interview: The Overall Interview was again a common interview
both for the core and secondary groups. A testimptemented in the last week of
the semester. That means, after all topics aboaitgiantization of physical
observables were covered in the course. Then, therald Interview was
conducted. It had the same questions with the Tdw. questions asked in the
Overall Interview were given in Appendix C.5.

In the Overall Interview, one of the aims wasget detailed information
about what was written in the test, and to exantitee consistency of students’
explanations whether there was a change or ndhdrinterview period, the test
answered by each interviewee was examined, andaqg@for the interviewee
before the interview. It was presented to interdewat the beginning of the
interview. After the examination of student’'s owmswers in the test, s/he gave
details about her/his own explanations in the msadded new ones if s/he did not
answer a question, or changed her/his explanatisiter the examination of the
guestions in the test, students were asked to stagther there was a quantization

in the physical events by giving some of the cdises Interviews |, I, and Ill. In
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this way, students discussed the physical evemnt®ramined quantization case by
case. A total of forty-five minutes was the plantiaae for the Overall Interview,
and it took almost thirty minutes for each student.

Final Comprehensive Interviewhis interview was conducted after the final
examination (Week 16) of the modern physics courbe.same questions asked in
the Overall Interview were used. Since Norman ()98®lained the “instability”
of mental models, the aim was to examine the “@estcy” in the development of
the models for some period of time. Lack of envinemts for students testing and
changing their mental models, and studying for Ifiegamination were the
situations to discuss about the stability of mentabdels. Each Final
Comprehensive Interview took almost fifteen miisufEhe questions asked in this
interview were given in Appendix C.6.

Self- Evaluation Interview:Finally, the Self- Evaluation Interview was
conducted (Weeks 17-18). This interview was impuarteo understand some
external and internal sources influencing studemishtal models. For this reason,
students were asked meta-cognitive questions tecteheir understanding in this
interview. Thirty-minute time period was recommetider each interview, and
each interview was almost twenty minutes. The dgoestasked in the Self-

Evaluation Interview were given in Appendix C.7.
3.3.2.b Interview with the instructor

At the end of the semester, a semi-structureshiigw was conducted with
the instructor in order to get his opinions and ezignces about students’
understanding of the quantization of physical okeeles, the sources that shape
their models, and the overall evaluation about esttg&l motivation during the
semester. The interview took almost thirty minutEse questions asked in this
interview were given in Appendix C.8.

To summarize, totally 141 interviews were conddatéth thirty-one students,
and an interview was conducted with the instnucla Appendix D, the
information about which interviews were conducteithweach student was

presented in detalil.
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3.3.3 Test

After all of the topics about the quantizationpdfysical observables were
covered in the class (at the end of Week 15) dutliegsemester, the test was
implemented to all of the students in the claghénlast week of the semester. This
test was aimed to get the general information abtudents’ understanding of the
quantization of physical observables. The otherwas also to provide a base for
the Overall Interview while identifying models.vias implemented in a class hour

within thirty minutes. The questions asked in & tvere given in Appendix E.
3.3.4 Diary

A diary provides “particular, parochial and timeubpd” data (Pole &
Morrison, 2003, p.58). The data which cannot baioled by other ways could be
obtained by diaries. Diary was used for externaings related with context of the
study, occurring in and out of the course settiiginly personal ideas, feelings
and extra information given by the participants evexcorded in the diary by me.
For example, students’ comments about their uraledgtg of the concepts related
with the research aim, and ideas about some gusstiothe exams that related
with etc. were recorded. For this reason, the datahe diary were highly
subjective, but it revealed some hidden liaksong other data obtained with other

ways. Some sample notes from the diary were predentAppendix F.
3.3.5 Other Documents

In addition to the data obtained by observatioterinew, test, and diary,
some other documents provided data for this stlithese documents are: Two
textbooks of the course, notebooks, examinatiomewveork, and quiz papers of the
participants. As it was presented in Table 3.4, rgnihese obtained documents,
two textbooks were directly integrated to data ysial but other were integrated
indirectly. The reason of this was the artifactsated for different expectations
such as getting good grade might not represennhdiigral responses of students.
So, the notebooks, examination, homework, and gajzers of the participants

were used only when needed.

68



3.3.5.a Textbooks

Two textbooks of the course (Beiser, 2003; Krdr8#96) were reviewed to
be able to explain the sources influencing studemental models and model
development. In the textbooks, two issues were dedu These are: The
explanation of quantization and the methodologiesxiplanation quantization. By
this way, how students use the information, and eanaknse the statements,
notifications, formulas, visual elements etc. cooddexamined. For these aims, in
Textbook 1 (Beiser, 2003), Chapters 2, 3, 4, &n@l, 7, and in Textbook 2 (Krane,
1996) Chapters 3, 4, 5, 6, and 7 were examinedt tfnanalysis in the data
analysis was “a minimum meaningful chunk of a secgé figure/ formula

indicating quantization”.
3.3.5.b Notebooks

Although twenty-four students were taking notasmy the semester, twenty
notebooks were obtained at the end of the sem&3&aren notebooks could not be
obtained since seven students stated they didaketriotes in the class, and other
four students stated they lost their notebookdiénriid of the semester. Obtained
notebooks were copied. Notebooks of student weeenaed for extra notes to
reflect their understanding of the concepts, andparing the similarity with the
instructor’s explanations in the class. In Appen@ix, some sample pages from

the students’ notebooks were presented.
3.3.5.c Homework

In a semester, seven assignments were given ugderds. Homework
questions were prepared by the instructor, but thene evaluated by me and other
teaching assistants of the course. In Appendix &sample homework paper of a

student was presented.
3.3.5.d Quizzes

In this course, five quizzes were implemented tmlsits in the class. They
were implemented at the beginning of the lecturedirist ten minutes. Quiz
questions were prepared by the instructor; howetreey were evaluated for
grading by me because | was one of the teachinigtaists of the course. In

addition to grading quizzes, | examined some of dhi&zzes (second and third
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ones) to select participants for interviews. | feed on providing both satisfactory
and unsatisfactory information in the quizzes & $klection of participants for the

aim of diversity. In Appendix G.3, a sample quipeaof a student was presented.
3.3.5.e Examinations

Students in Modern Physics course took three exdumiag the semester.
These were Midterm I, Midterm II, and Final exantioa. There were conceptual
and mathematical questions in the exams. As ands®aas | did not manipulate
anything in the course setting, | had no effecthia preparation of examination
questions. All questions were prepared by the usdr, and all papers were
evaluated by the instructor. The examination papétkree students were used to
have a final conclusion about students’ modelsstome contexts (i.e. Contexts 3
and 6).

3.4 Data Analysis of the Interviews and Test

Data analysis is “the process of systematicabrehing and arranging” the
data (Bogdan & Biklen, 1992, p.153). The analy$ithe data mainly consisted of
three stages: (1) data reduction, (2) data disglag, (3) conclusion/verification”
mentioned by Miles and Huberman (1984, pp.21-23)is Twas done because
coding the data provides a formal representatioanafytic thinking (Marshall &
Rossman, 1999, p.155).

3.4.1 Coding of the Interview and Test Data: Codesnd Themes

All types of data were analyzed by coding. | t&dtto the data analysis from
the interview data. In the data analysis, the issoentioned in Miles and
Huberman (1984, pp.60-63) were considered. Thevidatig steps were taken: (1)
the codes were named by considering the closeffigbs concepts, (2) definitions
of the codes were made in detail, and (3) doubliingpwas done by different
researcher (external coder). Coding required engagithe data for a long time at
different times.

In the analysis, | used a qualitative data amalygogram (NVIVO 8)

because of;
= jts ability to keep a huge amount of data in order,

= the easiness of the coding process in the program,
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= the easiness of the manipulation of the codes gihia analysis, and,

= the ability for letting the researcher make maitcxmparisons among

participants.
3.4.1.a Steps of data coding

Transcription.All of the interview data were transcribed by tsearcher,
and converted into the written format. In additial,artifacts (written and drawn
data) that were produced in the interviews andradinifacts (tests, examinations,
homework, quiz papers, notebooks, etc.) were schramed transferred into the
computer medium.

Uploading the data into the programiCases” created in the program for
each student, and all prepared data transferredtiet computer medium as well.
By this way, for each student | got a case matetiddhis/her own data.

ReadingIn spite of being familiar with the data in thertsaription period, |
have read all interview data of each participam times after transcription.

Determination of the codes (concep®s)draft code lists were constructed in
the light of my previous quantum physics knowledgd the obtained data.

Control of the code lists by the expei@®onstructed code list used in the
examination of the quantization phenomenon in thierviews (which is also
common list for the analyses of textbook and olzs@ya data) was examined three
physicists (2 physics professors and 1 Ph.D stidemwt three physics educators (3
professors). The experts examined the codes irstefrfmutually exclusiveness”
and “definition”, and “appropriateness” of the ced®r research aims. Finally,
required revisions on the code list were done. IRieasion of the code list was
presented in Coding Booklet 1 that exists in Appeit]l.

The code lists that were constructed for the amslgf external and internal
sources influencing students’ mental models wereclkbd and revised by two
physics education professor and a physics profegsoal version of these code
lists were presented in Coding Booklet 2 that existAppendix H.2.

Coding. Interview data were analyzed by means of final wgddooklets.
Unit of analysis for the investigation of modelsdasources influencing models
was “word(s)” that was “a minimum meaningful chuok a sentence/ figure/

formula indicating quantization”. So, the “conteof’a “chunk” was determined as
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appropriate for the investigation of mental modsisce each word and link among
the words were the determiners for mental moddier&fore, it was considered
that although there might be more than one “chuwtkfesponding to a code, there
exists maximum one type of code in a sentencetharavords, a sentence can be
coded maximum one time with the same code. In ceimh, each type of code
may appear once per a sentence, figure or formula.

By using Coding Booklets 1 and 2 in Appendices. ldarid H.2 respectively,
| started the coding of interviews with my core a8 students). After students’
interviews were transcribed, the test and writteaich materials from the
interviews were matched, coding was started by @xiameach student in the core
group context by context. That means, the quaintizgthenomenon was examined
by starting from Context 1 (Photoelectric experitheand by ending Context 6
(Bohr and Quantum mechanical model of an atom). damh context, students’
explanations about the concepts of the quantizasfophysical observables were
identified and named. After the completion of tipisocess for the core group
students, the same process was followed for eacterst for the secondary group

students.
3.4.1.b Constructing the models

In this research, | followed some steps while gpeg students’ mental
models about the quantization of physical obseesbln the determination of
models, students’ definition of what quantizatioaans was important, but it was
not in my focus. Their understanding of the phenoone and linking of the
phenomenon with other physics concepts were comgidas the main focus
together with their definitions of quantizatioGoherency, which is having single
conceptual framework was the most important issughe determination of a
model among students’ explanations. So, the litdded among the concepts were
considered for coherency. In other words, it wasust a check of the existence of
the elements in a model, but meaningful and orgahimse of them as a
framework. That means, the knowledge structure tisatcomposed of the
coherently use of these elements to explain thegrhenon was called as “mental
model”. For example, three elements “discretenesgand discreteness
characteristics, natural characteristic and onlynoloparticle” were the elements of

scientific model. So, the coherent use of thesemetgs had role in the indication of
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scientific model. As the identification of sciemtifnodels, the unscientific models
constructed by the inappropriate use of the codesicepts) were identified.
Finally, mental models were identified by considgrcoherency.

In addition to the model structures that studemdsl, there are some
fragmented structure that cannot be considered a&mtain models. The
characteristic of this type of structure was stigleruse of the concepts
inconsistently. In this study, this type of fragresh structures was called as “No
Model (NM)” because of lack of coherency, they didt have a framework
constructing a model. Since | just focused on nmamtadels, | did not examine
fragments in the current study. Different from NMse explanations of students
that did not provide any code or physical conceptse coded as “No Element
(NE)”. These were the irrelevant explanations almuéntization like “everything
in quantum mechanics is probabilistic...”. When stidalid not give explanations
to the questions, and passed to the next quedtiey, were coded with “No
Answer (NA)".

3.4.1.c Specific examples explaining the determinah of a mental

model

In this section, | explain how | specify whethestadent displays a model or
not by considering coherency among the codes amd) ike specific examples
from the data. Figure 3.10 presents the codes @xistudents’ explanations.

Numbered links indicate the construction of moddath these elements.
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Figure 3.10Links among the model elements required for theecatcy of
models.

These minimum conceptual elements were cohereisty in models. For
example, the elements “only bound particle, digeress or/and discreteness
characteristic, and natural characteristic’ wereepted minimum scientific
elements in the construction of scientific mentaldel (with Links 1-2-3) about
the quantization of physical observables. The o#lements identify from other
models, “any values, artificial characteristic, €&in's relativity, change,
integration, and every particle” were designated “abt unscientific” but
“irrelevant” elements in the construction of sciBatmental model about the
quantization of physical observables (see Appehidixfor the definitions of these
elements). However, these elements were the maimegits for the construction of
other mental models (unscientific ones) rather thaantific models. By this way,
in addition to the Scientific Model, | identified/é unscientific models that | called
as Primitive Scientific Model (with Links 2-4-5)h8&dding Model (with Links 4-
6-7-8), Alternating Model (with Links 5-9-10-11)tkgrative Model (with Links
8-12-13) and Evolution Model (with Links 8-14-15)1@hat means each model
presented a composite of the ideas by linking sefements to form a coherent
idea. Although mental models do not have firm boundargsidents’ mental

models of quantization develop with these elementeerefore, these elements
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provide extension and refinement of the mental rnsode addition to the
minimum elements, the “links” among the elementgresent coherency of the
conceptual framework. Table 3.5 presents the sangudes to explain

determination of “mental model” and “no model” sttwures in the contexts.

Table 3.5Sample codes and frequencies to explain spedificaf models.

CONTEXTS 1 2 3 4 b 6.al 6.a2 6.b1 6.b2
Students
Stl OBP 2 AV 1
D/DC 10 CcC 2
AV 3
C 5
St2 OBP 3
D/DC 11
NC 4
St4 D/DC 11
NC 3
AC 4
I 3
EP 2

St2 and St4 presented two different examples ferstiecification of mental
models in this study. For example, St2 had some<xdd Context 6.a2. In this
context, student explains the quantization of amgulomentum in Bohr context by
using OBP, D/DC and NC codes by 3, 11 and 4 timesgpectively. In this context,
the codes were meaningfully linked to constructamework by this student. All
these coherently used codes indicate the scientiictal model. | determined such
type of coherent structures including only elemeasfta framework as a mental
model. However, there were some other structurast ititlude additional codes
that did not belong to a specific framework. Thelarations of St4 in Context
6.b2, which was the examination of the quantizatbangular momentum in the
quantum atom, was a good example for this typetmictre. In this context,
although St4 used AC, I, and EP (with 4, 3 andni#4§, respectively) coherently,
he also used D/DC and NC. However, they were tipdaeations like scattering
the words without making a meaning. That means smwneepts did not belong to
the coherent structure. As it is seen in this examgocused on the coherently use

codes (i.e. AC, I, and EP) to specify models byttng the disconnected codes
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(i.e. D/DC, NC) in the determination of mental misde this type of explanations
Stl presented another example about the deteiomnatmodels. In Context
3, students used four types of codes such as OB, AV, and C with 2, 10, 3,
and 5 times, respectively to explain the quantiratdf energy. Although this
student used more type of codes with several tirhes,explanations does not
construct a framework to explain quantization. $las just used the words by
scattering. That means, the existence of some cditksnot mean having a
coherent structure. So, such type of structures ttie codes were incoherently
used, were called as “No Model”. As similar withr@ext 3, there were two types
of codes (AV and C) that were incoherently usedisTdne had the simpler
structure than the previous example. Some of dpatidns as No Models included
only one type of a code. All these type of struesuwere discriminated from
mental models because of lack of coherency they wpecified as No Model in

this study.
3.5 Data Analysis of the Textbooks
3.5.1 Content Analysis and Coding

Content analysis is “unobtrusive” and “nonreactivesearch (Marshall &
Rossman, 1999, p.117). In this study, two textbagikhe Modern Physics course
were analyzed by content analysis via the Codingkts in Appendix H.1 and
H.3. In the analysis of the documents, some stigeds(Forster, 1995 as cited in
Yildirnm & Simsek, 2005, pp.193-201) were followed.

3.5.1.a Obtaining documents

Two textbooks of the course were obtained at thginpéng of the study.
The analysis of the textbooks was important in ggieg the sources influencing

students’ mental models and their influences onghddvelopment.
3.5.1.b Analysis of the data

Textbooks were analyzed by following these steps:
Selection of the samplBoth of the textbooks were selected to be analyzed.
However, not all chapters of the books were takdéo consideration in the data

analysis. Table 3.6 presents the information atimuithapters that were analyzed.
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Table 3.6Analyzed chapters of the textbooks.

Textbooks Examined Chapters Number of Pages
Textbook 1 (Beiser, 2003) 2,3,4,5,6,7 241
Textbook 2 (Krane, 1996) 3,4,5,6,7 171

Development of the categorieShe categories were developed from the
data. “mutually exclusive” characteristic of thedes was also an important
consideration in the development of categories.tiaoks provided data in two
dimensions. First dimension was the physical exgilan of quantization. Second,
dimension was the methodologies that were usegiaie@ quantization. The code
list in Coding Booklet 2 was composed and contbllg two experts (1 physics
professor and 1 physics education professor).

Determining the unit of analysitlnit of analysis in coding of knowledge
organization (in Coding Booklet 1 in Appendices Hahd method of explanation
(in Coding Booklet 3 in Appendices H.3) were aganord(s)”. That means “a
minimum meaningful chunk of a sentence/ figurehfola indicating quantization”
considered in the analysis. So, the “content” dfchunk” was determined as
appropriate for the analysis of the textbooks. isilar with coding of interview
data, it was considered that although there midig more than one “chunk”
corresponding to a code, there exists maximum gpe bf code in a sentence,
figure or formula. In other words, a sentence, igor formula can be coded
maximum once with the same code. In conclusionh égoe of code may appear
once per a sentence/ figure or formula. Althoughafttization” word was scanned
in the texts, how it was used and how presentethéntextbooks were very
important. By using the coding booklets in Apperditi.1 and H.3, | coded two
textbooks of the course.

Quantification. Although quantification was not a requirement, some

information with frequencies and percentages wezegnted.
3.6 Data Analysis of the Observation and Diary
First video records, photographs and field notagched with each other for

each class. In the analysis of observation dati@ovsiecords of the classes were not
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transcribed. The same procedures with the anatygisxtbook were followed for
observation data. The code lists for the analysibeervation data were presented
in Coding Booklets 1 and 4 in Appendix H.1 and Hegpectively.

Selection of the sampl&he data including the explanation of quantization
was determined for the data analysis.

Development of the categorie8gain, “mutually exclusive” codes were
developed from the data. As similar with the textks, observation provided two
dimensional data of both explaining quantization amethodologies to explain
quantization. The code list in Coding Booklet 4Appendix H.4 was composed
and controlled by two experts (1 physics profesand 1 physics education
professor).

Determining the unit of analysi&lnit of analysis in coding of observation
data was also “word(s)”. That means “a minimum niregfal chunk of a sentence/
figure/ formula indicating quantization” was corsidd in the analysis. So, the
“content” of a “chunk” was determined as approgridor the analysis of
observation data. As similar with the coding okimiew data and textbooks, it was
considered that although there might be more ¢men“‘chunk” corresponding to a
code, there exists maximum one type of code innéesee, figure or formula. In
other words, a sentence, figure or formula candzed maximum one time with
the same code and other type of codes may als@mappee. In addition, the use
and stress of “quantization” term was in my consitlen during the coding
process since how it was used and presented icldsses were important for
model development. By using the Coding Bookleta\jppendices H.1 and H.4, |
coded the video data. One difference during théngodias not having a written
document of huge amount of video data. So, | tndipsd only the analyzed units
for this part of the analysis.

Quantification.Some information was presented with frequency/peace

tables and graphs to make understanding the fisdiagier.
3.7 Reliability and Validity Issues

Reliability and validity issues of quantitativesearch are studied using
different terms in qualitative research becaus¢hef differences in researchers’
epistemologies. Table 3.7 presents these issuesnandalistic techniques to

provide evidence.
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Table 3.7Establishing trustworthiness for qualitative resha

Criterion Conventional Term Naturalistic Naturalistic
Term Techniques
Truth value Internal validity Credibility Prolonged engagement

Persistent observation
Peer debriefing
Triangulation
Referential adequacy
Member check
Quasi statistics
Applicability External validity Transferability  Thick description

Purposive sampling

Consistency  Reliability (Internal reliability)  Dependability Dependability audit

Neutrality Objectivity (External reliability) Confirmability Confirmability audit

This table was adapted from Erlandson, Harrisoippk, and Allen (1993).

In this study, most of the techniques mentionedable 3.7 were used to
provide validity and reliability, and also the paetions stated by LeCompte and
Goetz (1982) and Yildirnm argimsek (2005) were considered.

3.7.1 Credibility

Credibility indicates the internal validity of tugly. This issue was addressed
by prolonged engagement, peer debriefing, trianguiamember checking, and

quasi statistics for this study.
3.7.1.a Prolonged engagement

Prolonged engagement is related with the duratfdhe data collection. The
data of this study was saturated at the end oféneester, so the duration of data
collection was determined as one semester (frormtideof February to end of

June).
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3.7.1.b Peer-debriefing

Peer-debriefing is one of the important issuesfedibility, in other words,
for the internal validity of the study to removesi In this study, peer debriefing
was done by two ways: (1) By a physics educati@eascher who participated
from the beginning to the end of the study, ando2ilifferent physics and physics
education researchers who participated at the &éygof the study with valuable
feedback.

For the first way, | call the researcher whomeitfor peer-debriefing aim as
the “external coder”. In addition to giving feedkdocom the beginning to the end
of the study, this researcher existed at the icbeling process to examine inter-
coder agreements. The external coder was one ddethelements in the research,
so the determination of external coder was noteandlhe external coder in this
study has two years physics research backgrourdl,PanD degree on physics
education. The external coder teaches physicsedgtim a physics education
program of a university. In addition, the extermalder gives some pedagogy
courses in the same program of the university. Toer had knowledge about
qualitative research, and did qualitative reseaatiout university students’
quantum physics learning. From beginning to the aifdthe study, we
approximately spent thirteen hours together byudismg on data collection (~4
hours), data analysis and results (~9 hours). ditiad, the external coder spent
extreme amount of time individually in the examioatof the materials used in the
data collection and analysis required for the vglidnd reliability issues.

For the second way, some other experts who welteei physics and physics
education research areas were actively participatesome key points of the
research in the different steps such as the vadidatf the materials, analysis and
discussing the results of the study.

In the preparation of interview questiofeparation for data collection took
almost seven months from the last four months @82® first three months of
2009. In this period, my focus was the preparatbrthe interview questions.
Interview questions prepared not by a single dtapdeveloped by the feedback of
five physicists (4 physics professors, and 1 Phtident) and three physics
educators (3 professors) in terms of content amehdd by using the checklist in

Appendix I.1. By their suggestions, content andsengation of some questions
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were revised. For example, second question invigerl (see Appendix C.2) was
revised, and seventh question in Interview Il (8ppendix C.3) was added to the
interview questions in order to examine the quatitn phenomenon better.

For validating the codesDevelopment of code list was a tirirgocess.
Since the lack of information about the codes tangre students’ mental models
in previous research, and not existence of sinstadies in terms of examined
physics concepts, all coding booklets were contsduby me. Draft codes were
emerged basically from the data in the light of kryowledge on quantum
mechanics. Constructed draft code lists were deeeldy the valuable feedback
of some experts on physics and physics educatignit Avas mentioned before,
three physicists (2 physics professors and 1 Phudest) and three physics
educators (3 professors) examined the codes farvieiv data in terms of
“mutually exclusiveness”, “definition” and “appraateness” of the codes for
research aim (in Appendix H.1). The codes for sesiofluencing models were
examined by two physics educators and a physidegsor (in Appendix H.2). The
codes for the method of explanation for textbooksl @bservation data were
examined by two experts (1 physics professor aptiysics education professor)
(in Appendices H.3 and H.4, respectively). Aftee timprovement of draft code
list, the final code lists in the coding bookleterer obtained.

For validating the codingValidating the coding process was not a long and
tiring process like the development and validatadnthe codes. Sample coding
procedures were discussed with three experts (%ighyrofessor and 2 physics
education professors). They were not familiar Wiite data at first; however, they
were familiar with quantum mechanical concepts godlitative research. This
was done by using the document in Appendix |.2. [Baraxcerpts were coded and
presented to the experts. They controlled the gpjateness of the coding with the
excerpts from the students’ interviews. In conduasithey validated that the
coding was appropriate.

For validating the identified mental modelBhis was the last part of the
validation about coding. In this part, some sampkults were also validated by
three experts (1 physics professor and 2 physiasatidn professors) as previous
coding procedures. For this aim, the document ptedan Appendix 1.3 was used.

Identified mental models were given to the expedith their definitions and they
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were requested to match them with the excerpts Btudents’ interviews. Since
they were familiar with codes and coding, they exeu the excerpts easily, and
they stated the appropriateness of model excepis the definitions of each

corresponding model.
3.7.1.c Triangulation

Triangulation is “collecting information from awdirse range of individuals
and settings, using a variety of methods” (Maxwi96, p.93). Since it decreases
bias or other risks of associations occurred bynckain a research project
(Maxwell, 1996, p.93), for this study data triaregion was done by using different
types of data collection techniqués it was mentioned in Table 3.4, each research
question was examined by collecting data by att lves techniques. In addition,
triangulation for results was done for a limiteghetyof results that was about the
identification of mental models of students. Thewents that were used for the
triangulation in Appendices 1.3, and J.1-3. Thaultssof the examinations of other

experts were almost same with my results.
3.7.1.d Member checking

Member checking is getting the approval of thetippants for what a
researcher records about them. In this study, mermibecking is important for
interviews. In order to record what a participarsneed to say, member checking
was done by requesting from each participant taglaase her/his statement at the
end of each question in the interviews as possibladdition, by paraphrasing the
participant's statements in a question format asking “I understand..., am |
right?” (almost 5-6 times per-interview) in eachteiview, | got participant’s
agreement about her/his explanations. By this wlag,participants provided an

assurance about what they mean in their verbahaititn explanations.
3.7.1.e Quasi statistics

Quasi statistics is “the use of simple numericaluls that can be readily
derived from the data” (Maxwell, 1996, p.95). Instlstudy, some descriptive
statistics were used to present results. That mefnequency of the codes,
frequency and percentage about the findings abdsplayed models were

presented in tables and figures as possible.
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3.7.2 Transferability

Transferability can be explained as the extensiatie findings to different
settings. Thick description and purposive samplingre considered for

transferability of the study.
3.7.2.a Thick description

Thick description is the description of what aga&rcher sees and hears in a
specific context. In this study, all course settingarticipants and other important
issues for this section were described in detailvben Sections 3.2- 3.11. In
addition, some samples clarifying these sectionseevadso presented in related

appendices.
3.7.2.b Purposive sampling

Purposive sampling is a non-random sampling, wkalects the participants
by aiming to get maximum specific information abtie context. First, Modern
Physics course was purposively selected since stsidearned the concepts of
guantum theory in this course and they constructetso about the quantum
phenomena (see Section 3.2.1). As it was explameltail in Section 3.2.2, the
participants were determined purposively to be abléind answers to research
questions of the study. Detailed description ofppsive sampling is important to
compare the results of this study with the studibeh have similar considerations

and characteristics.
3.7.3 Dependability

LeCompte and Goetz (1982) explained the matereliability by indicating
the importance of “inter-rater or inter-observeliability” as “the extent to which
the sets of meanings held by multiple observerssafficiently congruent so that
they describe phenomena in the same way and atritbee same conclusions about
them” (p.41).

3.7.3.a Inter-coding

As LeCompte and Goetz (1982) defined, an ioteter (inter-rater)
reliability test is a way of determining the reliétlp of coded data. It indicates the

reliability of coding data by showing the agreemamiong different researchers in
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the coding of data. Inter-coder reliability (R) wadculated asg__ Na
Na + Nda

Where, N," represents “number of agreements”, and,,~ represents
“number of disagreements. If there is no disagregrbetween two coders, the
reliability coefficient will be 1/1. That means,etle is 100% (full agreement)
correlation between two codings. Miles and Huberns®84, p.63) mentioned
while researchers examining inter-coder reliahilithey should not expect
agreement for 5-10 pages of transcribed data bdimr 70%. However, they
suggested getting inter-coder reliability arouné&e0

In this study, | examined inter-coder reliabilityr the analysis of interviews,
textbooks and observations separately. At the Inéggnof the data analysis, the
external coder, whom | defined in Section 3.7.tdied the sample data belong to
each type of data. Although the main procedure simdar with each other, there
were little changes in some parts of the examinatibinter-coder reliability for
each type of data.

At first, | and the external coder looked throwsgime interview data without
calculating a coefficient, and examined togetherdndomly selected 10-15 pages.
In the second stage, the external coder examirszsnple interview data with 5-6
pages and we discussed on the codes again witladculation of inter-coder
reliability coefficient. In the third stage, firgtter-coder reliability calculation for
interview data was done by using the first docun{®eter Review Checklist for
Inter-coding 1) presented in Appendix J.1. In timstfpart of this document for
inter-coder reliability, there was a randomly stdddranscript of a student among
the data. In the second part of the same docurtieme were sample excerpts from
different students and different interviews. Thas@n of mine to prepare a sample
data with two parts was whether the diversity oflem might be limited in
randomly selected data. So, to minimize the prdibalf accumulation of the
codes in the same codes, and to see the codingevhal coder on different codes,
| arranged different excerpts from different studefor the second part of the
document. While doing this, | randomly selected élxeerpts indicating students’
models. Then, the document including the sampla deats given to the external
coder together with the coding booklet in Appendit. The external coder coded
the data individually and we met and got 74.3% egent by comparing the codes
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in this inter-coding. We discussed on the disagesgmin order to be able to reach
almost full agreement. In the second step, the (la¢er Review Checklist for

Inter-coding Il) in the second part of Appendix Wére presented to the external
coder. This checklist was also prepared with tlreesprocedure with the previous
one. The external coder coded the new documentobgidering the issues in

previous discussion after the first try of intedeo reliability examination. In the

second try for inter-coding, we finally got 90.7%r@ement.

Getting inter-coder reliability coefficient foextbook and observation data
were same with the examination of interview data.ohe of the meetings on
coding, we first examined a randomly selected wodtbpage together. For the
examination of inter-coding, as it was presentedippendix J.2, | prepared sample
data from the textbooks to the external coder. risatered the contexts in the
selection of sample data. | randomly selected Cortdrom Textbook 1 (6 pages)
and Context 6.2b from Textbook 3 (5 pages) andezhpghen | gave the external
coder together with related coding booklets. Alter coding the data individually,
we met and discussed on codes. Our agreement wé% T the first try. Then we
met and discussed on the disagreements. For tlumdsery, | again prepared a
sample data from the textbooks. For this one, | bt select the sample data
randomly; however, by crossing the chapters, | gregp a sample data with
Context 6.2b from Textbook 1 (5 pages) and Cor3éxom Textbook 2 (5 pages).
The external coder coded this material by consigetihe issues in previous
discussions. In the second try on this sample, ote88.4% for the textbook
coding.

In one of our meetings at the beginning of thie daalysis, we examined a
randomly selected ten-minute period of a video mdogether. For the first try of
inter-coding reliability examination, a video amo2g video records from the list
in Appendix B.1 was randomly selected. The videdwose information was
presented in Appendix J.3, was given to the extewder together with the coding
booklets. Then, the external coder coded the sanigeo data by watching the
video individually without transcription. The exted coder noted the “coded
units” from the video. In the examination of thedow, we got 66.7% agreement
in our first try. As similar with inter-coding fanterview and textbook data, we

discussed on the disagreements. Then, for the derprl randomly selected a
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video from the same list. By the same procedure, ekternal coder coded the
sample thirty minutes of video data by considerthg previous discussions.
Finally, we got 79.1% agreement in our second frynter-coder reliability for
video data.

We got inter-coder reliability coefficient aroul®dd for the interview data
after several tries. One of the reasons of getiigh degree of agreement can be
explained with the similarity of the research ist&r(quantum physics learning)
and qualitative research knowledge of the extecodler with me, and spending
extreme amount of time together at the key stepstudy (i.e. discussion on
interview questions, definition of the codes, ctides etc.). However, for the other
types of data (textbook and video), we got quiteallsn agreements than the
interviews. The reason of this might be the extewmwder's familiarity with

interview coding too much but not with the others.
3.7.3.b Intra-coding

Miles and Huberman (1984, p.63) suggested intrangoth the researchers
to examine their consistency in coding. That meagshis way consistency of a
researcher through time can be examined. In thidyst examined a sample data
with 5-6 pages twice waiting for almost a month. lByng the same formula stated
in Section 3.7.3.a, | calculated intra-coder religbcoefficient as 0.94 at first.
Then, after the examination of disagreements wighpnevious coding, | got full

agreement with my previous coding.
3.7.3.c Precautions for internal reliability

LeCompte and Goetz (1982) and Yildirm &ichsek (2005, pp.262-264)
suggested that some precautions for internal iétiashould be considered. By
following the suggested precautions, in this stutlyese precautions were
considered:

Presentation of obtained data in a descriptivepra@ach. The data were
presented with direct quotations- episodes- withdoterpretation in the
explanation of findings in Chapter 4.

Multiple researchers should be included to the gt this study a external
coder, who was expert on physics education, exisdte@ddition, other experts,

who were physics and physics education professoosided feedbacks and

86



discussions during the development of the studyitBy way, agreement among
the different experts obtained to increase the@acee of the results of study by
other researchers.

Using multiple data collection techniqué3bservation, interview, test, diary,
and other artifacts were used for the data coblacin this study. As it was
presented in Table 3.4, at least two techniquesdoh research question were used
to collect data. This is important for comparisdrdifferent type of data to get a
conclusion.

Peer examinationThe external coder, who was described in Sectiorl.D,
was included in the data analysis period of thelystThe results from external
coder were discussed. So, it was important forehability of findings.

Explanation of the theoretical framework and datelgsis.In Sections 3.4,
3.5 and 3.6, the data analysis procedures for @atzhfrom different sources were
explained in detail. Especially, in the identificet of mental models, how |
constructed models after coding were explained etaitl by considering the
theoretical framework in Section 3.4.1.c. In adufifi all coding booklets and
related documents were presented for other resgatch

Using mechanical deviced.he use of mechanical devices increases the
internal reliability in case something is forgottdreCompte & Goetz, 1982). A
video camera and a voice recorder were used f@ datording. In addition, a
computer was used for the transfer of data, arallyirexternal hard disks were

used to save huge amount of data.
3.7.4 Confirmability

Confirmability is about the replication of the syubly other researchers and

obtaining similar results in similar conditions.
3.7.4.a Precautions for external reliability

The precautions for external reliability that welefined by LeCompte and
Goetz (1982) and Yildirim arfimsek (2005, pp.260-262) were considered for this
study:

Explanation of researcher’s status and positidbhe role of the researcher
was described in Sections 3.2, 3.3 and 3.9. Instioidy, | had different positions as

being overt participant observer, interviewer elaring the different parts of the
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research.

Selection of informant choiceShe participants in the study were selected
and described in detail in Section 3.2.2. In simi$udies, researchers may
consider these characteristics while selectiorheir tsamples (Yildinm &imsek,
2005, p.261).

A good description of social status and conditidisce social environment
affected human behavior and perception, the dataireal from different social
environments may depend on social conditions (Mrd& Simsek, 2005, p.261).
In this study, the characteristics of course andrsm setting were explained in
detail in Sections 3.2.1 and 3.2.4.

A good description of analytic constructs and pise®. Replication of the
study requires explicitly defined assumptions dmbties that underlie the choice
of terminology and methods of analysis. In Secfighof Chapter 1, 2.1 of Chapter
2, the assumptions and the theoretical frameworth@fstudy were explained for
other researchers in detail.

A good description of data collection and data lges techniquesAll
techniques about data collection and data analesis explained between Sections
3.1- 3.5. How the observations and interviews wedome, how the test was
implemented, and how the data were recorded anlyzauawere explained in

detail as a precaution for confirmability.
3.8 Ethical Issues

Three ethical issues were considered in thisystlilese are: (1) informed
consent, (2) harm, and (3) privacy (Fraenkel & \&fall 2000, pp.43-45). As
presented in Appendix K.1 and K.2, required periniss were obtained from the
Rectorship, the Graduate School of Natural and i&dpkciences, the Ethical
Committee, the Department of Physics and the iogirwof the course. Students
were the main elements of this study, so the dtidsaes were mentioned to them
verbally in the % week (in §' class on 05.03.2009). Then, the consent forms
presented in Appendix K.3 were distributed to shtgldo inform them about the
details of the research, and to get their writtenmpssion by signing the last part of
the consent form. At the same time, by respectmgadrticipants (Fraenkel &
Wallen, 2000, p.551), being an overt participansesier in the classes was

explained to the students by not deceiving thene gérmissions of 74 students in
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the class were obtained by signing the related gfatte consent form. In thé"4
week, the same explanations were done for absedérsts in the '3 week, and
their permissions were obtained. The other twocathissues, which were harm
and privacy, were mentioned to the participantddtail. The probable harm might
be physical or psychological; however, this stuilyribt construct a new setting or
not manipulated the existing one, no physical haxisted in students’ natural
setting. A probable psychological harm (i.e. anRietas prevented by locating the
video camera at the back of the hall in the clasEkat means, | did my best to
ensure there would not be any harm. Students'wiargtiness was provided by
detailed explanations and answering students’ gunessabout the research. A relax
environment for them was provided by preventingrggand feeling the existence
of video camera, and the researcher in the settingddition, all interviews were
recorded by video camera with participants’ conseRinally, for interviews and
observation, video records, written materials eteere kept private. The

confidentiality issue was strongly stressed andfadly explained to the students.
3.9 Description of the Researcher

Researcher’s background is an important issueualitgtive research for
how to collect data, how to analyze data and hovprEsent and interpret the
findings. As a researcher, | took a qualitativeeeesh course from the Department
of Secondary Science and Mathematics Education &§SMFaculty of Education
titted as “SSME 701 Writing Qualitative and Quadaiive Research in Education”
during my Ph.D, and | passed the course with sgcdasthe course, qualitative
data collection techniques were taught, the pets@sc of qualitative and
gquantitative research were compared, and a quaditaesearch proposal was
prepared. | had a chance to learn the pioneersiaftgtive research and to read
their books explaining qualitative research techegy

| joined a seminar to learn data analysis witlofansare (NVIVO 8). In this
seminar, | also had a chance to discuss the isfugsalitative research with the
researchers from different research areas. Finabllowed (without registration)
a course at University of Maryland (UMD) when | wasvisiting researcher at
UMD PERG. The course was “EDCI 792 Qualitative Resk II: Analysis and
Interpretation of Data” from the Curriculum andthogtion Department of College

of Education. In the course, we had focused on aaddysis, and important issues
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for qualitative research. In the boundary of thesirse, | gave a “qualitative data
analysis seminar with a software” to Ph.D studeaking the course and other
faculty members who were interested in qualitatesearch.

Finally, | did qualitative research in my reseam@tea and the research
articles (of mine and my collaborators’), whose moelology were qualitative
research were published in journals (Qidt al., 2008; Didi et al., 2010; Didi &
Ozcan, 2009; Ozcan et al., 2009).

3.10 Delimitations
This study was delimited to:

= A Modern Physics course in a physics departmenta ajovernment

university to understand students’ knowledge orzgtion in detail.
= An academic semester for data saturation.

= Thirty-one participants to be interviewed in ordermet diverse range and

deep data.
3.11 Procedure
3.11.1 Researched Databases and Keywords

Many databases, which were accessed at METU and udfgie examined.
These databases are: “American Institute of Phy6idP), Dissertations and
Thesis, Ebrary, Eric, Institute of Physics (IOP3],1JSTOR, PsycARTICLES,
ScienceDirect, Taylor and Francis Online Journalsb of Science SSCI, and Web
of Science SCI Expanded”.

In addition, | used many library sources for Gkap 2 and 3. Also, some
reliable web materials were used after the checkatigbility of the pages. Basic
key words for this research while searching ardin&gjraphy, ethnography in
education, qualitative research, qualitative datalyesis, mental model, model,
science education and modeling, physics educatiot @odeling, learning
gquantum physics/mechanics, quantum physics, arahitep quantum mechanics

etc.

90



3.11.2 Time Schedule of the Study

Time is one of the important considerationshig fjualitative research. As a
researcher, | spent considerable amount of timneitstruct a conceptual context,
collect data, prepare data for data analysis, aatyze the data as it was presented
in Appendix L. Before starting the research of tlissertation, | was interested in
pedagogical research on quantum theory and mentalelsy so | had some
background for this research. After | started teeexch, | updated conceptual
context (the theoretical framework, explanation qfiantum theory, and
pedagogical research on quantum theory) by inctuttie recent studies up to the
end of writing dissertation. Preparation of datheaction and collecting data period
took almost a year. While organization of the dat&k more than a year, analysis
of the data took more than two years. Up to the @hdata analysis period, the
results and conclusions were written, and they wenésed regularly after
feedback almost in a year. That means, while vgritinis dissertation, | focused on
the different parts in different time periods. Fexample, while | considered some
parts at the end of the study by updating, | coteplesome of them in a period

without updating. By this way, overall of this raseh took almost five years.

91



CHAPTER 4

RESULTS

As we know, it is impossible to see students’ raentodels in their minds,
and it is not functional to ask students what tmeé@ntal models were (Gentner,
2002). Investigation of mental models requires mgkinferences from the data
based on what and how students responded to tlstiansabout the phenomenon.
For this reason, some quotes from students andn#irictor explanations are
given by translating (the underlined ones are tligaotes without translation).

Students’ mental models were examined over tingk arer context, and
then all data were interpreted together. In thiaptér, | present the results by

considering the research questions. So they atggdoin three categories:

I. Models and the characteristics of models inclgdResearch Questions 1
and 2,

II. The sources influencing models including Reseansbsfjon 3, and

[ll. The development of models by influence of the sesrincluding
Research Question 4.

4.1 Models and the Characteristics of Models
In this part, | focused on the first two reseagolestions:

= What are the second-year physics and physics édncatidents’ mental

models of the quantization of physical observables?

= What are the characteristics of second-year phyaid physics education

students’ mental models of the quantization of patobservables?

As | stated in Table 3.4, | use interviews, test] ather documents in order
to find the answer for these research questionsplte of these three different
sources, ‘“interview” is the primary source for thgart. Then, students’

explanations in the test are integrated into datalyais and students’ mental
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models are determined. Finally, the examinationepapf the students, whose
models are undetermined, are reviewed and somelsnodstudents are concluded
in the determination of mental models. Figure dfnisarizes how | reached the

findings for this part after the use of differentisces.

»
|

e of data sources

OTHER
TEST DOCUMENTS
(examination
‘ ‘ papers)
| D b |
INTERVIEWS Determination

]
]
| of models :
]

Time (data analysis)

Figure 4.1Integration of data sources to explain studentsitalenodels.

| examine students’ mental models in basicallycsintexts. They are:
= Context 1: Photoelectric experiméfdr the quantization of light)

= Context 2: Blackbody radiation and ultraviokstastrophe(for the

quantization of energy)

= Context 3: Energy levels and atomic spedfox the quantization of

energy)

= Context 4: Particle in a bdfor the quantization of energy)
= Context 5: Harmonic oscillatgfor the quantization of energy)

= Context 6 (al, a2, bl, and b2): Atom (Bohr amdmjum mechanical
model of an atom)(for the quantization of energy and angular

momentum)

In this part, in addition to identifying mental dels over these contexts, |

examine the characteristics of models. That mdanterpret the findings in terms
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of the nature of models (pureness & hybridness)] aontext dependency
(existence of model states) of models with rolecoés (key concepts), model
construction approach (i.e. on the spot or preWoukought out), model
construction source (i.e. common sense, recallimgieasoning), and degree of
certainty (comfort) to explain the characteristi€snental models identified in this
study. Identification of students’ mental modelsd amodel characteristics also
indicates students’ conceptual difficulties suctddifsculty in making sense of the
gquantum concepts, difficulty in discrimination ditconcepts, difficulty in linking
the concepts, and difficulty in putting the physicaeaning into mathematical
explanations.

Table 4.1 presents the summary of the mental mdkdatstudents displayed
about the quantization of physical observableslerdtl also shows the common
and distinguishing elements constructing the mentadels. Each identified mental
model in this study was named by me due to theachenistics of each conceptual
framework explained with operational definitions3actions 4.1.1- 4.1.6.

Table 4.1Summary of mental models of quantization.

T & =

. 2 = =

= = 2 = = =

T £ E g | B

E = T i £ E =

T £ &8 E|. £ E s 3
Models > &£ 5|2 £ 2 2 & &p

‘= Z2 2 = = = = = = 2

= a0 8 2 - - = & = =
Scientific Model (SM)
Primitive Scientific Model (PSM) -
Shredding Model (ShM) « 3 Ll
Alternating Model (AM) - -
Integrative Model (M) L L L

In the table, the left padf the bold solid bar contains the scientific elatseabout the quantization of
physical observables; and the right part of thel lsolid bar contains the unscientific elements &bou
the quantization of physical observables.

94



Each mental model seen in Table 4.1 is a specdioposite of the codes
explained in Section 3.4.1.c. The frequency andgerge of all codes composing
mental models identified in students’ explanatians presented in Appendix M.1.
In addition, Appendix M.2 presents the frequencytt@ codes for each student
over the contexts. Therefore, by counting the nedeld other structures that are
composed of the codes in Appendix M.2, Table 4.2 wanstructed. Table 4.2

summarizes the frequency of students’ models amef atructures over contexts.

Table 4.2 Summary of the frequency of mental models and ogkrerctures over
the contexts.

CONTEXTS 1 2 3 4 5 6.al 6.a2 6.b1 6.b2

Total #
MODELS and of
OTHER MOS
STRUCTURES (MOS)
MODEL 1:SM 2 0 5 8 0 5 6 1 2 29
MODEL 2: PSM 5 1 6 0 0 0 0 0 3 15
MODEL 3: ShM 2 2 1 1 1 0 0 0 0 7
MODEL 4: AM 1 0 2 5 0 1 1 0 1 11
MODEL 5:IM 2 0 0 1 0 1 0 0 1 5
MODEL 6: EM 2 0 0 0 0 0 0 0 0 2
NO MODEL:NM 13 11 14 11 8 15 10 15 17 114
NO ELEMENT:NE 3 17 3 4 8 9 9 15 6 74
NO ANSWER:NA 1 0 14 0 1 22
Total #
of students 31 31 31 31 31 31 31 31 31 279

In the following sections, | discuss mental modilat are displayed by
students to explain the quantization phenomenortlaadharacteristics of models.
So, | explain students’ models starting from séfiento unscientific. The aim of
starting with the scientific mental model is to shalearly how students’
knowledge structure diverge from the scientific doeunscientific ones by the

change of mental models.
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4.1.1 Model 1: Scientific Model (SM)

Model 1, which | call “Scientific Model (SM)”, ithe scientifically accepted
model. | identify students having this model whémyt display the minimum
concepts for scientific explanation of quantizat&uch as “only bound particle,
discreteness or/and discreteness characteristicnatural characteristic”, and use
them coherently in the explanation of the quantizabf physical observables. The

operational definitions of this model can be statsd

= The student who uses this model mentions that thentigation of
physical observables such as energy, angular momeist seen when a

particle is confined in a region.

= The student mentions that the values of physicadenlables are
restricted. The physical observables can have didgrete values and

these values are only certain (allowed) values.
= The student mentions that it is natural for theratosystems.

Figure 4.2 summarizes the use of SM over the ctsitex explain the

guantization of light, energy and angular momentum.
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Figure 4.2The use of SM over the contexts.

Among thirty-one students, only two of them use M in Context 1
(photoelectric effect). In Context 4 (particle ifb@x), number of students who use
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the SM is maximum (eight students). On the confraryContext 2 (blackbody

radiation and ultraviolet catastrophe), and Conefttarmonic oscillator), none of
the students uses SM. We see this graph implidsattfeough the students have
scientific mental model to explain the quantizatiminphysical observables, its
usage is so limited for thirty-one participants.

For the first case, the quantization of light isexned in the photoelectric
context. One of the examples for the SM is fromd8tu 18’s (St18'’s) interviews.
He is a physics student. He is very enthusiastimiabecoming a physicist in the
future, and he is interested in every discussiooualphysics. He explains the
quantization of light by linking with the quantizat of energy. The important
thing for my identification of a mental model isathin the student’'s explanation of
light, the energy is carried in a specific amoumt-St18 could link both cases and

concepts together.

... text continues before the excerpt...

I (Interviewer): For example, what can you say about the photoaect
experiment?

St18: Is there quantization in the photoelectric expent? Umm...

I :Yes, can you explain that there is a situatiorgfcantization or not?

St18: In the photoelectric experiment... We need a geréanount of energy to
remove the electron. It is like what | said befdrbere is an electron around
the nucleus, and it has a certain amount of enengtgle on the specific
orbits. For example, | need to give a certain arhadfirenergy to remove it
from the bound structure. Neither less nor more amhof this energy. In
classical physics, it is OK to remove it with mameergy. For example, the
moon is orbiting around the earth. If | send a beditight, actually | cannot
do that with a beam of light, it cannot remove ti@on. Anyway, if a meteor
crashes into the earth, its energy is enough t@verthe moon from its orbit.
That means, much more amount of energy could do ltteavever, here, it is
not like that. It must be an exact amount of energy

I : But | should clarify this point: Is it excitaticar ionization for this situation?
In addition, do we use a photon here?

Stl18: Yes, photon. Here, the situation is for ionizatibat the photon’s energy must
be an exact amount of energy like the amount ofggnkbetween the energy
levels.

I : Therefore, must the energy of photon correspottid @dactly with this amount
for excitation of an atom, right?

Stl18: Yes. It must be exactly #i (between two energy levels)

I :You told “itis like what | said before”.

St18: Yes.

I :You mention a certain amount of energy.

Stl18: Yes... Quantized energy.

... text continues after the excerpt...
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Other Contexts 2, 3, 4, 5, 6.al, and 6.b1 aredhéexts for the examination
of the quantization of energy. As it is understdman the graph in Figure 4.2,
most of the use of this model is seen “particla lvox” context (Context 4). One of
the examples for the use of SM in energy levels @dic spectra belongs to a
physics student-St15. St15 is also very enthusidstiearn modern physics and

she regularly attends modern physics lectures ajpy®them.

... text continues before the excerpt...

I : All right, now, let's look at this situatidivy looking at the interview questions)
Here there is an emission spectrum, and an abgorggiectrum for mercury
atom. (by examining the 1. questiofip an emission spectrum, what do the
(colored) lines explain (for the visible regiony, io an absorption spectrum
what do the dark lines explain? Why do the linesuo® Why do they have
different colors (for the visible region) for emiss spectra; why are they
dark for absorption spectra@b you have any idea about this issue?

Stl15: Yes, | have. This is like... Umm.(By showing the emission spectruAm)
atom emits a photon when an atomic electron chaitgesbit while jumping
from upper orbit to lower orbit. These dt®y showing the spectral linet)e
photons. The energy is not continuous; a certaiousnn of energy. For
example in the electron’s movement from third ortmit second orbit, a
photon can take the amount of energy between thesmy levels that the
electron has. Therefore, these lines occur.

I : OK.What do “dark” parts mean in an emission spgo?

St15: Dark parts... Umm... That means an atom cannot emphaion having that
wavelength (by showing the dark part)Therefore, it is dark. In the
absorption spectrum, it is opposite. That meansn ihtom absorbs a photon,
this part seems daiky showing the dark part)he others seem colored.

I : All right, let’s look at thig(by looking at the interview question§uppose the
electron in the Hydrogen atom obeys classical nmcharather than
quantum mechanics. What would you expect to obsarvilne spectrum?
Why?

St15: It cannot behave as a classical particle! If ihdes classically, it must stick
to the nucleus after turning and turning. But wendb see this. If it occurs, |
would expect “light colors” hergby showing the spectrumimm... That
means, | do not expect discrete lines like thessry showing the spectrum
figures in interview protocol)

| :Can you clarify the “light colors” more?

St15: Not discrete colored lines. The photons with amyelength could be emitted.

I : Do you mean something like is continuous?

Stl15: Yes. At that time, energy could not be quantizedlassical physics. It could
be continuous. However, for example, h@g showing the spectrurapergy
is quantized since it has only certain values fooevery value.

... text continues after the excerpt...

| found other examples for the explanation of thmrgization of energy
during the particle in a box context. Both of theerpts are from the participants

who are physics students. St7 is a very inquisisiuglent who tries to understand
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every physics concept when she hears or reads, tisienake sense. Another
student (St10) is also inquisitive and he likesliscuss physics concepts with his
friends and to teach them physics. He explains tigexh energy by means of an

analogy. Some excerpts from students’ interviewes ar

... text continues before the excerpt...

I : Allright, what is “quantized energy” exactly?

St7 : Quantized energy... Distinct energies, having @eltain values... Umm... For
example, | remember it from there, the instructerivced its formula. There
is a particle in the box. When we examine a partic the box whose
wavelength is DeBroglie wavelength, when we ussedheformation, we see
there is an “n” term in its energy formula. We #lee “quantum number” and
when we examine the formula, we see that it is iplesgust for certain
energy levels. The reason is that the particle @ahave any wavelength
because it is confined in a box. Either this onethos one(by drawing
“energy levels” on particle in a box figure)t cannot have any wavelength.
This is the reason. Because of not have every wag#l, it restricts the
energy of the particle in a box.

... text continues after the excerpt...

*kk

... text continues before the excerpt...

I :lsit(quantization)considered just for the energy?

St10 : | know it is for the energy, but energy is cons&tkefor many things also. |
know it is for the electron energy. | understanat tonfinement of a particle
in a box is a basis for the “quantization of enérgymagine it like that: For
example, one of my friends from the physics depantnof X university
asked me “Why do theyscientists)use a box?". | answered “I think they
cannot explain it otherwise; it is just to be ateexplain better”. Here, the
quantization of energy is explained better in thox. For the quantization of
energy in a box, energy levels are observed. Theray “quantized energy”.
Energy of the confined particle cannot have anyealt can have certain
energies.

I : To summarize, you say “energy of the particle ok in the box is
quantized”, right?

St10 : Yes. Energy is quantized.

I : Can you explain more what you mean by quantization?

St10 : Quantization... Umm... Just certain values. FaangXe, it is just like an
apartment building. Each floor in the building das considered as a certain
value. However, there is a difference here. You @aange a ratio between
each floor for the apartment building, howeverthia box the energy levels
depend on the width of the box. The width chanbedévels. The energy of
the particle in a box that we observed is quantizéd behavior is
determined, its energies are determined naturallyhey can only have
certain values. They are not allowed for any values

... text continues after the excerpt...
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A third case | examine where a student displaysSiieof quantization is
“quantization of angular momentum”. In the examioatof quantization of
angular momentum in Contexts 6.a2 and 6.b2, my waias to discuss the
quantization of the magnitude of orbital angularmmeatum in the context of the
Bohr atom. This model, which was proposed by Ni#hr, lets us discriminate his
model of an atom from Rutherford’s classical plangmodel. In addition, | aimed
to discuss the magnitude and direction of orbitadjudar momentum, and the
magnitude and direction of intrinsic angular monuemt(spin) for a quantum
mechanical model of atom part of this context.

St5, a physics education student, tries to explanquantization of angular
momentum for the Bohr atom. St18 also tries to @rphe quantization of angular
momentum in a similar way. Although students explanore, the following
excerpts reflect students’ models.

... text continues before the excerpt...

I : All right, do you know any other quantized observables?

St5: | know angular momentuigsmiling). The instructor explains it like “L3ri (by
writing the equation) Its magnitude... Umm... | don't think it gets eye
value. This “n” can get 1, 2, 3 etc. | know it. “hi¥’ shows the quantization

of angular momentum when an electron orbiting adotine nucleus in Bohr
atom.

... text continues after the excerpt...

*kk

... text continues before the excerpt...

I : OK. You said “angular momentum must be quantiz&dhat is your evidence?

St18 :Yes... Becausfby writing L=n#%) n is an integeih is also an integer.

I :How is it quantized? What does “n is an intege€am?

St18 : Bohr explained it as the electron orbiting arouhé proton. For each
different orbit, it can just have a certain angulaomentum values. For

example, angular momentum cannot hatievalue. It has justH, 2h, 3h
values.

... text continues after the excerpt...

Another student (St25), who is a physics educasituent, explains the

quantization of angular momentum for intrinsic alagunomentum (spin).
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... text continues before the excerpt...

| :What do you know about spin?

St25: It's turning around itself!

I : What is turning around itself?

St25: Here, this is an electron inside the atom.

I : You wrote something like that “angular momentuneairbiting the nucleus
and spinning around itself” for quantized physiolkervables on the test!
What do you mean?

St25: Umm... It has only two directions while turningoand itself. For example,
upward and downward. “ms” is +1/2 and -1/2... Naiectrons are also
orbiting around the nucleus also. Direction of spam have two values. +1/2
and -1/2, not other values. This is quantization.

I :OK, you just tell direction of an electron spimjgantized in an atom. Can you
explain magnitude of spin?

St25: Was it\F? Actually, I did not think it before...
2

I : How can you say\F ?
2

St25:Umm... S =14/ S+ 1/2) (by writing the equation) is 1/2 for electrons.

I :Can you conclude your statements about magnittidkctron spin?
St25: It should be quantized as its direction is quanttiz

... text continues after the excerpt...

Having SM is important to explain physical eventsrectly because the
students displaying the SM recognize that quamtizas for bound systems and it
is the characteristic of nature’s itself. This msis important for students’
discrimination of classical and quantum physicsthéligh it is good to see
students have scientific models, this research sthat the SM usage over the

contexts and the number of students, who use thasSivhited.
4.1.2 Model 2: Primitive Scientific Model (PSM)

Primitive Scientific Model (PSM) is an unsciertifmodel. However, this
model also contains some scientific elements tagethith an unscientific
(irrelevant) one to explain the quantization of gibgl observables. It contains the
“discreteness or/and discreteness characteristj aatural characteristic”
elements of SM, but the unscientific one of “evegrticle”. In this model, the

students’ conceptual framework is constructed aitdbase definitions:

= The student mentions that the values of physicadenlables are
restricted. The physical observables can have didgrete values and

these values are only certain (allowed) values.
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= The student mentions that the quantization of maysobservables is
observed for all atomic particles, not for only hdiparticles.

= The student mentions that it is natural for theratosystems.

The difference of this model from the scientifimeo is students’
inappropriate application of “bound structure”. Thaeans, boundedness is an
important element that should be considered in dhantization of physical
observables such as energy, and angular momenthin. part of the model
discriminates itself from the SM in that the asation of quantization with
boundedness is not applied.

Because this unscientific model seems the clovesiel to SM, if this part
of the model is recovered, students can make cohsce@éntific explanations about
the phenomenon. Figure 4.3 represents the digoibuif this model over the

contexts.
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Figure 4.3The use of PSM over the contexts.

As it is seen in Figure 4.3, this model is ideatiftotally fifteen times. To
summarize: For the quantization of light, it is didve times; for the quantization
of energy, it is used seven times; for the quantimaof angular momentum, it is
used three times. It is interesting to explain dgzation of energy by this model
only in Contexts 2 and 3, not in Contexts 4, 516ad 6.b1. The excerpt below

shows a student’s explanations about the quardizafilight.
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... text continues before the excerpt...

I :Can you explain the photoelectric experiment?

St17: Umm... There is a material with a threshold. If¥eyian energy exceeding the
threshold, it emits an electron.

I : What do you expect for an electron to be emitted®@ther words, can you
explain what happens for the electron to be enfitted

Stl7: Umm... How can it bgby asking himsel?) There are different orbits of
electron and also different energy levels. If yduega certain energy, it
jumps to upper orbit. The system is a jumping systé/e can mention about
the quantized energy here. If you give more ene¥ggeeding the total
energy, the electron is emitted and it becomes free

I : For which particles do you mention about quantieedrgy?

St17: All particles.

| :Forexample...

St17: For example electrons, photons.

| :Why photons?

Stl7: Umm... The energy that is sent to material is relatith the frequency of
light. For a certain frequency, a certain energigtex They carry the certain
energy.

I :lslight quantized?

Stl7:Yes.

I : Can you summarize your explanations?

St17: We see quantization in the atomic systems.

... text continues after the excerpt...

Since the quantization of light is not independeftthe quantization of
energy, Stl7 explains combining them. Quantizatanlight is a result of
quantized energy-frequency connection as explduyeHinstein and is a different
phenomenon. At this point, since the student’s ickemation of a photon is a free
particle and it carries the quantized energiesgbit,| he generalizes “quantization”
to all particles. Another student, who is a physizglent, explains quantization of
energy in blackbody radiation and ultraviolet catgshe context in the following

excerpt.

... text continues before the excerpt...

I : How did Planck solve this problem?

St3: Umm... Planck... In his theory... He mentioned about d¢ued energy.
Umm... Like energy blocks or energy packets. Butuldanot understand it
well.

| : What is the reason of quantized energy?

St3: Particles... Umm... We know energy is quantized. Tqusntized energy is
carried by photons, with energy packets... It is likat... Planck said energy
and frequency are related. Einstein also said gniergjuantized and it is
carried by packets. They say similar things.

... text continues after the excerpt...

103



Another student, St10, who uses the SM in particie box and atom (only
the Bohr atom part) contexts, uses the PSM in tieegy levels context. In contrast
to scientific explanations in particle in a box ta, it is seen that this student

does not indicate boundedness in the following eptce

... text continues before the excerpt...

St10: | remember that the instructor explained “quantumds a Latin word. The
energy was in the packets. Light transmits the ggn@acket by packet. |
know quantized energy is “energy is in packetsindlerstand something like
that. Umm... For example, if | lend some money e of my friends, | can
get my money with little amounts, such as 3 lirasdiras. | say “I am a
physicist, | must get my money with little amountsy kidding him. It is
something like that.

I : OK. You said “energy is in packets”. What can ysay about the “energy
levels™?

St10: Umm... Energy levels. The electrons in the atom hernvergy levels. Certain
energies.

I : | want to turn back to your analogy. Your analeggs from the macro world.
What can you say about...? Umm... What is your conaiitar to explain
quantization?

St10: Particles in the atomic systems. Here, photons.

... text continues after the excerpt...

Stl1 is a student, who mainly uses fragments in ékplanations of
guantization over the contexts. In the quantizabbmtrinsic angular momentum,

he has explanations by using the PSM.

... text continues before the excerpt...

I :Yes...Let's talk abouspin!

St11: Spinning of a car in Formula 1 ragssiling)

I : Now, here, we will talk about electron spin!

Stl1l:Yes... | know it has two directions to rotate.

I : Who has two directions?

Stl1: Electron... +1/2 and -1/2.

I :What are the plus and minus signs?

St11: Direction! It must be the direction.

| :Do you know why it is 1/2?

St11: Umm... | have no ideal

I : OK, you will learn it later. Let’s talk about spmore. You mentioned about
two directions. What kind of motion does the elenthave?

St11: Something like rotating itself.

I : For which electrons do you explain this behavior?

St11: All electrons. Am | right¥Smiling)

I : We will discuss it later. Well. You told “It is seething like electron rotates
itself”. Therefore it could have an angular momemtyou know angular
momentum is also a vector quantity.

Stl11:Yes. Its direction is quantized. It can rotatelitsnly in two directions.

... text continues after the excerpt...
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Although this model is the closest model to SM,dstis associate the
guantization phenomenon not for bound particles faut every particle. In
Scattering Theory plane waves of free particleshimexpanded as a superposition
of spherical harmonics (Erkog, 2006, pp.374-376)other words, for scattered
particles (free particles) wave functions are espee in terms of angular
momentum quantum numbers. However, this does neatnntieat free particles
show space quantization. For this reason, in omexplain space quantization,
boundedness should be considered as it is condidetbe quantization of energy.
This model seems a transition model from unsciertiif scientific one. So explicit
stress on boundedness might be useful for studestegnizing their conceptions

and revising them to have SMs.
4.1.3 Model 3: Shredding Model (ShM)

Another unscientific model identified in studentskplanations of the
guantization of physical observables is the “Shiggidlodel (ShM)”. This model
is called as “shredding” since students’ concephahework is constructed with
the idea something like “cutting a cake into theed”. This model can be defined

as;

= The student mentions that the physical observabtesdivided into
guantum and have discrete values. This is just dikkéding into little

particles.

= Therefore, the values of the physical observablesnat restricted, and

guanta can take any value as the amount of a tiake s

= The student mentions that the quantization of miaysobservables is

observed for all atomic patrticles, not for only hduparticles.

= The student mentions that the quantization is noataral characteristic
for atomic systems, so it is an external manipotatf the values of the

physical observables.

This model has even more unscientific elements tthatPSM model. It is
observed in all of the explanations totally sevieres. Figure 4.4 shows the use of

ShM over the contexts.
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Figure 4.4The use of ShM over the contexts.

As it is seen in Figure 4.4, although the studessts this model in the first
five contexts, it is not observed in the “atom” tox (Context 6). In addition, it
also shows that students do not use this modelgt@ntization of angular
momentum. This model is only used by four studd€atk of them females) to
explain the quantization of light and energy. Twiotitese four students use the
ShM once over the contexts, the other two studesgsthe ShM more than once.

St27, who is a physics student and using only thel.SShe associates the

quantization of light with “dividing”. The followig except is:

... text continues before the excerpt...

I :Well,do you remember photoelectric experiment?

St27:Yes. | think | remember it.

I : What was happening? Can you explain it for me?

St27: A photon comes and crashes to the surface, arai#es an electron emission
from the surface.

I : Does every photon break off an electron?

St27: No, there is a limit for it, limit for the energy.

I : Do you say “every energy cannot break off thetedec?

St27: Yes.

I :lsitrelated with incoming light?

St27: Yes, its frequency affects it.

I : All right, can you mention about quantization tetg it in consideration?

St27: It is the disintegration of the energy, isn’t fAat means the disintegration of
the total energy... Umm... That means, not to takerestamt value.

I : How does it happen? You explained “dividing paeticinto their smallest
components” heréin the test) (by looking at the test paper).

St27: Yes, yes. We mention for the energy. For exanies, we take the energy of
the photon by dividing, this is quantization.

... text continues after the excerpt...

As it is seen in student’s explanations, the esttighuts a different meaning
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to “discreteness”. Another student, St29, who &l physics student and only
uses the ShM over the contexts, explains quardizaif energy with this model.

The sample excerpts are from student’s explanatfo@entexts 1 and 4.

... text continues before the excerpt...

I : In addition to what you wrote in the test, what Vebyou like to say any other
things about quantization?

St29: Quantization(by speaking aside)...

I : You wrote “if we think about for light” but you didot continue to explain
here(by looking at her test paper).

St29: Yes. We can think about light, and in addition, se@ think about for packets
also.

| :What do they mean?

St29: It is something like packaging the light afteriding into little particles...
Umm (thinking)... Something like that.

I : OK, let's explain it more. What do you mean by mfization exactly?

St29: We cannot quantize anything in classical phydiesause the results were too
silly and meaningless. In quantum, we quantizetlighergy, velocity. That
means, we could quantize the liglsying quietly) In addition, we divide
energy into smaller components, we quantize them.

... text exists here...

I : OK, can you say something about the physical sanadf the particle in a
box?

St29: | know that when the energy of the electron is @bugh it behaves as a
particle in a box.

I : Do you mean “it may be free particle when it haswgh energy”?

St29: | think so, but | am not sure. | know there aeefelectrons in conductors.

I : OK, you told we quantize energy, velocity etc.dvef Now what can you say
about them?

St29: They are quantized. | think energy must be quadtiz

| :Whyitis quantized?

St29: Because we always see the energy in discrete ungaantum physics. We
divide the energy into little components and examitrlike dividing light. |
think here energy must be divided for the electmexceed that energy and
to go out the box. | guess quantization is required

... text continues after the excerpt...

Student’s explanations of the quantization oftlighd energy show that the
students displaying this model have difficulty ionceptual understanding about
both the phenomenon and the related concepts. Tikeyonly “discreteness”,
which is scientific element, but puts a differenteaning it like dividing,
disintegrating, slicing etc. Also, other elementg d@relevant to explain the
gquantization of physical observables. In additibnee students using the ShM in a
particular context do not use other models. Theeefthis model seems robust for
the construction of other models.
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4.1.4 Model 4: Alternating Model (AM)

The next observed model is “Alternating Model (AM)'his is called as
Alternating Model since students’ conceptual frarogks about the quantization of
physical observables are constructed around thengd’ element. This change is a
natural change seen in physical observables ofyeparticle. The operational

definitions for this model are:

= The student mentions that the quantization occsirang kind of change.

It is like spontaneous change of the values.

= The student mentions that there is not restricfmmthe values of the

physical observables, and so they can have angsalu

= The student mentions that it is observed for ahat particles, not for

only bound particles.

= The student mentions that it is a natural charstierfor the atomic

systems.

This change may depend on the other physical obsks. Therefore, the
students having this model focus on continuityhe variables, and they perceive
physical observables by taking of any values asefiaiting”. By alternating
conception, students explain physical observablesndt have stable values
because of a dynamic system that is in the effeexternal forces. Figure 4.5

shows the use of AM over the contexts.
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Figure 4.5The use of AM over the contexts.
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As it is seen in Figure 4.5, this model was idexdi totally eleven times.
This model was mostly observed (five times) in fhaticle in a box context
(Context 4).

The following excerpts indicate how the studerasiig this model explain
the quantization phenomenon. St9 is a physics stud@&he uses this model six
times over the contexts, and she does not use they models. Although she is
robust in her use of this model, she is nervousuaber answers and she has
difficulty in remembering what she wrote on thetteSt9’s some explanations

about quantization of light are presented below.

... text continues before the excerpt...

I : Allright, let's look at what you explained about quantizatioy looking at her
test paper).You wrote “The values might be similar to each othmit they
are different”.

St9: | compared with classical physics there. Why dsay that?

I : No, you compared with classical physics below. 4Qtired”... You said we
haven’t seen anything like that in classical phyglty looking at her test
paper together).

St9 : (Smiling)...

I You wrote “It is in quantum physics... There is gotantization in classical
physics”... Yes... You also wrote “particlgby looking at her test paper).
Now, here, let’s talk about “quantization”. Explaiarbally what you want to
say herdin the testexactly!

St9 : Quantization..(Silence)Umm... Mass was changing.

I :How?

St9 : That means, for example, | remember it only fromsm Or, like that... How
can | say? It seems like... Mass gets a value whalngady had, this seems
to me it is quantized. | do not know it is correctnot exactly... It is also
same for light... | don’t know..(Silence)... (Smiling).

I : OK, well... You say “the values are similar to eaather but they are
different”, right?

St9 : That means, for example, mass is 10 kg. But whés quantized, we see it
nine, or eight. | guess | wanted to say somethikegthat here...

... text exists here...

I : OK, you gave an example for mass, but you told tias similar for light”.
When we say ‘“light”, let's continue with light. Dgou remember
photoelectric experiment? What was happening irigiectric experiment?

St9 : Light was coming, and then it was hitting, anfliecting.

I : What was happening when it hits?

St9 : It breaks off an electron.

I : Yes. If it has enough energy, it breaks off arcteten from the surface. You
know the photoelectric experiment is the experimeihEinstein. Can we
mention about quantization here? Is there anythorgething like that? What
would you like to say?

St9 : Here... Umm... Yes, | think it shows quantization. cBese, for example, an
electron stays at rest, and a light beam comes, itl{electron)breaks away,
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it changes its motion and creates a current. kthttiis shows an example to
quantization.

... text continues after the excerpt...

Her explanations about quantization of energy ie #@mergy levels and
atomic spectra contexts continue similar with tlevipus ones. In both of the
explanations, the student focuses on a “changghénvalues of variables that

naturally occurs.

... text continues before the excerpt...

I : What does it show that the quantized energy here?

St9 : Umm... The particle does not keep in its normal stibtdoes not stay same as
we have known. It does not keep its’ values. Iinges. Actually, everything
is not same as we see. Its energy changes... $t djferent values, it
becomes more different. Anything el@ey telling herself).. Umm... Like
that... (Smiling).

I :You say this change shows quantization of energytgou?

St9 : Yes. The energies are not constant, they areamo¢ s.

... text continues after the excerpt...

Other examples of this model are from the pariicle box context. St9 still
continues using this model. Also, St21 and St2f staplanations in this context

that are similar to hers (St9).

... text continues before the excerpt...

I : Ok, what can you say about the energy of thisga®

St9: | think, its speed changes when it is moving iaside box. Then its energy
changes, because its energy depends on its speed.

I : What do you think about is energy quantized eveene and for every particle?

St9: This is quantum physics, so | think energy is gizact everywhere for every
particle. But | am not sure.

... text continues after the excerpt...

St21 still focuses on change while explaining gizatibn in particle in a

box with these explanations:

... text continues before the excerpt...

I : OK. Well. What do you think about the physical mieg of “particle in a
box"?
St21:(Silence).
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I :What do we mean by “particle in a box"?

St21: Umm... The particle moves as a wave... DeBroglie wali&velength is
related with the length of the box in order to kéep particle inside it.

I : Well, do you think it is just theoretical box ¢ihias a physical meaning?

St21:1 think it is theoretical. It is impossible to ssech a thing.

I : OK, what do you want to say about this theoretmatticle inside the box?
What is it?

St21: Most probably it is electron... Or, it may be a pirot

I : Well, what do you think about the energy of thistjzle? Because you said ‘it
may be an electron, or a photon” as a particlehésenergy of that particle
quantized?

St21:1 think no. Energy is not quantized here!

| :Whyitis not quantized?

St21: Because its energy is constant, it does not chafige particle just goes back
and forth inside the box, so it is not quantized.

... text continues after the excerpt...

As it is seen in student’'s explanation, this stiidessociates quantization
with “change”. So, St21 says “there is not quanitirdl in the absence of a change.

St22 also focuses on “change” and explains asoifeing:

... text continues before the excerpt...

I :Allright, what do you understand from “particlearbox”?

St22: 1t is a theoreticastuff. | guess it has some applications. What csaylfor this
particle(by asking himse®) Umm... Maybe, it is done by using light.

I :OK, then, what might be the particle in it?

St22: If we use light, it may be a photon. Or, if we asmagnetic field, it may be an
electron, or other particles...

I :OK, well, what do you want to say about the enesfithis particle? Let’s talk
about its energy. We were discussing about quaitizais the energy
quantized?

St22: Umm... The energy... It may be quantized.

I : Why do you think so?

St22: The motion of the particle changes. For exampleeifconsider its behavior as
a wave, its energy will change with the frequentyhe light. The motion of
the particle will change. It will change the energyrhe energy changes.

... text continues after the excerpt...

St9 also explains the quantization of angular mdomanin the Bohr atom

context by using this model again. Some excerphfner explanations like that:

... text continues before the excerpt...

St9 : Here (in the Bohr atom)again we actually do the same thing. Again
quantization. Umm... With the same way.

| : What do you mean exactly?

St9: Actually | am not sure but again there is a chaigeen the length changes, its
angular momentum changes. It is quantized. It vé&asaane as in classical
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physics.

... text continues after the excerpt...

In her description of the quantum atom, her exglana still continue to
robustly use AM. She still appears to consider geatio be the critical element for

the quantization of physical observables.

... text continues before the excerpt...

St9: The location of electrons. The number of electrahsays changes. Their
locations change due to “n”, “I" changes, “ml” clgms. Yes... Umm... We
can say that angular momentum is quantized.

... text continues after the excerpt...

This model is displayed by six of thirty-one papants. While a student
(St9) is using it over the contexts robustly, thieeo five students use the AM in
one of the contexts (Context 4). Students’ usehdd thodel especially in this
context may be because of an element indicatingrigh” for quantization in

particle in a box.
4.1.5 Model 5: Integrative Model (IM)

Another model that | have identified is the “Intagve Model (IM)”. As
with other unscientific models, this model includssidents’ use and link of
unscientific elements to explain the quantizatidnpbysical observables. Three
students of thirty-one students use this modelirTdenceptual framework about
guantization is composed of quantization is a nma#teal idea. That means,
instead of making sense of the quantization of jghy®bservables as a physical
event, they consider it is a mathematical eventedoyn means of integrals, or

integrating. Operational definitions for the IM are

= The student mentions that quantization is an iati@n process to make

the values of the physical observables continuous.

= The student mentions that the quantization of maysbbservables is

observed for all atomic particles, not for only hdwparticles.

= The student mentions that quantization is not arahtharacteristic for
atomic systems, so it is an external manipulatibthe values of the

physical observables.
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This model is also used limited. Figure 4.6 showdents’ use of this model

over the contexts.

g
! ! ! ! ! (CDI’HG)([S

Figure 4.6 The use of IM over the contexts.

As it is seen in Figure 4.6, this model is idaatftotally five times by three
students (males). Two of the three students usthanmodel (SM) and fragments
in different contexts, but one of the students §ptdses only this model and

fragments while explaining the quantization of pbgsobservables.

Some excerpts from the explanations of St4 areepted below. He

explains quantization of light as:

... text continues before the excerpt...

| : Let's look at your test. You say “we quantize étplarticles in order to examine
them. Because they are very little particles tongra and we are talking
with some probability. So we need to examine tHétle particles in the
packets” in your testby looking at his test paperyVould you like to add
anything here?

St4: (Smiling).. Umm... We are talking about the probabilistic sikoias in
quantum physics. We cannot determine the locatfaparticle exactly. It is
difficult to examine a single particle, so we caesi a group of particles
instead of a single particle. | understand “quatton” like that. | say
“quantization” to this integration of particles. Amight?

... text continues after the excerpt...
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St28 makes similar explanations. He mentions somerete quantities;
however, his understanding about quantizationfferéint from the scientific one.
He tries to explain the quantization of energy aking the pieces of energy a

continuous energy by using some mathematics.

... text continues before the excerpt...

I : Now, let's overview what you wrote in the test.

St28: OK. After the quiz, actually before it | examindte textbook about what
quantum means. Actually, | examined the dictionéiryneans “how much”
as | understand. But probably what you wanted fo iasnot it exactly.
Physically, as | understand energy was in piecesnit it? For example,
photons are similar, there is not a unity. In amdlof quantization, we try to
make it continuous. | understand like that readiftgr the quiz.

I : What do you mean by “making it continuous™? Whywle not accept as it
exists? In other words, why do we not accept thatstructure as discrete and
try to make it continuous? What is the reason isfidea?

St28: Now, when we think about the wave function, we ddaiow where the
electron is. We calculate that it is in somewherth wome probability. It is
between plus infinity and minus infinity, it is ¢ainly in there...(Thinking)
This does not show a clear result to us. Actudlygnnot explain it exactly.
So it wants to get the whole. It is something likat. Actually, | could not
state it better.

I :Umm... You say “by making the discreteness contistigsilence).

St28: Yes. By making it continuous.

I :Tosummarize, “we are trying to make it continuous

St28: Yes.

I : OK. Well, you especially mentioned about the ggeActually we asked to
you which physical observables are quantized, ahérevand how we
observed them herén the test) And, we requested that you give some
evidence. While you were explaining quantizatiooy ystated the energy
first.

St28: Yes.

I : Yes... You started your explanation by the discressrof energy, would you
like to continue for the energy? Then, state agdiat you understand from
quantization of energy, and let’s talk about itiag&/hat do you mean?

St28: Umm... Quantization. That means, by making the ditecrenergy wave
continuous, we can understand something therereswh a conclusion.

I :OK, discreteness... That means a discontinuoustisitua

St28: Yes, making the discontinuous situation “contimslouAs | understand,
gquantization means making discontinuous energyasteveontinuous.

... text exists here...

St28: That means, for example, protons and neutronkémticleus, and electrons
around them move by vibrating in a modern model @hofl the atom. We do
not know the exact location, do we? Namely, whitelihg its location, we
quantize.

I : OK. Well, you said “quantizing the discretenessfdre...

St28: Making it continuous...

I : All right, where did we see it? That means, yoid sgantization. How did we
make it continuous?
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St28: It is too long... By writing the boundary conditionSor example, there is
something in the particle in a box also. Let’s saifing boundary conditions
between plus and minus infinity, we made it corins

I : OK, let's overview what we mean by continuity agdf you explain to me by
using graph or mathematics, how do you make diswoity “continuous™?
How do you do exactly?

St28: By integrals... | could write the boundaries for theegral, | could write sine
function for wave function and | even up it to 1eWan quantize by means
of integrals like that.

... text continues after the excerpt...

St4 continues with the same conceptual framewogktri¢s to explain the
quantization of intrinsic angular momentum (spiyhile explaining, he gets
confused and by keeping to use same model, hetsere quantization of spin

direction because of there is not “integrationréhedn excerpt is given below:

... text continues before the excerpt...

St4 : Spin is quantized... This is the quantization ofhsgictually, | couldn’t make
sense of it exactly. (Smiling).. But we are always talking about it.

I : OK, let's understand what you mean by quantizatilon your previous
explanations, you said “we need to quantize lipkerticles in order to
examine them”. What does that mean exactly?

St4: According to me, it is integrating. Because wermdnexamine it as a single
piece, because it is too small, we examine it wibkets in a body.

I : Well, you told “spin is quantized”. You know spma vector quantity. Let’s
talk about its direction and magnitude separatiedy's look at the direction
first.

St4 : Is the direction of spin quantiz¢dy asking himselfp Umm... Is it quantized
also (by asking himself agaifl) It has just 2 directions. It can never be
quantized! Because, the direction must be this @ananother one. So, we
can’t say the direction of spin is quantized. Kefs just 2 values. So why it is
quantized? Actually, we cannot make out the meaninthe particle itself
exactly, we examine it inside the packet. | sayt i determined, we cannot
talk about the quantization of spin.

... text continues after the excerpt...

By explaining quantization associated with “intdégma’, the students using
this model consider quantization as a mathematissale rather than a physical

phenomenon.
4.1.6 Model 6: Evolution Model (EM)

Another model that | have seen students use isnaaientific model that |
call the “Evolution Model (EM)”. This model is alsmappropriate model for

quantum systems. This model is the only model ihatot observed in the core
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group. There are only two students (males) in #wisdary group who used this

model. The operational definitions are:

The student mentions that quantization is a phenomef Einstein’s

theory of relativity.
The student mentions that it occurs as any kinchahge.

The student mentions that the quantization of mlaysbbservables is

observed for all atomic particles, not for only hdwparticles.

The student mentions that it is not a natural attarsstic for atomic
systems, so it is an external manipulation of takies of the physical
observables.

Figure 4.7 shows that these students only usartbidel in a single context

which is the photoelectric experiment context (@antl).
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Figure 4.7 The use of EM over the contexts.

As it is seen in Figure 4.7, this model was id@adi two times in the

explanations of the quantization of light. In thelanation of the quantization of

energy and angular momentum, EM was not used amng.mo

This model stresses a structural change in physisrvables such as mass,
energy etc. For this property, it is also differérdm AM. In AM, the change

occurs in the values of physical observables. Hewnaa EM, change occurs in the
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characteristics of physical observables. This chasgems as evolving to a
different observable. The long excerpt from St2éflects how this student

understands the quantization of physical obsergable

... text continues before the excerpt...

I : OK... Let's look at what you wrote about quantizati@By reading from his
test paper)You said, “quantization is the energy of a particidn’t you?
You defined it in terms of the energy.

St21: Yes.

I : You also said,‘quantization is the change of mass into energy nwtiee
material has the speed of ligh{ly looking at his test paper).

St21:1s it correct?

I :(Silence)...

St21: Not correct!(Smiling).

I : Now, let's explain what you mean here exactly. tTheeans, you wrote
quantization for energy in the test, you also wrfite mass might be
quantized. You said, “it is the energy of a pagfidiso. That means, what do
they mean? Could you explain?

St21: Actually, | do not know exactly teach@miling). That means...

I : All right, if you consider the energy for clasdi@nd quantum physics, is
gquantization in consideration?

St21:1 should look at what | wrote the(by looking at his test paper).

I :(Bylooking at what he wrote in the te¥9u said energy equals to mechanical
energy that is composed of kinetic and potentiargies in classical physics.
You defined the kinetic energy. In quantum physigs) wrote “when the
material is quantized, the energy isgmadidn’t you?

St21:Yes.

I : You also wrote the “kinetic energy changes duédéorelativistic mass”.

St21: Yes(by shaking his head).

I : Allright, what was your reason to say like thatit means, this
phenomenon- quantization- have you seen it inivithatopics?

St21:1 know like that...(Silence).. Umm... Yes, in the relativity chapter. | guess it
was 2nd chapter including mass, relativistic mabgy come to my mind. |
know quantization like that, so | wrote them.

I : OK, well, let's look at the last question in tlest now. Here, we asked which
physical observables were “quantized”. For examyle, wrote “mass is
guantized” and you continued to write with otheplexations. What do you
mean here by “mass is quantized” exactly?

St21: By quantization, | mean the change of mass dspéed.

| : Do you say “a change due to speed™?

St21: Yes. | think energy becomes mass.

I : Could you explain more? | could not understand.wel

St21: Every mass has an energy. Energy of the rest imase’. When it has the
speed of light, it has that energy.

I : Well, how does this particle have the speed diftHigrou mentioned about the
energy of the particle!

St21: (Thinking)...We do this by accelerating.

I : OK, by this way is the energy quantized now?

St21: It is quantized.

I :Actually, you say “we do quantize the energy byedeating!”.

St21:Yes.
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I :Allright, would you like to add any other thingere?
St21: No.

... text continues after the excerpt...

Other student says similar things by explaining thange of energy to a
mass. St1ll explains it in the photoelectric expenircontext to explain how the

electron is emitted.

... text continues before the excerpt...

St11: Quantization of energy... It is the change of endmgg mass. Here it is. The
energy of light transforms to mass because of dgatidn. The energy
passes to the electron, and it breaks off thereledty quantization.

... text continues after the excerpt...

By comparison with other models, the use of thisletds very limited in
terms of number of usage and number of contextsatha used in. In addition, this
model is not observed in the core group studentsdentified in secondary group

students.
4.1.7 No Model (NM)

In contrast to having coherent structures, studaaisee some fragmented
knowledge, which cannot be called as a mental mdsle) | call this type of
knowledge structure “No Model (NM)” in this studfhese are disconnected
knowledge elements, in other words, the incoheuset of fragmented elements
such as p-prims, resources, facets etc. (Hrep@2)2@hey also include the direct
recall (without strong physically interpretive asstions) of memorized elements.

NMs were discriminated from “No Element (NE)” andd Answer (NA)”,
since, NMs include students’ making incoherent andtructured explanations,
whereas, NAs show that a student does not givearafibn to the question. NE
means a student tries to answer the questionsdiasdis/her ideas about quantum
physics, the course and examination grades, feelaigut being a physicist/a
physics teacher candidate etc. without providiny quhysical (scientific or
unscientific) explanation. Figure 4.8 shows thatlents’ use of fragments over the

contexts without constructing mental models.
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Figure 4.8 The use of NM over the contexts.

As it is seen in the Figure 4.8, in all of the et$ some students use
fragments. NMs are used totally 114 times in 278ances. This is very large
number, since it constitutes almost half of thetanses. Figure 4.9 shows the
comparison of NMs with the total number of all misdever the contexts.
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Figure 4.9 Comparison of NMs with the total number of all misdever the
contexts.

Figure 4.9 summarizes that the use of fragmengseater than total use of
models. This result is not surprising, since modaks coherent structures that
require having conceptual frameworks to explain pfenomena, whereas, the
fragments are unlinked primitive elements. In migjasf the instances, | observed

students were more likely to respond with discotetcone step reasoning based
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on poorly in each of the context.

While students using fragments, they think thatytloeuld explain the
quantization phenomenon with a single physical temvhich is mainly
“discreteness or/and discreteness characterigfimvever, in this way, they could
only at most offer a definition of “quantizationTherefore, they simplify the
phenomenon, and confine it to its definition withquoviding a more structural
and procedural was to use the concept. Since ggidiennot link the concepts
related with phenomenon, their explanations are esomes only memorized
elements residue of the classes, or textbooks etc.

When students use NM in a context, they mainly ogeneralize the
quantization of physical observables for a contékey use some statements such
as ‘it is quantized”, “quantization of ...” withoutxgressing how the physical
observables were quantized. For example, St2,ssident who mainly uses the
SM and PSM. When he uses NM in the other contéw$sexplanations are like
that:

I : Can you explain “energy” for a harmonic oscillator?

St2: Umm... | understand... Energy must have discrete values

I :Whyisitso?

St2: Because we are accustomed to it. Everything isrelis, for example in Bohr
atom, and the others. There is no continuity. §odss, energy is discrete for
harmonic oscillator.

... text exists here...

St2: Planck explains Planck constant, the quantizadfognergy, etc. While learning
Planck, you see “energy is quantized”, but you dd think that it is
quantized in the atom. Then, the quantization gfutar momentum comes.
At the beginning, | did not recognize that it wasgeneral. But now, | think
that for an atom, everything is quantized.

Another student, who use NM for the quantizatiormogular momentum in

the Bohr atom and the quantum atom gives the eaptars below:

St31: 1 do not know Bohr is correct or not, but he sthet angular momentum is
quantized. We did not check it with the experimebtg we say it quantized

also in a quantum atom due to (1 +1)7.

The other students (St30, St20 and St5) just s#ly stiortcut explanations

that quantization is used in quantum physics. Tégnlanations are:
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St30: | don't know a term “n” in classical physics. link that it is specific for
quantum physics. So | guess it must show a qudiaiza We started to
explain “quantization”. For this reason, | think eeything seems to be
quantized after then.

*kk

St20: | think “quantization” is just for quantum physiamt for the others.

*kk

St5 : It (quantization)is just as a step to enter to the quantum physics.

Stl3 and Stl6 also give similar explanations. WISlE3 generalizes
“quantization of energy” to quantum physics, theas® one indicates only

“energy” as a quantized physical observable.

Stl13: If this is quantum physics, | think the energydsantized for all of the
situations.

*k%

St16: We mainly work with the “energy”. So | have dirgcthritten (in the test)as
“energy” is quantized ... | don’t know... Just the enecomes to my mind
at fist.

As it is seen in the examples, although studergssosne physical elements
to explain the phenomenon, the explanations dsimoiv a conceptual framework.
These explanations are mainly “flashlight” explaoa$, which cannot be
paraphrased by the student in the second time vtherasked for. So, one of the
reasons of using models is more parsimonious teargudragments. Or, it may be
run away from the unknown concepts by using shistcOne of the shortcut
elements was “Planck Constaim)’. For example, St22 states “quantization” by

using the Planck constant as soon as hetseeany formula.

St22: | think the most of the formulas that contain ‘filk’'s Constant” indicate
quantization.

“Just recalling” issues are dominant when studesésNM instead of mental
models. For example, all of St13, St20, and St3dUSM while explaining the
gquantization of angular momentum. All their expldoas are superficial without

reasoning and based on just recalls from the iosti or textbook etc.
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St13: The instructor told us that the direction of anguteomentum is quantized in
the quantum atom. | just remember this, and | demiw the others.

*kk

St20: There were some formulas about it in the textbo&lso the instructor
mentioned it. | guess | remember them and | wrategtilar momentum is
quantized”(in the test)

*k%

St31: As | remember from the textbook... Umm... Angular motoem is
quantized. | remember its direction and magnitudegaiantized.

4.1.8 Characteristics of Mental Models

In previous sections (Sections between 4.1.1- J.1Llgave discussed some
characteristics about students’ model structuregitiyng operational definitions.
In this section, by using the findings in thesetisas, some other characteristics of
mental models are discussed. | focus on two chenmatits of mental models such
as “nature” and “context dependency”. After | explaéhe nature of identified
models in this study in Section 4.1.8.a, | expladnwv students’ models are context

dependent in Section 4.1.8.b.
4.1.8.a Nature of mental models

Six mental models were identified about the quation of light, energy
and angular momentum. Each model has a unique ptrateframework for
guantization that is composed of scientific or umstific elements. So, one of the
models is scientific, which is composed of onlyestific elements; and other five
are unscientific, which are composed of the contimnaof scientific and
unscientific elements, or only with unscientifieelents. Table 4.3 shows pure and
hybrid nature of mental models that students dygulafor the quantization

phenomenon.
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Table 4.3Pure or hybrid nature of models.

Model  # of scientific # of unscientific
elements in model  (irrelevant) elements in Nature of Models
structure model structure
SM 3 0 Pure scientific model
PSM 2 1 Hybrid unscientific model
ShM 1 3 Hybrid unscientific model
AM 1 3 Hybrid unscientific model
M 0 3 Pure unscientific model
EM 0 4 Pure unscientific model

Hybrid (blend) model means getting some charastiesi of two parental
models and forming a new composite model that ferdint from the parental
models (Bao, 1999; Hrepic, 2002, 2004). In the meiation of the pure, or
hybrid nature of mental models in this study, | sider “scientific” and
“unscientific” elements. Therefore, | determine gness or hybridness of the
models by considering only “scientific nature” aeéerence.

SM is a pure scientific model. This model is useginly by some specific
students who are enthusiastic to learn more mogagsics. They mainly give
explanations that they have thought through befloeeinterviews, such as while
studying, doing homework etc. In addition to studeneasoning by linking the
concepts, students using this model state how ts¢ruictor explained the
phenomenon in the class. Also, students are surat athat they explained when
they are using this model. When students use the, 8y state clear ideas about
the discrimination of relativistic and quantum piogs Finally, this model is
observed when students have a correct understamdiige contexts. Students
having SM use on the spot and previously thoughtdmas together since they use
recall and reasoning together while answering thestions. For example, St18
states his reasons by indicating his explanatisedan previously thought out

ideas:
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St18: | have written them by thinking of the nature afhi (in the test) The light
contains packets, quanta... So | have written allheim by thinking these
packets.

PSM is a hybrid unscientific model. It is constaetby the coherent use of
two elements from the scientific set and one eldrfrem the unscientific set. It is
the closest model to the SM because of compositiowever, it still contains
unscientific elements. The PSM model is construcbsd the ignorance of
“boundedness” and overgeneralization to the phlsataservables of every
particle. At this point, students seem to have sooomceptual difficulty
understanding the quantization phenomenon. Thist@so shows that students’
have some conceptual problems about the physigadmations of the contexts.
Students using this model are not confident abbetr tlearning. One of the

examples is from St20. He stresses about his amf&labout his explanations:

St20: | think that my answers are not correct...

ShM is a hybrid unscientific model. It containseascientific element and
three unscientific elements. The students, whothisemodel, have very different
understanding of the quantization phenomenon. Thaiderstanding the
quantization of physical observables is shapedratdioe idea that the quantization
of physical observables as “slicing a cake”. Stislegxplanations give some cues
to their on the spot explanations as VosniadouBxedver (1992) explained. These
cues were “stopping during the interview to thintSmiling by asking like'am |
right?’” etc. In addition, students’ degrees of certaisitpws that they are mainly
are not sure about their explanations. One of #@meles belongs to St27. She
seems very reluctant to examine the phenomenon theeccontexts. She is so

unsure about her statements.

St27:1 think we should not discuss for the other sitagi

I :Why?

St27: (Smiling) Because | think all of my previous answers arengrd cannot be
sure about them.

In addition, their discomfort about their on theospexplanations are
identified. The explanations of St27 and St29 esthat:

St27:Umm... | need to think... Umm... Quantization... Discrete enesgi. It is so
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complex... | will leave to work in physidby showing discomfort)

*kk

St29: | don't know... | just feel that | talk nonsense tlkame things(with
dissatisfied manner).

The most important issue for this model is thatiehts have some problems
about the discrimination of the concepts of cladsiquantum and relativistic
physics, and their concepts and the contexts.

AM is a hybrid unscientific model. It also containne scientific and three
unscientific elements to explain the quantizatidnpbysical observables. As
similar with ShM, students’ model of quantizatiowedges significantly from the
SM. The students’ model is developed around tha mfe“change”. In addition,
students make on the spot explanations more and &tee nervous about their

answers while using this model. For example, Stats that:

St24:1 do not know my answers correct or not. | nevessbee about them. Maybe
they are correct, maybe not... When | see this cdn(gyeantization) |
cannot be sure about my knowledge.

They have conceptual difficulty with the conceptghe contexts. In AM, it
Is also observed that students make mainly on ploé explanations. One of the
students, who uses the AM regularly over the cdatajves explanations showing

on the spot explanations and shows conceptuatulif§i on some concepts.

St9: Umm... I don’t know... | haven't thought it before.

*kk

St9: | have no ideas about whyekplained there like that...

*kk

St9: 1 don't know exactly it is quantized or not.

*kk

St9: | am not sure but | feel that | cannot construa toncepts. | do not feel |
understand it well. Maybe, | am guilty becaused @bt study too much.

IM is a pure unscientific model. It only contaite three elements from the
unscientific set. This model also diverges from twentific one. Students’
understanding about the quantization of physicakolables is shaped around the

idea of “the integration of small parts”. One oé ttifferent characteristics of this
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model is students’ mathematical interpretation e physical phenomenon. In
contrast to other models, in this model, studehisktthat quantization is a

mathematical way of using integrals. Students wémthis model are also not sure
about their explanations. As with the other unddiermodels, students using this
model have conceptual difficulty with the concepit¢he contexts.

EM is a pure unscientific model. It contains foelements from the
unscientific set. This model was only used by ttuelents in the secondary group,
and it was used only twice in Context 1 to expltie quantization of light.
Students who use this model also have a differesyy wf understanding the
quantization of physical observables. Students’ eitmdre developed around the
idea of “evolving”. Students’ key concept while ngithis model was the “speed of
light”. They use some ideas of the theory of reigti while explaining the
phenomenon. Students have problems discriminatingtén’s relativity and the
ideas of quantum theory. In addition, they are afsm sure about their
explanations. The excerpt below belongs to the 824 uses EM. He states his
guess before his explanations, then he explains ptenomenon. This also
indicates his on the spot thinking during givinglexation. St11 also gives similar

explanations.

St21:1t is quantized...
I :How do you explain it?
St21:1 just guess with the 50% probabiliggmiling).

*kk

Stll: More speed means more energy... But | want to rentiad all of my
explanations are “based on my mind”. That means BO#&ong(smiling).

My last important finding is about the use of SkHaunscientific models.
The findings show that students who use the SMhimar more than one contexts,
used mainly NMs when they do not use models; howedhe students who use
unscientific models (PSM, ShM, AM, IM and EM) usaimly NEs when they do

not use models, and sometimes they do not anseejuistions (NAS).
4.1.8.b Context dependency of mental models

Studying students’ mental models in different catgds important to see

the context dependency of mental models. As desiified in the previous studies
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(Bao, 1999; Bao & Redish, 2006; Hrepic, 2002, 2064epic et al., 2010;
Wittmann et al., 2003), students’ mental models ewatext dependent in the

current study. That means students may use diffemdels in the different

contexts of the phenomenon. | examine it especiallfhe explanation of the

quantization of energy. This is shown in Table 4.4.

Table 4.4Context dependency of the models.

CONTEXTS

CODE— GENDER - DEPT

8T1

8T2

ST3

5T4

8T3

5T6

8T7

8T8

5T9

ST10
ST11
ST12
8T13
5T14
8T13
8T16
8T17
ST1E
ST19
ST20
8T21
8T22
8T23
5T24
8T23
8T26
8T27
ST2E
ST29
ST30
8T31

F

M
M
M
M

PHED
PHED
PHYS
PHYS
PHED
PHYS
PHYS
PHED
PHYS
PHYS
PHYS
PHED
PHYS
PHYS
PHYS
PHED
PHYS
PHYS
PHYS
PHYS
PHYS
PHED
PHYS
PHED
PHED
PHED
PHYS
PHED
PHYS
PHYS
PHYS

For example, Contexts 2, 3, 4, 5, 6.al and 6.blttagecontexts for the

quantization of energy. It is identified that whilgtudents explaining the

quantization of energy with SM in a context, these .some unscientific model
(PSM) in the other contexts (St2, St3, St7 and )S1@Ae of the students (Stl) uses
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different unscientific models (ShM-AM) in differentontexts. These findings
indicate the discussion of model states.

We know that people can hold two or more “incomsis mental models
together in the same domain (Gentner, 2002). Mpeeifically, students may use
different models for the different contexts of pbewnon. | call this as “mixed
state” as Bao (1999), Hrepic (2002, 2004), and ldrepal. (2010) called. Since if
a model is used robustly over the context, thedesits’ model state is called pure
state (Bao, 1999; Hrepic 2002; Hrepic et al., 20Ii®mixed model state, students
hold different mental models for a situation at geme time, and using them
inconsistently (Bao, 1999; Hrepic, 2002; Hrepialet2010). In this study, students
use different models at the same time over theestmtFor example, we see in
Table 4.4, St1, St2, St3, St7 and St10 have mixedeinstates since St2, St3, St7
and St10 use the SM and PSM together. In addit®it, uses two different
unscientific models, which are the ShM and AM. Bottthese models are hybrid
unscientific models. Since they are different hgbriodels, her model state is also
a mixed state.

In addition, we see that none of the students ossdels in each context.
They may sometimes use models, and sometimes fragmehey sometimes do
not answer the questions and they do not statephpyical explanations. In the
examination of their model usage, we see nineteatests have pure model states
in the quantization of energy case. Last sevenestisddo not use any model to
explain the quantization of energy.

In Table 4.4, we also see that students’ robustredstheir ideas. For
example, St9 uses the AM in three contexts of thantjzation of energy. She uses
the same knowledge structure robustly. Also, anatkample, St15 uses the SM in
also same three contexts. She states scientifiamegions about the quantization
of energy. These robust models seem stable andrlgyt be context independent

after a time.
4.1.9 Reconsideration of This Section

To summarize, second-year physics and physicsatidacstudents display
six different mental models about the quantizatigmenomenon. Among the
identified mental models, most used model is the (&ally 29 times). Although

having SM more than the unscientific ones is a e@usituation, this is quite small
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number by considering 279 instances. As Figure gréBents the use of all models

over the contexts.

#of use

E—
[ ]
o>
E

ok N W B U o N 0 ©

i h

context1 context2 context3 context4 context5 context context context context contexts
6.al 6.a2 6.b1 6.b2

Figure 4.10Comparison of the frequency of mental models olvercontexts.

Figure 4.10 shows that the diversity of the digpthmodels is maximum in
Context 1 (six different models), and minimum inn@exts 5 and 6.b1 (one type of
model). This might be interpreted with the familiaof students to photoelectric
effect context more than harmonic oscillator and fuantum atom contexts.
Figure 4.11 summarizes the distinct comparisonhefftequency of each model
and other issues (NM, NE, and NA).

% of use
120 - 114
SM
4
100 FSM
80 17 f_ Shm
AM
60 - "y
40 17 29 M
l—- 42 Y
20 17 11
1858 - B
0 5 : : : : : : : 7 mNA

SM  FSM  ShM AM EWM 1M NM NE NA

Figure 4.11Comparison of the frequency of each model with oissues.
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Among 279 instances, the most dominant one isskeotiNM. Since mental
models are complex and coherent structures, stsid#rhetimes prefer to use
fragments consciously or unconsciously. Figure Agr2sents the comparison of
the total number of all models with other issues.

Fofuse
35

3
77 \7
4 14 35

total & of all models

Wtotal # of NA
total # of NE
Mtotal # of NM

contexts

Figure 4.12Comparison of the total number of all models withew issues.

We see the dominant use of fragments again (~40.9&e percentage of
the use of models (~24.7%) is close to the pergentd not to use none of the
fragments (~26.5%).

In addition to the identified models, the instarcexplains his ideas about
students’ understanding of the quantization phemameThe instructor thinks that
the richness of a student’s explanations vary duthe¢ir models. The following

excerpts present the ideas of instructor.

Instructor: This (quantization) is not such an easy concept for students to
understand. Its comprehension is difficult. They gmme good grades in the
exams, however they have some mis- or missing @tioces bring from high
school physics classes related with the phenomendwese previously
learned conceptions make students’ understandiaglienomena difficult.
In previous lessons, students learned “continuduysips”. But now, when
we pass to “quantized observables”, new conceps saen difficult to
students. If they do not discuss the new conceptisdir minds, the concepts
are not learned easily. | do not say “they leargadntization completely”,
but | believe they learned the basic ideas abolttiey have learned the
energy levels of a Hydrogen atom is quantized, Emgmomentum is
guantized etc. Then | think they could construet ttther ideas of quantum
physics on this knowledge. | think they got the mideas.
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Instructor: Students’ explanations vary. A student, who undexdt well can
model quantization better and explain it bettem &wample, in the class, |
made an analogy that was the flow of water dropmfa tap to indicate the
discreteness. When you let the water flow fastcamnot see the discreteness
at that point. This point can be considered as Neiah physics. | think that
the students, who understand quantization correctiyn remember this
analogy or construct other analogies, and explaamtjzation correctly.

4.2 The Sources Influencing Students’ Mental Models

Norman (1985, pp.316-317) stresses that the stidgognition requires
consideration of external and internal parts of #mtire system. In this part,
external and internal sources influencing studentshtal models are explained

with the question:

= What are the external and internal sources tifltence students’ mental

models of the quantization of physical observables?

In this section, | focus on which sources are itioadn the development of
models. Since it is impossible to study everythisga source, in this research |
focus on some elements by considering the cogrstience literature and the data
| obtained. | basically classify the sources agémal” come out from students’
environment, and as “internal” come out from studerown personality.
Textbook, instruction and the elements related withtruction, topic order,
classmate, and extra sources for learning (inteboeiks) are discussed in terms of
the external sources influencing students’ mentabefs. In contrast to these
sources, meta-cognition, motivation, beliefs, faamity of the concepts and
background knowledge are considered as the intsmates influencing students’
mental models.

Diverse number of data sources contributes in tkglaeation of these
sources. Figure 4.13 shows which data were useglain this section. Although
there is a time order in the analysis of data,ehemo specific time order in the
interpretation of the data constructing this sectithat means external and internal

sources identified in the data analysis were imttegh regardless of time.
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Ise of data sources

OTHEER DOCUMENTS

1

1

1

1

1

1

1

1
Sources '
influencing 1
1

1

1

1

1

1

1

1

1

TEXTEOOKS mental models

INTERVIEWS (with
students and instrnuctor)

Time (data analysis)

Figure 4.13Integration of data sources to explain sources@miting students’
mental models.

As | classify the sources external and internadxplain them basically in
two sections. In Sections 4.2.1 and 4.2.2, exteavad internal sources are
explained, respectively. While explaining theserses, each source is considered

as independent from each other.
4.2.1 External Sources Influencing Students’ MentaModels

Textbook and instructional elements were probablérces mentioned in
literature; however, classmate, and extra sour@s wetermined at the beginning
of the study. In addition, topic order was ideetfiin the data analysis of the study.
Therefore, in the following sections | present #dences about how those

sources influence students’ mental models.
4.2.1.a Textbook

In this sectiontextbook is explained as an external source by Wways.
First, by using students’ explanations in the witawrs, their use of textbooks
actively in and out of the classes, preferencedesfbooks, ideas about the
effectiveness of textbooks are focused. By theysmalof the interviews, | got
explicit evidences about the influence of textbedk(Second, the analysis of
textbooks in terms of scientific explanations andtimod of explanations are
important in the explanation of textbook as an mksource influencing students’
mental models. By content analysis of two textbodkgot implicit evidences
about the influence of textbook(s) on students’ tmemodels. Then, | combined

the findings obtained explicitly and implicitly, drinterpreted them together. By
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the examination of the relationship between impliand explicit evidences
qualitatively, | explain the influence of textbook students’ mental models.

To start with the interviews, all of the studentse utextbooks actively.
Although students use different textbook(s) (Bésser Krane’s book) forsome
different reasons, the interviews show that alltipgants of this study use
textbook(s) as a main resource. Seventeen of tliests state that they use only
Textbook 1 actively, and four students state thay tused Textbook 2. However,
ten students explain that they use both of thdotmits at the same time.

Students have different reasons about textbookeudaar example, three of
the students who use Textbook 2 state that theytlik style of Textbook 2 while
explaining the concepts, one of the students (Si&28gs that she has not any idea
about why she uses that book. Some examples fderisi reasons of selecting

and using Textbook 1 are like that;

St12: Everybody in the class uses Beiser, so | usedt. al

*%k%

St13:1 use Beiser, because it explains the conceps isasy way.

The students, who use both of the textbooks atdnee time, explain their

reasons like that:

St22: | use Beiser while studying on the topics sincgudt gives the main ideas
without expressing the details, and | use Krandenthding homework.

St29: | mainly study on Beiser to learn the conceptd, the exam questions are
similar with the questions asked in Krane, so legbroblems in Krane
before the exam.

In the examination of students’ interviews, elewtndents state that they
never bring modern physics textbook (whichever thegd) into the classes; eight
students state that they always bring their textbpand twelve students state that
they sometimes bring their textbooks while comingthe classes. When the
percentage of students bringing textbook into tlheses is examined, 82.35% of
the students who use Textbook 1 bring their textbdo the classes. This ratio is
50% for the students who use Textbook 2. Thish# éow (40%) for the students
who use both textbooks. The students bringing thextbooks to the classes

explain their reasons as the following: (1) easir@dghe following taught concepts
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from the textbooks; (2) not to take notes to a Imot& and just marking the
important points on the textbook, (3) reading #adliook when not understanding
what the instructor explained; and (4) for preparabefore the quizzes. A sample
excerpt belongs to St4 shows his reasons like that:

St4: When | bring my textbook into the classes, | caliof® what the instructor
explained easily, | can understand the conceptityedbnm... | feel that |
had the power to learn.

In the conceptual interviews, students were rdgde® statéhe reasons of
their answers. In other words, they were asked Xplaen the sources (i.e.
textbooks, instruction, friends etc.) of explanasian each context. Figure 4.14
presents attributions of the core group studert8)(im each context.

= rue
16

10
3 Others
6 I B Textho
B Instruction
z l
[

Figure 4.14The core grougtudents’ attributions about textbook as a soufce o
their explanations in the conceptual interviews.

N

Context by context explanations of students’ lattibns indicate that
textbook is considered as a source at least omeitirmach context. No matter they
are used together with the other sources (i.eructsbn), this result shows that
students feel some influences of using textbookdhiir learning of modern
physics concepts in each context as they feel ainfidlr bringing their textbooks
into the classes. In addition to explanations giugrthe conceptual interviews,
some students also have some attributions aboutttbodology of textbooks
influencing their learning. For example St25, wkaai physics education student

and having scientific model in energy quantizatistates the importance of use of
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analogy and figures in the book like that:

I ‘What are the most influencing elements on your tstdading in this
situation(Context 3}

St25 : Umm... | think the figures in the textbook... To matkee concepts more
concrete. Also, there was a comparison of energgldewith the steps of
ladder, you cannot stand between the steps. Thathedpful for energy
quantization.

In the Self-Evaluation Interview at the end of gemester, students were
asked which factors influenced their understandihgjuantization. Figure 4.15
presents the perceptions of twenty-nine (two sttgddack Self-Evaluation

interview) students about the source of understanguantization.

+of st

11

12 7

10 7

s

nstruction  textbook instruction  texthook + instruction others Lources
+textbook outofclass +textbook
discussions  +out of
class
discussions

Figure 4.15Students’ attributions about the sources influeg¢ireir
understanding of quantization.

Only four students attribute to textbook as a n@é@ment in understanding
of the quantization phenomenon. However, excludimg students saying only
“instruction”, and six students saying “other s@s¢ twenty-one of twenty-nine
participants explain that textbook is the sourcetl#ir understanding of the
guantization of physical observables. This is quteat number to occur by
chance.

Another interesting explanation belongs to St5.i$l@ physics education
student and he has the IM and SM in the Bohr atomext (Contexts 6.al and
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6.a2). The excerpt below shows that how this studgarprets the quantization
phenomenon in the textbook, and the role of thébtk in his construction of

model about quantization.

St5: Quantization... Umm... There are some explanationthéntextbook but | do
not understand them. | know the textbook use iaisgwhile “quantizing”,
and it sums up all probabilities in a specific vaki This is quantization.

In addition, in some of the contexts, students ‘asemorization” elements
coming from the textbooks. For example, St4 is ysps student and he uses both
SM and IM in different contexts. However, when heesl not use any of these
models, he gives explanations about the quantizaticenergy in the particle in a
box context like that:

St4: It is quantized!
| What is quantized? And, how is it?
St4: Energy! Particle in a box. The textbook says thia¢ ‘energy is quantized”!

Another student is a physics student. St20 us=®8M in the energy level
context but he does not use any model for quardizatf angular momentum. He
indicates the influence of textbook in the same maan

I : You said that “I have a different way to explainaqtization of angular
momentum”, right? How do you explain it? Or, do yalready accept
guantization of angular momentum?

St20 :1 saw it in the textbook. | read it there. Theresvgamething about it.

I Well, let's talk about it! Angular momentum! Howitsquantized? What tell us
it was quantized?

St20: | remember its’ formula in the textbook. | justmrember they were in the
textbook. So, | told it was quantized.

The limited data also show that although studeatsat use mental models
in some contexts, they state that textbook is acgofor their understanding. One
of the example for this situation belongs to S8He is a physics student who does
not have any model and she just uses fragment&ieggher reasons about why
the textbook is important in her understanding that:

Stl4: The main factor was the textbook. Because, | hdtention deficit in the
classes. So, | cannot concentrate to the lessonl aaghnot listen to the
instructor. So, | studied from the textbook, | ursiand by studying the
textbook.
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In conclusion, no matter students have scientificinscientific models, the
interviews indicate that “textbook” is importantrfstudents’ models. In the
interview with some of the students, they expl&iirtideas about the influence of
textbooks in their understanding directly. For epdanSt6 is a physics student and
has the SM of energy quantization. He explain that:

St6: | think the textbook is the main factor in my unstanding. It explains all
concepts in a logical way very well. This is Beisdrook.

Another student, St30 who is a physics studedtlaving ShM, attributes

her poor understanding not to study on the textdooknuch as:

St30: | know, if | studied on textbook, | could undersiawell. But this semester
was too busy for me and | could not study on tx¢btmok much. But in the
summer vacation, | will study on quantization froine textbook. | will read
it to improve my understanding.

St3, who is a physics student and having SM aboantization of energy,

explains his reasons about the effects of textboohkss understanding like that:

St3: | believe the classes have effect on my understgnaoli quantization, but the
textbook focuses it more than the classes. For pbanif the textbook
explained the quantization of energy only in theckbody radiation topic, |
could not understand it well. However, it statesamfization was an
important concept and focuses it in many diffettepics. It makes concrete
by giving many examples, then | can make senserett

Because students use textbooks so actively, thiareation of quantization
of physical variables in the textbooks is so imaott For this reason, the
examination of the textbooks (context by contextderms of “what” and “how” is
explained the phenomenon provide some informatibout the influence of
textbook on students’ mental models of quantizatidre tables in Appendix M.3
and M.4 were obtained after the content analysth®textbooks. While Appendix
M.3 presents the frequency of the codes explaitiiregquantization of physical
observables in the textbooks, M.4 presents theu&ecgy of the codes about the

methodology of the textbooks explaining the quaatiin phenomenon.
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Figure 4.16 presents the distribution of studekitswledge structures due to
their use of textbooks. Since the number of stugl@mteach group varies, the
results are given in percentages by standardifiagiumbers in order to interpret
better.

TEXTBOOK1 TEXTBOOK2

W disoleyedmodels  mnomodels  m noelemerts  Mroanswers m dispayed models  Mnomocels W roslements  Mnoanswers

TEXTBOOKS 1+2

MW displayed models M no models no elements M no answers

Figure 4.16Students’ knowledge structures due to the useeofetkibook(s).

As Figure 4.16 presents, while percentage of ajga models is 22% for
students who use only Textbook 1 and 27% for thelesits who use only
Textbook 2, respectively, this percentage incre&se33% for the students who
used both of the textbooks. In addition, “No Eletsérand “No Models” which
indicate unphysical and scattered ideas, are cerabty decreased for this group.
In addition, this figure indicates an increaseha percentage of students who do
not answer the questions (NAs). This might be theahise of meta-cognitive
elements that students are aware of their knowletigat means, if students know
the phenomenon, they answer with coherent strustoyaising models; if they do
not know, they do not answer the questions. Figut& shows the distribution of

each model due to the use of textbook.
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90% /
80%

TEXTBOOK 1 (n=17) TEXTBOOK 2 (n-4)  TEXTBOOKS 142 (n=10) textbook

Figure 4.17Percentage of each model displayed due to thefudifevent
textbook.

Variety in the displayed models might be becadgbenumber of students
in each group; however, more than half of the sttalevho use only Textbook 1
and all of the students who use Textbook 2 havee'pmodel states about the
guantization phenomenon regardless of scientifsigmtific nature. That means
students are consistent with their explanations ¢hre contexts. In addition to
increase in the percentage of the use of modelstimients using both textbooks,
this figure indicates the increase in the percentafgthe use of SM for students
using both of the textbooks.

Percentage of the students who explain “textboak”a source of their
understanding of quantization differs for theseugs This percentage is 76.4%
for the students who use Textbook 1, 50% for tlelestts who use Textbook 2,
and 80% for the third group using both textbooks.

While examining textbook as a source influencinglents’ models or not, |
have used the content analysis. So with the exdimmaf the textbooks via
content analysis, | got implicit evidences abouthieok is an external source.
These findings were tabulated in Appendices M.3 il as mentioned before. |
executed these findings by using other findings thas modified version of the
table given in Table 4.4. This table was a newetdbat was separated in to three
categories by considering students’ use of textbodkhen three tables that
showing students’ model structures were obtainech flfable 4.4. By comparing

students’ mental models for each group (using aipéextbook) in each context
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together with the findings presented in M.3 and ,M.donstructed new tables for
each group indicating relationship qualitatively. &sing the information in tables
that indicating a pattern about model usage, usecgdntific models, or the
robustness of the SMs etc., | determine “textbaskdn external source influencing
students’ mental models.

By the examination of influence of using Textbobk Textbook 2, and
Textbook 1 and 2 together in each context, thefdhg tables (Tables 4.5, 4.6 and

4.7) indicate why “textbook” is an influencing soaron students’ mental models.

Table 4.5Theinfluence of using Textbook 1 on students’ mentateis (n=17).

Contexts 1 2 3 4 5 6.a 6.b

Frequency of 7 3 7 7 0 6 3
displayed
models

Frequency of 0 0 4 4 0 5 1
the SMs

Stress to 1 2 4 5 1 1 15
guantization

Frequency of 51 25 117 77 35 29 141
the codes

about

guantization

Frequency of 20 10 32 39 3 5 50
the codes
OBP+NC

Explicit - \ V \ \ - V
explanation of
OBP/NC

Diversity of 6 5 7 7 7 4 7
the

methodologies

to explain

guantization

Frequency of P :4 P:1 P:6 P:4 P:4 P:2 P:9
the codes of

methodology T:32 T:20 T:75 T:53 T: 21 T:18 T: 100
to explain

guantizaton  M:15 M:4 M: 36 M:20 M:10 M:9 M: 32

P: pictorial, T: textual, M: mathematical explaoats.
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The table providing some evidences about the enite of Textbook 1 on
students’ models indicates that,

= Thediversity of the methodologies to explain quantat frequency of
the codes about quantizationight have influence on number of models
(plus sign means considering the elements together) example, with
increase in these elements together, the numbemarfels used in
Contexts 1, 3, and 4 is high; with decrease inglesments together, the
number of used models in Contexts 2 and 5 is loawé¥Ver, | could not
observe this pattern for Context 6.

= The use of SM seems to be influenced by dtress to quantization
frequency of the codes about quantizatibnexplicit explanation of
OBP/NC,together. For example, with increase in these ehtsntogether,
the SM is used more Contexts 3 and 4; with decreasigese elements
together, the SM is used few in Contexts 1 and @véver, | could not

observe this pattern for Context 6.

Table 4.6Theinfluence of using Textbook 2 on students’ mentateis (n=4).

Contexts 1 2 3 4 b 6.a 6.b

Frequency of 2 0 3 3 0 3 1
displayed
models

Frequency of 1 0 1 1 0 1 0
the SMs

Stress to 0 1 0 2 0 3 5
quantization

Frequency of 70 24 42 47 14 120 182
the codes

about

quantization

Frequency of 18 13 3 23 5 38 56
the codes
OBP+NC

Explicit N N - - - - N
explanation of
OBP/NC
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Table 4.6 (continued)

Diversity of 7 3 6 6

the
methodologies
to explain
guantization

Frequency of P:1 P:0 P:3 P:2
the codes of

methodology T: 44 T: 21 T: 24 T: 37
to explain

guantization  M:25 M:3 M:15 M:8

5 6 6
P:1 P:3 P:15
T:5 T: 82 T: 137
M:8 M:35 M:30

P: pictorial, T: textual, M: mathematical explaoats.

The table providing some evidences about the énfte of Textbook 2 on

students’ models indicates that,

= Thediversity of the methodologies to explain quantizat frequency of

the codes about quantizationight have influence on number of models.

For example, with increase in these elements tegethe number of

models used in Contexts 1, 3, 4 and 6.a is higth decrease in these

elements together, the number of used models ine@tn2 and 5 is low.

However, | observe this pattern for Context 6.bttses existence of a

model with the use of these elements more.

= Thediversity of the methodologies to explain quantirat frequency of

the codes about quantizatiamight have influence on the number of

displayed the SMs. However, it does not provideorimiation about

increase, it just shows existing once. For exampie,see the SM in

Contexts 1, 3, 4 and 6.a when these elements atetagether more; we

do not see the SM in Contexts 2 and 5 when thesmegits are used

together few. | also could not observe this patterrContext 6.b.
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Table 4.7Theinfluence of using both Textbooks students’ mentatlels (n=10).

Contexts 1 2 3 4 5 6.a 6.b

Frequency of 5 0 4 5 0 5 4
displayed
models

Frequency of 1 0 0 3 1 5 2
the SMs

Stress to 1 3 4 7 1 4 20
guantization

Frequency of 121 49 159 124 49 149 323
the codes

about

guantization

Frequency of 38 23 35 62 8 43 106
the codes
OBP+NC

Explicit J J J J J - J
explanation of
OBP/NC

Diversity of 7 5 7 7 7 7 7
the

methodologies

to explain

guantization

Frequency of P:5 P:1 P:9 P:6 P:5 P:5 P:24
the codes of

methodology T: 76 T:41 T:99 T:90 T: 26 T: 100 T: 247
to explain

quantization ~ M:40 M:7 M:51 M:28 M:18 M:44 M:62

P: pictorial, T: textual, M: mathematical explaoats.

The table providing some evidences about the enfte of using both
Textbook 1 and 2 together on students’ models atdgcthat,
= Thediversity of the methodologies to explain quanirat frequency of
the codes about quantizatiof the ratio of the codes OBP+NC to
OBP+NC+D/DC might have influence on number of models. For
example, with increase in these elements togethemumber of models
used in Contexts 1, 3, 4, 6.a and 6.b is high; wlilcrease in these

elements together, the number of used models ite&@2 and 5 is low.
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= The use of SM seems to be influenced by tieersity of the
methodologies to explain quantizatienfrequency of the codes about
qguantization+ the ratio of the codes OBP+NC to OBP+NC+D/DE
stress to quantizatioriogether. For example, with increase in these
elements together, the SM is used more in Contexisa and 6.b more;
with decrease in these elements together, the Sided few in Contexts
1,2,3,and 5.

By using the information in these three tablescan summarize the
commonalities of the influence of using textbook.

= In the explanation of number (percentage) of maeige, thaliversity

of the methodologies to explain quantizatiorfrequency of the codes
about quantizatioms common for these three groups,

= |n the explanation of number (percentage) of SMyaséhefrequency of

the codes about quantizatiass common for these three groups; and the
stress to quantizatiois common for using Textbook 1, and Textbook 1 +
2.

In conclusion, although using different textbookashan influence on
students’ models separately, they also have conminfbrences. Therefore, | can
state that textbook is an external source on statlenodels. The following
paragraphs explain why a textbook is an externakcgo influencing students’
models in detail. To start with the stress of tlggidntization” in the textbooks
identified by content analysis, Figure 4.18 presdhe frequency of use of the
terms such as “quantization of...”, “...quantized”, aniized ...” etc. in the
textbooks over the contexts. The frequencies otéhms are not the total number
of use of these terms in the textbooks. That metlresterms also used context

independent or in the omitted sections are notdedun this study.
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frequeng
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B TEXTBOOK 1
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Context Context Context Context Context Context Context Context Context
1 2 3 1 5 6al 6a2 6bl 6h2

Figure 4.18Frequency of the use of “quantization/quantizediris in the
textbooks over the contexts.

Although textbooks use these terms with differémquencies that is
presented in Figure 4.18, their direct usage tesstphenomenon is important. In
addition to differences. In the frequency of stresE quantization, the
methodologies of the textbooks stressing thesestaatwo differ. For example,
while Textbook 1 indicates quantization in Contgxtith the title “Quantization in
Atomic World” (Beiser, 2003, p.136), Textbook 2 icated it in Context 2 with a
history of science text stressing its natural ctigréstic as “quantization property
is not an accident arising from the analysis of paeticular experiment, but is
instead of a property of the electromagnetic figbelf” (Krane, 1996, p.82). In
addition, both of the textbooks mainly stress quatipn over the context
explicitly.

As the frequency and methodology to stress quatitiz differ, frequency
and methodology of the codes to explain quantinatiffer for both Textbook 1
and Textbook 2. Context 1 is the “Photoelectric &kpent”. In this context,
guantization is stressed by Textbook 1 by explariinstein’s interpretation of
Planck’s formula about the energy quantization $Bei2003, pp.63-64). Scientific
elements OBP, D/DC and NC are indicated by bottheftextbooks several times.
While Textbook 1 indicates discreteness or/and réisoess characteristic
explicitly, only bound particle and natural chaeagdtic are used implicitly.
However, Textbook 2 presents some evidences alsmg all of them explicitly.
When the methodologies of these textbooks are examilextbook 2 differs from

Textbook 1 by mainly using classical and quantumgarisons, and frequency of

145



exemplification. In this context, all models areedstotally fourteen times by
students (SM-two times, PSM-five times, ShM-twodsnAM-one time, EM-two

times, and IM-two times). When students’ modelseat@mined in this context due
to the preference of a textbook, model usage i2%4150% and 50% for the
students using Textbook 1, Textbook 2, and bothbtiks, respectively. All

models used by the students using Textbook 1 aseiemtific. In spite of the

explicit statement of quantization, implicit expédion of the core elements (only
bound particle and natural characteristics) mathbaeason of these models.

Context 2 is the “Blackbody radiation and ultrdeio catastrophe” to
examine the quantization of energihile Textbook 1 uses regular sentences
more, it stresses quantization two times; and Takl2 uses history of science
elements more, it stresses quantization one timghis context. This is good
starting to introduce “quantization” to gain stutirattention. To give scientific
ideas, both textbooks do not use boundedness amdimeelement of quantization
idea explicitly, but they use it implicitly. Theyse “oscillator” term, but this term
is implicit for students to indicate boundednesatuxal characteristic that is one of
the elements of scientific explanations is givepliekly by both of the textbooks.
Textbook 1 states “it is an element of physicalitga(Beiser, 2003, p.62), and
Textbook 2 explains it stressing the experimentltes However, most of the
sentences indicate that quantization is a naturatacteristic in quantum physics
implicitly, and main emphasis of the books is ore ttdiscreteness or/and
discreteness characteristic” terms. By comparis@h e number of the codes
with previous context, frequency of the codes isagt half of the previous
contexts in spite of almost same number of pageth B&xtbooks use almost same
number of codes and their methodologies to explaemntization are also similar.
Both of them mainly use regular sentences andryistioscience elements.

By the examination of students’ models in thisteshoverall, two models
are observed only (two times ShM and one time P3ne of the models are
displayed by the students, who are using Textboakd2both of the textbooks. The
reason of students not to display models mighthkeeuse of few number of codes
by comparison with the other context. When the neimbf codes are few,
indication of boundedness and natural characteristialso few. None of the

students also uses the SM to explain the quardizati energy. One of the reasons
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may be implicit explanation of quantization for ynbound particles. In the
examination of models due to the preference aéxthbok, all of three unscientific
models are used by the students who are using daxth

Context 3 is the “Energy levels and atomic spéctm examine the
quantization of energy. Although Textbook 1 usesudittization of...,
quantized...” terms for four times by notificationitbéts and uses in the texts,
Textbook 2 does not use any way. In addition, bysatering the frequency of
codes, Textbook 1 explains the quantization of gnéar almost three times longer
than Textbook 2. In this context, while three fumeéatal elements of quantization
are explained both explicitly and implicitly in Témook 1, boundedness is not
observed in Textbook 2. But, boundedness of theécpes is explicitly emphasized
in Textbook 1 including such type of statements:n“ftomic electron”,
“confinement of an electron to a region” etc. Irdigidn, natural characteristic is
used implicitly.

In the explanation of quantization in this contebath textbooks use some
common methodologies; however, Textbook 1 uses alsgsical quantum
comparison, analogy and notification/title elemerféer example, the use of
analogy is also differed from the previous conteXextbook 1 uses analogy with
the explanation o& person who stands on the steps of ladder, and doestand
in between the ladder steps stress the quantization of energy. Althougjust
stresses the “discreteness or/and discretenesactdastic”, it might be helpful
students to make sense of the quantization of palysibservables. In addition,
since the number of codes in Textbook 1 is almugtet times larger than Textbook
2, this difference also reflects the frequency sé wf regular sentences in the
textbooks. This ratio is also 3/1 for Textbook EoVextbook 2.

Almost half of the students use models in thistexin Large number of
these models are the SM (five times) and PSM (8ixeq) in the overall
examination of models. However, when the modeswdents due to preference of
textbooks are examined, it is observed that all Skésdisplayed by the students
who are using one of the textbooks. This is intéargssince using both textbooks
seems not facilitating the use of the SM in thisteat. This might be explained by
focusing on one kind of textbook might be bettethis context. For the students

using Textbook 1, stress of quantization four tiymesd explicit explanation of
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bound particle, discreteness or/and discreteneswacteristic, and natural
characteristic might be the reasons of using mdfg5%y.1%) by comparison with
PSM (42.9%).

Context 4 is “Particle in a box” to examine theantization of energy.
Again, “quantization of, and quantized” terms asedi by both of the textbooks
(five times by Textbook 1, and two times by Textkhd?). While both of the
textbooks using the fundamental elements of quatntiz, the frequency of these
elements and total number of them are differentbiath of the textbooks (two
times greater in Textbook 1 than Textbook 2). “Baeniness” of the particle is
explicitly indicates while explaining the quantimet of energy in both of the
textbooks with the statements “completely trappethiw the box”, “trapped
particle”, “the particle restricted to a certaingi@ of space”, “any particle
confined to a certain region”, “atomic electron’c.efTextbook 2 also makes
comparison of energy of a free particle and bousrtigde to stress “boundedness”,
and it concludes this comparison with “energy i$ quuantized for free particles”.
The ratio of stating boundedness is almost 2/1 Textbook 1/Textbook 2.
However, in spite of much stress on the boundedrbestextbooks still explain
the quantization is a natural characteristic ofratosystems implicitly.

Both textbooks explain the quantization of energith almost same
methodology. In other words, since the frequencytl® codes is larger in
Textbook 1, the use of regular sentences, matheahdirmulas and examples are
more used than Textbook 2. For example, althougbuliar sentence” is the main
explanation methodology for both textbooks, “exdfigation” is preferred also by
Textbook 1 to stresses the “boundedness” and ‘&scess or/and discreteness
characteristics”. A difference between these teoflsois also observed. In
Textbook 1, quantization of energy is explainedlieitly and step by step.

By the examination of displayed models, the domiraodel used in this
context is the SM (eight times). However, the AMalso used by many students
(five students) in contrast to the IM (one studearti ShM (one student). The
students who use models the AM, IM and ShM indi¢gigantization for every
particle”. It is an interesting result in spite thie stress of bound particle, these
students stress the energy quantization for evarticfe. In the examination of

students’ models due to the used textbook, the mmhimodel in the groups using
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Textbook 1, and Textbooks 1 + 2 is the SM (57.18¢l, 0%, respectively).

Context 5 is the “Harmonic oscillator” to examitlee quantization of
energy. While both of the textbooks are using bedinéss, discreteness and
natural characteristics, the frequency of the usé¢hem differs too much for
Textbook 1 and Textbook 2 (i.e. four times largefextbook 1 than Textbook 2).
Both of the textbooks state boundedness implidityy giving examples for a
harmonic oscillator as “diatomic molecule”, “an m@toin crystal lattice”, “a
vibrating diatomic molecule” etc. Natural charaigtc is also explained
implicitly, in contrast to explain discreteness koifly. In addition, similar with
the previous contexts, natural characteristic [aRred implicitly in the textbooks.
The methodologies to explain quantization have comrelements; however,
Textbook 1 uses also classical quantum compariadnr@minders by comparing
energy levels for H atom and particle in a box, asds notifications and pictures
more dominant than Textbook 2.

When students’ models are examined in overall, tnadsthe students
(fourteen out of thirty-one) do not answer the goes about the quantization of
energy of a harmonic oscillator and eight of thst r&f the students (seventeen
students) state irrelevant explanations. Only ¢néent (St30) uses a model (ShM)
and the rest the eight students use fragmentssicdntext. When students’ models
are examined due to the preference of textbookstingents who are using only
Textbook 1 and Textbook 2 do not use models, bet student using both
textbooks displays the ShM. In spite of the usesiafilar methodologies with
previous context, | explain decrease in use of nspdend increase in “No
answers” by the decrease in frequency of the cofldandamental elements as
similar with Context 2.

Context 6 is the “Atom” to examine both the quaatiion of energy and
angular momentum. In this context, Context 6.aldises the Bohr atom, and
Context 6.b discusses the quantum atom. In Coltextboth textbooks stress the
quantization phenomenon (Textbook 1 one time, Taokk2 three times). While
Textbook 1 indicating quantization of angular motnem Textbook 2 indicates
both energy and angular momentum by using “... gaedtiterm. While both of
the textbooks using boundedness and natural cleastict implicitly in contrast to

use of discreteness explicitly, the frequency of ttodes diverges too much.
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Textbook 2 uses these elements almost four timegerathan Textbook 1
(Textbook 2 explains in almost two times more patjes Textbook 1). While
boundedness and natural characteristics are iedicah both textbooks,
discreteness is also explained almost two times these elements in this context
in overall.

When the methodologies of the textbooks are exednithere are four times
greater codes in Textbook 2, and it uses classigantum comparisons,
title/notifications and mathematical examples ddfg from Textbook 1. In
addition, although they use regular sentences,bbekt 2 uses them five times
greater than Textbook 1. Textbook 1 uses historsca@nce element as a different
methodology from Textbook 2.

In the examination of students’ models in the Batum context for energy
and angular momentum in overall, although studdigglay limited number and
diversity of models, the use of SM is greater (¥8.6han the other display
models. When these models are examined due tadfer@nce of textbooks, most
of the students using Textbook 1 and having modisiglay the SMs; and and all
of the students using both textbooks and havingetsadisplay the SMs.

In the second part of Context 6, the quantizavébrenergy and angular
momentum is examined for the quantum atom. Cor@dxis discussed in both of
the textbooks almost 2-3 times larger than the ipusvcontexts. So the stress of
quantization and frequency of the codes both fard&mental elements and
methodology to explain the phenomenon are conditiegreat in this context. For
example, quantization is stressed by Textbook fifigren times and Textbook 2
for five times in this context (by omitting the ethconcepts related with the
gquantum atom). In addition, almost 1/3 of all codesused in this context for both
of the textbooks. This context is the context taktfundamental elements are
explicitly explained by both of the textbooks. Medologies of these textbooks to
explain quantization are also similar to each ofgaoring the frequency of the
regular sentences. In addition, in both of thelteaks, the quantization of angular
momentum is discussed more than the quantizatiemerfgy since the explanation
of the quantization of angular momentum is givenrendetailed with the
explanation of magnitude and direction of orbitalgalar momentum and spin

(intrinsic angular momentum).
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When the models of students using Textbook 1 atbiomk 2 are examined,
it is observed that students display limited numifemodels in this context. This
percentage increases a bit for the students usatl textbooks. In addition
although number of used models is few, these stageesent more SMs than the
other students using one of the textbooks. Noteaweelbp more models in this
context is interesting, it might be because thduérfce of other sources on
students’ models might be more dominant than tebdn this context.

To summarize the results of the influence of teakbon students’ models:

= The use of both textbooks facilitate to use of kimg of models and use

of SMs in overall of the quantization phenomenoowdver, context by
context examinations indicate focusing of a texkbought be better for
some of the contexts.

= The students who use both textbooks indicate &éxdibdok as a source of

understanding of quantization more than the otldrs use one of the
textbooks.

The comparison of the results from content analg$ithe textbooks, the
analysis of students’ conceptual interviews, amdahalysis of the interviews about
students’ own evaluations show that textbooks erfite students’ models by
several ways. With these results, | can state tiattextbook(s) that students
interact in and out of the classroom setting i=i@rnal source having influence

on students’ models of the quantization phenomenon.
4.2.1.b Instruction and the elements related witimstruction

| explain this section in two parts. First parthe discussion of explanations
in instruction together with the elements relateithwnstruction (attending the
classes, taking notes in the classes, preparatforeband after modern physics
classes), and the second part is the discussioingtfuctor's attitude and
motivation.

First, by using students’ explanations in theriivs, | got some explicit
data. Then, | used the data obtained from observdty video recording of the
classes during the semester. After the analysihisfdata in terms of scientific
explanations and method of explanations, | got siompdicit information about the
influence of all these instructional elements. Fnas similar with the followed

procedure in previous section (4.2.1.a), | comiiotn implicit and explicit data in
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order to explain the influence of instructionalreéts on students’ models.

To start with the interviews, students were retpee$o state the sources of
their explanations in the conceptual interviews. Agure 4.14 presented the all
type of attributions about the sources influencétgdents’ explanations, Figure
4.19 presents the distribution of core group sttglattributionsto “instruction”
over the contexts. That means, instruction is dtae least one time alone or

together with other sources.
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Figure 4.19The core grougtudents’ attributions about instruction as a sowafce
their explanations in the conceptual interviews.

Figure 4.19 indicates that almost all of the cgreup students state that
instruction is one of the sources of their explenmet in each context. That means,
students feel some influences of instruction inirthearning of modern physics
concepts. In addition, as it was presented in Eiglrl5 in previous section,
students were asked which factors influence thaedtetstanding of quantization in
the Self-Evaluation Interview. The results showttlsxteen of twenty-nine
students explain the instruction as a source df thderstanding. Two of these
sixteen students state the instruction as the elelyjent in their understanding of
gquantization.

Before explaining why the instruction is a source students’ model
construction, brief description of instructionavennment in terms of instructional

techniques might be helpful. The instructional metilogy of the course is direct
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(teacher centered) teaching enriched by differeathing techniques. Since the
instructor has pedagogical knowledge, he integrai@sy teaching techniques into
modern physics instruction. These are history oéree story, real life story,

inquiry, role play, daily life example, analogy efy this way, instructor keeps
students’ attention fresh by encouraging themthéoclasses. In the interview with

the instructor, he explains his reasons aboutplalgs like that:

Instructor: In the classes, | generally make students to hieeaahd to participate
physically. For example, in the explanation of dimation, | jumped from an
upper step to lower step in the lecture hall towshiscrete values. | stated
that | cannot stand between the steps, this watasimith quantization. This
type of techniques may be helpful for students’ ersthnding, because
students enjoy the class with these activities.yTdre excited. | believe that
this excitement also contributes students’ undadstey.

He integrates his verbal statements into writteesnents very well while
he is explaining the concepts. For example, whieid writing mathematical
expression, he does not just write on the boarkitmgelf;, however, he explains all
unknown terms, and the physical meanings of thenemaatical expressions. He
asks students the meanings of the abbreviatioheotdrms, and then he clarifies
their meanings. This is also same for drawing therés. He always explains the
parts of the figure while he is drawing and prodéssinformation to teach step by
step.

One of the other important characteristics integtanto the instructional
methodology is recalling the previous issues anking the new information with
the previous ones. In addition, at the beginningea€h chapter, the instructor
summarizes the previous chapter and links the @ueviconcepts with new
concepts.

Another issue about the instructional methodolagythe instructor's
notification of confused concepts such as ionizaiad excitation, radiation, and
decay etc. He stresses the differences and madkdfication about these concepts.

He also uses his voice very well. He modifies taise of voice to take
students attention, to motivate students, to stitessmportant terms. In addition,
he also integrates body language into his speeélmesexample, while stressing
the important points such as “discreteness” in ggnen most of the explanations

he states that he mentions about not a continucergy but the energy levels by
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showing the discreteness by his hands. Or, in plaees quantization of electron
spin, he also uses his hands to make the conceptsete, etc.

Another strong point in the instruction is linkitige concepts in historical
manner (chronological order), and what is done feeémd after the specific date.
For example, in the explanation of the quantum atsemi-classical model of
atom- Bohr- was recalled and the new understandingtom was expressed. In
addition, in this historical manner, comparison aigtrimination of classical and
guantum issues are also important techniques ystuebnstructor.

About the “quantization” phenomenon, the strongesit of the instruction
is linking the quantization with how a physical ebsble is quantized. For
example, after he tells “quantization of energy’e lexplains the energy
quantization by stressing the scientific elementshsas discreteness or/and
discreteness characteristic, boundedness of thielpasnd natural characteristics
for the atomic systems. The instructor gives tliermation so “pure” that is direct
and clear. This is one of the instructional profitdhich might not be obtained in
the textbooks.

Another important point is the instructor's rem@ndof some classical
concepts learned in freshman physics. For examgl@re explaining the angular
momentum, harmonic oscillator etc., he fist remdthdsgtudents the classical
explanations, then he taught their quantum expiamsit

Students are aware of the instructor's methodolagjuencing their
understanding. So they state that they like théruosonal techniques of the
instructor. For example, St29 stresses the instrisctinking of concepts by

historical and daily life stories:

St29: The instructor constructs very good analogiestétle historical stories. This
show us “who made the concepts? Who did the exgatirrtHow did they do
the experiments? etc.”. These are effective iteisabse showing time order.
In addition, | think these parts are the most woedearts . We cannot see
them in the textbooks. For example “Why did he ldis experiment? What
did he find? What did he wonder?” We wonder ther.tl8e instructor’s
explanation of them is so good.

Some other students focus on the “questioning’riggte of the instructor.

They stress the positive effect of this technigueh@ir understanding.
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St26: The instructor always focuses on inquiry. He retgi@is to find the answers
and he keep our interest fresh. | think this effguisitively.

*kk

St27: The technique of the instructor that | liked m@stasking questions. These
questions covers all learned concepts. This isosal g

Another student stresses the step by step approécthe instructor
influencing their understanding.

Stl15: We are lucky since the instructor writes all fotenstep by step. So | think it
is effective for our understanding better.

In the examination of students’ models, it is oted that students who use
the SM have some attributions about the instructidmt means, students give
some explanations like i.eSt7: ... the instructor derived its formula...”, “Sth:
the instructor explains it like “L=h"..." etc. And the excerpts from some of the

students show the influence of instructor on sttalen

St5: | think that reading the textbook does not alwaysan understanding the
concepts. Students need information presented sinwle way, like a
summary of the concepts. This is what the instruetglained. So, | think
instructor’s explanations are so precious.

*k%

St2: | think, if | did not attend the classes and thgntd understand the concepts by
reading the textbook only, it wouldn't be useful ime by itself. | cannot
make sense the concepts exactly without attentimdectures. Classes are so
helpful for my understanding. | believe both ofrtheclasses and studying on
textbook- reinforced my understanding about quatitn.

In the examination of the instruction by obsemvatdata, | also got implicit
evidences about the instruction as an externalceouVhile examining it is a
source influencing students’ models or not, | uieel analysis findings of the
observation data. These findings were tabulated\ppendices M.5 and M.6.
Appendix M.5 presents the frequency of the codgdagxng the quantization of
physical observables while teaching modern physicshe classes during the
semester. Appendix M.6 also presents the frequasicthe codes about the
methodology (i.e. verbal regular sentences, onbiberd mathematical formulas
etc.) while teaching modern physics in the clasbexecuted these findings by

using the other findings presented in Table 4.4.cBynparing students’ mental
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models in each context with the findings presemed.5 and M.6, | constructed a

new table indicating relationship between them itatalely. By using the

information in table indicating a pattern about mlodisage, use of scientific

models, or the robustness of the SMs etc., | déterfiinstruction” is an external

source influencing students’ mental models.

By the examination of influence of instruction esch context, the following

table indicates that why it is an influencing s@uon students’ mental models.

Table 4.8Theinfluence of instruction on students’ mental models

Contexts 1 2 3 4 5 6.a 6.b

Frequency of 14 3 14 15 1 14 8

displayed

models

Frequency of 2 0 5 8 0 11 3

the SMs

Stress to 0 0 12 6 0 20 78

Quantization

Frequency of 23 55 97 82 22 67 228

the codes

about

guantization

Frequency of 5 20 28 26 4 27 37

the codes

OBP+NC

Diversity of 4 6 4 verbal, 6 verbal, 3verbal, 6 verbal, 6 verbal,

the verbal, verbal, 6onthe 4onthe 3onthe 4onthe 6 on the

methodologies 3onthe 2onthe board,1 board,1 board=6 board, 1 board, 1

to explain board= board, 1 body body body body

quantization 7 body lang.=11 lang.=11 lang.=11 lang.=13

lang.=9

Frequency of Verbal: Verbal: Verbal: Verbal: Verbal:  Verbal: Verbal:

the codes of 17 48 66 56 14 45 157

methodology

to explain Onthe Onthe Onthe On the Onthe  Onthe On the

qguantization  board:6 board:6 board:28 board:23 board:8 board:18 board:65
Body Body Body Body Body Body Body
lang.:0 lang.:1 lang.:3 lang.:3 lang.:0 lang.:4 lang.:6
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The table providing some evidences about the enfte of instruction on
students’ models indicates that,
= Thediversity of the methodologies to explain quantirat frequency of
the codes about quantization the proportion of the use of verbal
elementsto other elementsogether might explain together the use of
models. As it is seen in Contexts 1, 3, 4, 6a dndre models are used
with the increase of these elements; and few maoalelsused with the
decrease of these elements seen in Contexts 2 and 5

= |n addition to thadiversity of the methodologies to explain quaniizat
frequency of the codes about quantizatiothe proportion of the use of
verbal elementto other elementexplaining the use of models together,
the contribution of thetress to quantization + the use of body language,
verbal notifications and mathematical formulas, gpidtorials on the
boardinto previous elements might explain the use andber of SMs
together. As it is observed in Contexts 3, 4 andwdish increase of
percentage of the new elements in each contexysbef SM increases;
and with the decrease of the percentage of theetemwents (i.e. Context
1 and 5), the use of SM decreases.

To conclude, these findings show that the explanatin instruction as a
source influencing students’ mental moddlse following paragraphs explain why
instruction is an external source for students’ taemodels in detail.

To start with the stress of quantization in thassks, “quantization of...,
...quantized etc.” are used in the classes sevemalsti Figure 4.20 presents the

frequency of these terms for each context.
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Context Context Context Context Context Context Context Context Context
1 2 3 4 5 b.al b.al 6.b1 b.h2

Figure 4.20Frequency of the use of “quantization/quantizedirs in the classes
over the contexts.

As it is seen in Figure 4.20, quantization is stateer the contexts. In
Context 1, which is Photoelectric Experiment, thstriuctor mainly explains the
quantization of light by means of history of scien@s it is known, Planck’s
explanations are before Einstein’s explanations, itistructor prefers to explain

linking how their explanations are related. He akp in the class like that:

Instructor:  Einstein brings a very drastic understanding nuveestic than Planck’s
understanding... Up to Planck, it is seen contindikesa wave. No! It does
not continue like that, but small energy packetsstitute the wave. Or,
energy must be ported on the wave by small pacsktsnergy. This is
drastic... According to Einstein, light is not onlyngted in the form of
guanta, energy is concentrated in quanta as the ppagates...

In this context, while the instructor uses thremdamental elements of
gquantization, main stress is on the discretenesmardiscreteness characteristic.
The instructor mainly uses written and verbal stegets. When students’ models
are examined, | observe various number of moddiaogt half of the students use
models, and two of them are scientific. Among theselels, the PSMs and SMs
are dominant models that are used by studentsisnctntext, since the students
stress the discreteness more.

However, when the students attending the clagsema 75%, not studying
before and after the classes and not taking notethé class are examined, |
observed only one student having these four cheniatits. This student (St25)

presents the PSM in this context.
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In Context 2, which is the “Blackbody radiationdamtraviolet catastrophe”,
the instructor starts to teach “quantization” ptraeaa with a historical storyHe

explains:

Instructor: “Natura non facit saltos(by reading the book)//hat does it mean? Did
you understand anything? “Natura non facit salto¥Vhat is salto
(somersault) Did you do a somersault? Nature never jumps! fdatu
“Doga”, non facit! “asla”, Saltos “sicramaz”. It was &efore... Before
1900s... It was told that nature never jumps. Aft@00, after Planck’s
experiment, natura jumps! Now after 1900s, naturaps! That's what we
have learned.

In addition to the use of diverse number of methogy to explain
quantization, he stresses the paradigm shift bynga§This is a moment of
changing physic¢sfor the introduction of quantization issue bytbiy of physics
elements. In addition, he constructs analogy fardemts to make sense of

gquantization. The analogy is:

Instructor: It is just like a tap. What is tap? “Musluk”. Watgist flows drop by
drop, like “pit, pit, pit, pit”. And every drop &quantum, just likewh These
guanta may be large or small. The emission of guantike dropping “pit,
pit, pit”. If you increase “pit-pit-pit-pioy saying fast) and if you increase
more “pit-pit-pit-pit(by saying faster than the previous ones)appears
continuous.

Frequency of the codes is almost two times grehger the previous context.
By this way, without using “quantization” term, thastructor explains the
discreteness and the characteristic of discretefadssvedness). In addition, he
explains it is the nature of energy and just semnoinly bound particles by
explaining the harmonic oscillation of electronowéver, the results show that
although the instructor uses such diverse explamatio explain the quantization
of energy in the blackbody radiation and ultravialatastrophe context, none of
the students has the SM. In addition, the PSM (stuglent) and ShM (two
students) are also used very limited. Most of tluglents do not make relevant
expressions (seventeen students) and eleven of dhemsed fragments. This is
interesting result and the reason might be theesiisd familiarity with these
concepts, and not make sense of the relevant can@ep a blackbody, blackbody

radiation, emission etc.). When St25’s knowledgganization is examined, this
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student does not use a model in this context.

Context 3 is the “Energy levels and atomic spectfdie frequency of the
codes considerably increases in this context bylagipg boundedness,
discreteness and natural characteristic. The icistristresses the discreteness by
stating “discontinuous” term many times (69 timas§l showing energy levels by
using body motion by drawing levels in the air by tight hand. He also explicitly
stresses the “boundedness” of the particle indigatie quantized energy. Finally,
the instructor uses the “quantization of energyergy is quantized” statements
twelve times by explaining the quantization of gyein this context. When the
models of students are examined, almost half of ghuielents mainly present
models, and great proportion of these models isposed of models indicating
discreteness. In this context, five students ugeSN and six students use the
PSM. This result is better than the previous oséwe there is an increase in
students’ use of scientific explanations. In thareiation of St25 to see the
influence of classes, this student uses the SMisncontext.

Context 4 is the “Particle in a box” to explairethuantization of energy. As
similar with the previous context, great numbercotles is identified explaining
boundedness, discreteness and natural characteristiaddition to stressing
discreteness or/and discreteness characteristcjntructor explicitly explains
“boundedness” condition for a particle to have dizad physical observables. He
also implies its’ natural characteristic explicitin the explanation of energy
gquantization, the instructor uses “quantizationfdizad” terms six times. Most of
the explanations of the instructor is verbally expéd regular statements, stress of
the mathematical elements verbally, and exemptifioa of the board. As similar
with the previous context, he also uses body lagguadn addition to these
methodologies to explain quantization, the instiucalso uses “instructional
methodology” that is inquiry. After writing the engy condition for the particle in
a box, he requests students interpreting the equdly this way, students arrive at
the discrete nature of energy for a bound particlé these energy values are only
allowed values. Possibility of the physical exiserof “particle in a box” is
discussed with students. Again, he uses analoggdmgideringparticle as a
human being obeying the laws of state and doing altbwed behavioras similar

with having allowed values in the quantization. \Whstudents’ models are
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examined in this context, almost half of the stuserse models and eight of thirty-
one students display SM. The results show thatesiist making sense of
quantization more facilitates the development ofntak models. When St25’s
model is examined, he uses the SM in this context.

Context 5 is the examination of quantization inatkonic Oscillator”. In
this context, by comparison with Contexts 3, 4 &nthere is considerable decrease
in the use of scientific elements indicating boulmss, discreteness and natural
characteristic. Although the instructor explicittyresses the boundedness of an
electron having harmonic motion, the instructor areuses the quantization of
energy, quantized energy, energy is quantized” demuhile explaining the
quantized energy for quantum harmonic oscillatorhew the instructor's
methodology to explain quantization is examined, rhainly uses verbal and
written statements on the board, and diversityhef methodologies used in this
contexts is decreased. In the teaching of the @eghtenergies of harmonic
oscillator, the instructor firstly reminds studeratiSout its classical explanation.
However, the results show that students still donmake sense harmonic motion in
quantum systems. When the models of the studergséxamined, it is observed
that just one of thirty-one students uses a mdsleM) to explain the quantization
of energy. Almost half of them do not give answed &ight of thirty-one students
gave irrelevant answers. St25 also does not angwgeguestion. This is the most
problematic context in terms of model usage soightindicate the influence of
some other elements in this context.

Context 6 is the last context to discuss the deativn phenomenon in the
atom. As similar with the examination in the texaks, atom is also examined for
both the Bohr model and quantum model in this eacfrhis context is important
in terms of examination of the quantization of bettergy and angular momentum.
In the first part of this context that is Contexta6 the instructor uses
“quantization/quantized” terms more than the presiones. For example, in the
Bohr atom he uses three times for the energy quatith, and seventeen times for
the quantization of angular momentum. The frequesicyhe codes is great to
explain boundedness, discreteness and natural ctbastic. In addition, the
instructor uses all these elements explicitly wkdlaching the phenomenon. While

using mainly regular statements verbally, he alsesubody language in this
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context. The models displayed by students are enaniit is observed that five

students can explain the energy quantization hygusie SM; and six students can
explain the quantization of angular momentum byagishe SM in this context. In

addition, great proportion of used models is coradosf SM. In contrast, when

St25’'s explanations are examined in this contegthbver uses a model in this
context.

In Context 6.b, the stress of quantization teroréased more. These terms
are used for the quantization of energy totallyrtiydive times; and they are use
fifty-three times for the quantization of angulaommentum. This is parallel with
the textbooks since the quantization of angular emom is discussed for both
magnitude and direction of the orbital and intringhgular momentum (spin). The
frequency of the codes for this context considgrafitreases since almost 2/5 of
all codes belong to this context. While the explamaof discreteness element
increases too much, the statement of boundednessianral characteristic are
almost used with same amount. However, the ingrigttongly stresses “natural
characteristics” in addition to “boundedness, ditmmess or/and discreteness
characteristic’. Verbal notifications indicating agdization increase in the
methodology of explanation of the phenomenon. Bladguage is also used more
in this context. When students’ model usage in tloistext is examined, limited
number of models are used (for quantization of @nene student, and for angular
momentum two students). Most of these models aseientific. This result is
interesting because, although these issues arasdest longer than the previous
contexts, students do not display more models iayiacluding SM more). On the
contrary, they give irrelevant answers, and usgnfients to be able to answer the
questions. This might be the result of another@sinfluencing model usage more
in this context.

After the determination of instruction as an emédrsource influencing
students’ mental models, the other elements relatgdinstruction are examined.
These are: Attending the classes, note takingdrclfisses, preparation for modern
physics before and after the classes, doing homewtudying for examinations.
Specification of these elements as a source infingnstudents’ mental models,
my approach was the same with the previous oneexByguting the information

obtained with the interviews by students and thdifigs presented in Table 4.4, |

162



got some patterns about the change in the numberodel usage, percentage or
robustness of SMs etc. Then | determine which e$¢hsources have influence on
students’ models.

In the interviews, eleven students state that repare for modern physics
before the classes, and twenty of them state kiegt dlo not. In addition, eleven
students (different eleven) state that they stdthr the classes regularly; fourteen
students state that they rarely study; and sixestisdstate that they never study
after the modern physics classes. They state differeasons about preparation
before and after the classes. When students’ maalelsexamined, all of the
students (four students) who never use modelsdrctimtexts explain they never
study before the classes, and two of them alse $tety never practice after the
classes. | do not have clear evidences about thesmte of studying before and
after the classes on students’ models. So, thadindjs indicate it is not a single
element influencing models; however, it might iefhce together with others.

In the examination of students’ attendances in dlesses, twenty-five
participants among thirty-one participants attemthe classes regularly (more than
75%) and the rest of them state that they atteodnar 75%. In the examination of
the influence of physically attending the classess, identified that twenty-one of
twenty-five students construct “coherent structyréeat means they develop
mental models, no matter they are scientific ociemgific. However, four students
do not have models in spite of attending the ckssgularly. In addition, an
interesting result is belong to the students whaakattend classes regularly. The
students who do not attend the classes regulaglsept model structures more. The
number of models used by these six students wiendhthe classes around 75%
vary from 2 to 5, and most of the used models &fs.3n conclusion, attendance
is not an “independent” source for students’ madetsvever, it may influence
other elements, and has an influence with othemetts related with the
instruction.

Twenty-four of thirty-one students take notes logirt notebooks during the
course. Twenty of students taking notes statettteat took notes exactly the same
with what the instructor wrote on the board. Initidd, they state that they do not
query what is written while they are taking notaisd they explain that they write

without interpretation what they wrote. In the exaation of students’
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explanations in three groups over the contextbskeove that while model usage of
the students who take notes exactly same with ribiuictor and a bit different
from the instructor are, 23.3% and 22.2%, the sitglewho never take notes
display more models (30%). The percentage of SMHerstudents who never take
note is 52.6%. In addition, four students who naex& models in the contexts are
the students taking notes as exactly same witlindteuctor. Taking notes without
interpreting might prevent students’ organizatiériheir knowledge by sticking to
what the instructor told. In conclusion, note takimight be a source influencing
students’ models.

In addition to the independent analysis of thdsenents related with the
instruction, Figure 4.21 presents the models oflaits whoattend the classes

regularly, study before and after the classes tak®l notes in the classes.

CODE |GENDER |DEPT |context 1 context 2 |context 3 [context 4 |context 5 |context 6.a1 |context 6.a2 |context 6.b1 |context 6.b2
ST1 F PHED NM Shm NM NM NE NM
ST6 M PHYS NM NM NM NM NM NM
ST1I0  |M PHYS NM CNAL NM NM
ST12 |F PHED NM NM GINAL NM NM
S22 |m PHED INA NE NE NV eS|
sT24 |F PHED NA LN A NE CNAL NE NM
ST29 |F PHYS Shm N NE NE NE NE
ST30 |F PHYS NE NE | Nm | N Shm NM NE NM NM

Figure 4.21Models of students who attend the classes reguksttldy before and
after the classes, and take notes in the classes

As it is seen in Figure 4.21, each student hasdeirat least one time. Since
the instruction provides pure information about theantization of physical
observables, attending the classes, and takings rastd getting this information
and making it “knowledge” by studying prior andeafthe classes might facilitate
knowledge organization requiring for model develepin

In the interviews, most students state that tleep@mework regularly. They
explain doing homework is effective (1) to show feliént examples about
concepts, (2) to make them to interpret and diselssit the concepts, (3) to
recognize their mistakes, (4) for preparation faras, and (5) to make them study
for modern physics. However, they never explaimgdiomework and studying

for the examination contribute their understandiofy quantization. Since
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homework questions are mainly mathematical, theya@x that they tend to focus
just to solve mathematics without interpreting tpRysical event. Although
students explain doing homework is helpful for thenderstanding, | cannot
observe a direct influence of doing homework omlets’ models.

In addition, students take two midterms and al faxamination. Although
the students explain that study for the exam muoabst of them explain they do
not ask questions to the instructor and the astsstaefore the exams. Students
believe that studying for the exam contributesrthederstanding modern physics
overall. However, students explain they mainly ®a@n problem solving when
they study for the exams. Their explanations in$kd-Evaluation Interview and
their robustness to change their models afteritte €xam show that studying for
final exam does not influence students’ mental rwdéout the quantization of
physical observables. As similar with homework,ol bt interfere to the setting
and do not ask quantization specific questionfienexaminations and homework,
| do not have direct evidences to talk about theitseof the influences of doing
homework and studying for the examinations to mem@dels. In conclusion, |
cannot explain their influences on students’ madels

Second issue about the instruction is “the attitofiehe instructor”.The
attitude of the instructor towards the course andents is positive. And he is a
motivated instructor, and he always tries to maévatudents when they are
unsuccessful (in the exams) or cannot answer tlestiqus asked in the classes.
For example, in a class that the instructor reguesidents to explain “space

quantization”. None of the students answers, aadn$tructor tells:

Instructor: Pay attention! The most important thing for you asderstand that you
do not understand what you read. So this showsdgouoot pay attention to
what you listen and what you read! We can classify reading into three
parts. | do not mean just reading the book, | measerstanding an event, a
text etc. First one is “reading with discussing”.h&¥ is reading with
discussing? Discussing what you read, what you wewhat you listen.
Discussing and making sense in your mind. Secora isrfreading with
obeying”. It is taking information without discumgj just like dogmas. You
do not ask the reasons, and you say ‘I believeTltis is the second one. And
the third one is “reading with refusing”. You reahd then refuse. |
understand that, your reading seems in the thitdgoay while you were
reading the exam questions. You read the questindgefuse to understand.
You do not try to understand. However, you mustireéh discussing! You
should not read as second and third ones. Pleasasdi the meaning of the
terms in your mind. You are physicists! You mustthis.
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Another example is about motivating the studen® wannot answer the

guestion asked in the classes. The instructor eéages students by saying:

Instructor: Try, try, and succeed! Don't give up! Don’t give anything! Try, try,
and try!

The feedback of the instructor is constructive. Whe student cannot

succeed to explain a physics concept, the instrtelis that:

Instructor: Some of you try to explain, try to open foldersyiour minds, but
cannot reach the files inside the folders exactly.

The instructor also states about meta-cognitiveues implicitly. He

motivates students about being aware of themsélvasaying:

Instructor: Being aware of yourself, and evaluating yourse# ane of the
important things. You should evaluate yourself, aallie yourself!

He also implies the importance of linking the cagueeand transferring the
knowledge into another context. After the annoure@nof the results of second

exam, the instructor warns students about thesesdsy saying:

Instructor: Dear students! You remember we solved a questidherclass similar
to the question in the exam. However, in the classasked square of x, but
we asked cube of x in the exam. In the exams, waaiqust want see your
knowledge. We would like to see your linking thencepts in different
contexts and use them. You should learn linkingcthrecepts. For example, in
the exam, most of you told that there was no infdiom about the atomic
mass number of oxygen atom. But there was infoomasibout the atomic
number of the oxygen. We want you that you shoutdl fatomic mass
number by using the information about atomic number

Again, after the exam, he motivates students bindryo understand the
reasons of problems in their modern physics legrrite also gives feedback about

students’ exam performances.

Instructor: Examine yourselfl Maybe you are making a mistakenesohere.
Maybe you do not listen carefully. Or, you are sttdying the textbook, you
don't fill in the gaps in previous lectures. Or,ngething wrong with your
studying. It is not maybe a regularly studying. Yjast study one day before
the exam. This makes students unsuccessful. | tliknmov... You should look
into yourself. You must be careful! Another thinggu may be difficulty in
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understanding the questions. Mostly it happens. danit solve different type
of questions, or, you don't try to solve questionymur own. If you don’t
understand, please come and ask. You do not ask questions in the class.
Then | think that you understand, and | expect sssftl exam result. But
there is an unfortunate result. However, never gipkYou must always be
optimistic, not pessimistic. So you get succeedj get still good grades if
you explore where the mistake is. So you have amothidterm, final,
homework, quizzes. | give you many chances. Yowehavcreate your own
chances. How you create your chances? “By studyisgt OK?

He also gives importance to students’ recognitidntieir mistakes in
homework, and learning from the correct ones byking their homework papers.
Therefore, he commonly reminds students to chedir thapers. While the
instructor provides extremely positive attitude andtivation toward the course
and students taking the course, | cannot seeristdnfluence on students’ model
usage. However, this might contribute indirectly Wgcilitating students’
attendance to the classes, their enjoyment inldsses and doing requirements of
the course etc. as the attendance.

In conclusion of overall of these results aboutringion and the elements
related with instruction, | can state that the arglions in instruction and some
elements related with instruction together (nokentg prior and after study + note
taking+ attending the classes regularly) have @rfae on students’ use of models.
While taking notes by attending the classes anaigdpirior and after practices
independent explanations in the classes facilitagke knowledge organization
explicitly, omitting the existence of these acieét and explaining what and how

explained in the classes show the influence of efésnon models implicitly.
4.2.1.c Topic order

Topic order is examined as another external sounfteencing students’
mental models. | define it as the arrangement oflano physics concepts while
teaching both in the textbook and the classestrdter to explain topic order, the
transition from the theory of relativity to the oguiam theory is examined both for
the instruction and textbooks. In addition, studeakplanations in the conceptual
and Self-Evaluation interviews are interpreted tbge One main consideration of
topic order is the presentation of the quantum rhgost after the theory of
relativity chapters both in the textbooks and thesges. Although this issue is

considered by the authors of the textbook and tistrictor, students cannot
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recognize the discrepancy between these theorieaube of considering the
continuity among the chapters.

In Textbook 1, the quantum theory starts with Gea@ after the theory of
relativity (Chapter 1). However, the author expaihat new chapter is also central
for modern physics as the first chapter in theoittiction part of the chapter. In
Textbook 2, the quantum theory starts with ChaBtefter the theory of relativity
chapter (Chapter 2) again. As similar with TextbdoK extbook 2 says the “wave
mechanics” is the second theory in modern physicthé first sentence of the
introduction part of the chapter. In the instructisixth class starts with the

introduction of the quantum theory, and the indtiustresses it by stating:

Instructor: This is a general introduction to waves that ylwaaaly know even from
freshman, from optics or from high school. Theetidf the chapter is particle
properties of waves. Now we are advancing in hystdiime was nineteen
century, all belongs to nineteen century. Now weedo twentieth century
which is extremely important for everybody. So thitng us to discussion of
blackbody radiation... Quantum! Beginning of quantpinysics.

However, in spite of the notifications of the teotks and instructor,
conceptual and Self-Evaluations interview reveat #ome students have problems
about discriminating these theories.

In the conceptual interviews, students were relgde® state their reasons of
explanations. In addition, at the end of the seemgstudents were asked “In the
Modern Physics course, how often did you hear #reng ‘quantization’ and
‘quantized’? In which topics have you heard thenmf?”the Self-Evaluation
Interview. The results show that out of twenty-ngiadents, twenty-one of them
explain they heard or see the quantization termuiantum physics topics that is
after the theory of relativity chapter. Howeverptaf them state they do not heard
it in the classes; and four of them state they dhéiam the theory of relativity

chapter. Figure 4.22 presents the models of thesgtoups of students.
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. - CODE |GENDER DEPT |context 1 |context 2 |context 3 |context 4 |context 5 |context 6.a1 |context 6.a2 |context 6.b1 context 6.b2
intherelativity  fsm Je  lous e [ e | [ |

chapter ST11 M PHYS NE
sT21 | PHYS NE
. lsma e PHYS NM
I have not heard it
[sT24 [r [PHED[TENE]  NM
|sm26 [m |PHED]  NE NE CITMALLE

Figure 4.22Models of students who have problems in discrinnomedf the
concepts of the theory of relativity and the quamtheory.

Figure 4.22 indicates that the students who cadisgriminate these two
theories mainly have unscientific models. The raasuf influencing use of mainly
EM and AM might be the result of the inappropriatansfer of the codes
(concepts) “Einstein Relativity” and “Change” thaae considered in the theory of
relativity, respectively. In contrast, among th&tden students having SM, twelve
of them are aware of the difference between therthef relativity and the
guantum theory. For example, the following two stutd having SM -St8 is a
physics education student and St15 is a physickests- imply that they heard or

see “quantization” term in the classes severaldime

I :In the Modern Physics course, how often did your lilea terms ‘quantization’
and ‘quantized’? In which topics have you heardrthe

St8 : Many times. It started with quantization of energynm... It was already not
in the relativity. It started after it. That meahghink in the atomic structure.

*kk

I : Well, in the Modern Physics course, how often dil yhear the terms
‘quantization’ and ‘quantized’? In which topics leayou heard them?

Stl15: Several times, especially in the last topics.

| :Towards to end... All right.

St15: Yes, it does not exist in relativity... It is aftelativity.

| : What is the reason you did not hear or see this e the relativity?

St15: Umm... Actually, the beginning of the textbook art tbeginning of the
semester are so different from the last conceptsleaened. They are
different.

The following excerpts present the explanation widents who cannot
discriminate these two theories. For example, Stllso physics student and she
displays the AM in all cases of the quantizatioploysical variables. She mentions

this issue in both Overall and Self-Evaluation iviewvs. The excerpts from her
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interviews below:

I : Can youtell me the experiments showing us the quantizaifeenergy?

St9 : Umm... In the relativityZby speaking aside)lJmm... How was it? Actually
energy is not quantized, isn't it?

I : Why do you think so?

St9 :Umm...

I : Why are you not sure?

St9: | really do not know(smiling)

... text exists here...

I : All right, in the Modern Physics course, how often did your ltha terms
‘quantization’ and ‘quantized’? In which topics leayou heard them?

St9: | heard that a few times.

| : Do you remember where they were?

St9: | remember | heard that at the beginning of thmesder so much... Umm...
Mostly | heard at the beginning...

| : Beginning!

St9: Yes... Mostly | heard in the relativity topics.

Next student is a physics student, and he disptey&M and AM. He states

the reasons of his explanations like that:

I : All right, what was the reason of your explanatisriike that? That means,
let's say “quantized”, did you see this term esgiécin the relativity topics?

St21: It comes to my mind like that.(Waiting a minute). Yes, in the relativity.
Probably in Chapter 2, there were mass, relativisiass. They came to my
mind. | remembered something like that about qaatitin, so | wrote like
that(in the test)

For example, St23 is a physics student and sheth@sAM about the

quantization of energy.

I : OK, in the Modern Physics course, how often didi ywear the terms
‘quantization’ and ‘quantized’? In which topics leayou heard them?

St23: | have not heard it in the class... Maybe the irdtutold but | missed it. |
remember | told that velocity and other things wguantized in the previous
interviews. Umm... May | show them by using the texik?

| :Sure, these are the textbodky presenting textbooks to student ).

St23: (Student is scanning the textboddjnm... Relativity! Actually | am not sure
but, it (quantization)is especially considered here. Because there ktech
variables here. Especially “velocity”. Because ‘#m“velocity” were here.
This was the starting.

With these results, | can conclude that studensgrinination of these two
theories has roles on the development of their ahentodels. While the

discrimination of these two different theories fdaies SMs; not discriminating
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them seems causing inappropriate knowledge trgnafel facilitating the use of
unscientific models. Therefore, topic order in mwodehysics course is an external

source influencing students’ mental models of gaation.
4.2.1.d Classmate

Social environment provides media to students ldpvaental models. One
of these social environment is emerged with a peer friend in educational
setting. | call “classmate” as the friend(s) whdondents interact with in and out of
the classroom setting. Main consideration of thi®pprty is “long term”
engagement with each other. That means, studemtswicall as classmates have
spent time together for at least three semestdrighvs from the beginning of the
first year in the department. In my data, there Hree groups with this
characteristic. While two of these groups are caedoof two students from the
same department (physics), the other group is gosite of three students, two of
them are from the physics education department, taadlast one is from the
physics department.

In this section, | aim to examine whether there aB interaction
between/among the students in each groups. As asimilith the previous
examination of the sources, | examine the influevica classmate implicitly and
explicitly. For example, after the identificatior the models for each student, |
compare the models of students in each pair. Thithe implicit way of the
examination. However, by asking students directiw lthey were interacted with
their classmates, | also got some data about hodests were influenced from
each other. Then | decide classmate is a sourcenting students’ models or not.

By considering all participants of the study, stoid’ explanations in the
interviews provide an overall perspective aboutishts’ ideas about classmates
while doing homework, or studying for the exam étcaddition, many students
state that they discuss on modern physics coneéfitgheir classmates in and out
of the classes. Students mainly express that thmy ebout the discussions, and
by this way, they could make sense some physicsepds easily.

In this study, | examine each three groups assciate”. While the first pair
displays mainly scientific model, the second orspldiys unscientific model. Third
group is partially different from them, since isgiays almost scientific with the
use of both PSM and SM. Figure 4.23 presents théetacof students who are
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considered as classmates.

CODE GENDER |DEFT context 2 |context 3 |context 4 fsntsrrslfsntsxt E.lf:mrsxr 602 |contextE.bl |context 652
3712 £ FEYD

First group

Second group [z ¢ akall
EEE [phivs

5T2
Third group |51z
5730

Figure 4.23Mental models of students who were consideredassulates.

First pair is composed of St6 and St15. Both @ $tudents are physics
students, and they are enthusiastic students to [@#a/sics much. St6 is a male
student and St15 is a female student. St6 is orteeoktudents examined in the
core group, and St15 is from the secondary grobps@ two students are always in
interaction with each other, for example they dmmbwork together, study for the
exams together, sit in the classes together, arddsgime out of the classes
together.

In the examination of students’ models, it is st#eat both of them display
SMs about the quantization of energy. It is intiingsto see that their scientific
explanations are in the same contexts- energydearal particle in a box (Contexts
3 and 4). In addition, both of them do not use nofier the quantization of light
and angular momentum. Another common point of tletgdents is that students
have pure model states which are scientific. Ireothords, they do not use other
models at the same time over the different conteksame domain, so they have
just use SM.

They also think that a classmate might have aluente on learning. St6
explains this issue in the interviews like that:

St6: | mainly go to the classes with my best frief8t15) we sit together, we
discuss on physics, we do homework together. Adaimve are together in
the laboratory sessions. It is because we haveod dialog with each other.
We discuss on everything together, because peapl®wly discuss with the
people that they know well. If you know a persopuycan know his/her
mental structure, his/her way of thinking. In addit if you know him/her
for a long time, you can be sure about he/she watiable source when you
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asked a question. | know hést15)for two years. | hang with hg6tl15)at
the beginning of the first semester of freshman! 8oow how she thought
and | trust on her knowledge. So, | can ask questto her easily with no
doubt. So, we can discuss with each other.

*kk

St6: We discuss physics concepts like that: For exanifléhe situation occurs like
that, what happens then? This one or this one?ti&ss on physics topics
like that.

*kk

St6: Sometimes, while walking with my friends togethtiey might be a source for
learning physics. For example, they may joke armgh tive try to understand
the joke, and try to make physical explanations.

*kk

St6: Doing homework togethgwith St15)is always better than to do by myself.
Because | am not an expert on physics, so sometinoasinot recognize
some important points of the concepts. If you betitlea of another person
that you trust on, producing an idea is very plaadaeling. | like it too
much.

St15 uses almost same statements about the infludrtbe discussion with

St6.

St15: Discussion with each other is vengeful for me. Discussion on physics is
better than to think about the concepts by mysgH.(St 15 and St6iry to
do homework together. We open the textbook and iseuds about for
example what the physical explanation of the qaestias, which formula
would be used for the questions etc. We discusalgmocess.

Second pair is composed of two girls. They are alsysics students. This
pair is composed of St29 and St30. Both of theesttglare physics students. They
are enthusiastic students to learn physics, buetrsudents are too anxious
students about learning physics. So, they are gnaimsure about their answers in
the interviews. Both of the students are secondesyp participants of this study.
As similar with the first pair, these two studeate always in interaction with each
other. For example, they do homework together ystodthe exams together, sit in
the classes together, and spend time out of tlssedaogether.

In the examination of the second pair's modelss geen that both of them
have the ShM about the quantization of energy hag tlo not have any model in
the quantization of angular momentum. However, ant@ast to first pair, these
students use the ShM different from each otherdmyguin the different contexts of
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energy quantization. These students have pureanig@ model state which are
unscientific. More specifically, they only use tlM over different contexts.
They also do not use other unscientific models.iktaypure model state is an
interesting result common for both pairs.

St29 and St30 explain their discussion with edbleroabout modern physics

concepts. The following excerpts reflect studeintsas:

St30: We (with St29)discuss on some topics. We have discussed edpemiathe
concepts at the beginning too much. We discussoomelvork questions and
| learn too much by discussing together. | alsorled in the classes but |
understand by the discussion on the examples rt@a@;ned more.

*kk

St29: | studied with my best friendSt30) You can understand better by
discussions, then you can fill the blanks in yoonderstanding easily.

Third group that is considered as the classmatengposed of St2, St8 and
St20. St2 and St8 are physics education studemdsSE0 is a physics student. All
of the members are males. The difference of tresigifrom the previous ones is
that these students are more independent from @heln than other two groups.
That means, these students spend time with eaeh miiinly to discuss on modern
physics topics. In this group, all of three studgmiesent a great success in the first
mid-term. They are hardworking and calm student8. &plain that he likes

discussing on modern physics topics with his freehice that:

St8: Yes, we discuss. There are many topics to be siecli | like it.
I : For whom do you discuss?
St8: X (St2).. | discuss withy (St20).

St2 presents mixed model state in the explanatibrthe quantization
phenomenon. Similar characteristic with the presiqairs is displaying pure
model state of other group members. That mean§, I8i8 the PSM in Context 3
as similar with St2, and St8 has the SM in Confextas similar with St2. This also
might be an evidence for the influence of St2 dhedtd St20 separately.

To summarize, for the pairs called as “classmate&an be interpreted that
the students who are in interaction mainly withirtipairs have pure model states
no matter the models are scientific or unscient¥éhen the groups are in more

complex nature including more than two students, @fithe students might also be
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a source for other two students having pure motés again. In conclusion, |
conclude that classmate has influence on studemsital models, especially on
model states of students.

4.2.1.e Extra sources for learning

In addition to the environments emerging in the riatary of the course,
students may interact with other sources that atedatermined by the course. |
call this type of sources as extra sources thaterermined by the preference of
students. By the examination of students’ interggelndentify basically two extra
sources such as “internet” and “other books” thadents use for learning modern
physics concepts. Figure 4.24 presents the frequeficuse of extra sources

together with the textbooks.
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Figure 4.24Students’ use of other sources for learning.

Although extra sources are not basic sources“tidedbooks”, results show
that seventeen of thirty-one students use extreceswsuch as internet and other
books to understand modern physics concepts motlel examination of models
of students who use extra sources, fifteen of tbeplay models. However, in the
examination of students’ answers to the questiorhdWare the most effective
sources that shape your understanding of the quagioth phenomenon?”, none of
the students states that the extra sources arentiiesources for their understand

guantization. In addition, in the examination afdgnts’ answers in the conceptual
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questions, | do not have direct evidences abowtestis’ use of the information
from extra sources such as different notificatipaitern of explanation, etc. Based
on students’ answers in the Self-Evaluation andlaggtions in conceptual
interviews, my data do not give me explicit or imjtl evidences indicating the

direct influences of extra sources on students'talenodels.
4.2.2 Internal Sources Influencing Students’ MentaModels

As similar with external sources, internal sourceight have roles in
development of students’ mental models. In conttastxternal sources, internal
sources are “student dependent” sources. In otbedsystudents have a power to
control their learning by manipulating these in&rgources. In this section, |
mainly focus on four basic internal sources. Rinste of them were emerged from
previous literature examining students’ physicsrgsy by influence of them.
They are meta-cognition, motivation, and beliefst fre meta-cognitive, affective
and cognitive elements, respectively. The last @aeiliarity and background
about the concepts) was emerged from the datataisdspecific for a modern
physics course case.

Because of the nature of my research, in this lpdd not examine meta-
cognition motivation, and belief, by using questiames and inferential statistics.
However, by examining students’ explanations, | ema&me inferences about the
sources and | try to understand the influence e$¢hsources on mental models by

qualitative claims.
4.2.2.a Meta-cognition

Meta-cognition is examined as an internal soulrtehis section, | examine
students’ meta-cognitive ideas in three partsag@areness about cognitive process
and knowledge, (2) satisfaction about knowledge, @) regulation of cognition.
While doing this, | focus on students’ explanatimisthe questions in the Self-
Evaluation interview “When you consider your leaqi did you ask questions
such as ‘What am | doing? How do | learn? Why digain?’ to yourself? Do you
have any idea about your knowledge (what you knod/ @ not know) and your
cognitive process? Do you have some strategiestabow you obtain the
knowledge better? Do you believe you understand ghantization of some

physical observables?”. By this way, students mtevexplicit evidences about

176



their meta-cognitive states.
About the first issue “awareness”, Figure 4.25 samzes students’ meta-

cognitive evaluations about themselves.
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learning learning lzarning but not
have an answer

Figure 4.25Students’ meta-cognitive evaluations about theneselv

As it is seen in Figure 4.25, almost half of thedsints ask some meta-
cognitive questions to themselves about their iagrniMoreover, others are not
aware of their learning. The examination of studeatvareness and their models
show that the percentage of displayed models kjests who are aware of their
learning is 27.1%. This ratio for the students, vdeonot inquiry themselves, is a
bit low (21.2%). Two of the students, who neverptiy a model, state they are
aware of their learning, and last two explain tlaeg not. For example, St16 is a
student who does not use any model in her exptamatiShe explains her reasons
of why she does not query her learning.

St16: No... | did not ask to myself..(Smiling) Actually, | told myself “I should
learn them”, and then | learned.

Another example is from St24. She is a student wdes an unscientific
model (AM) in one context, and she mainly doesamswer the questions.

St24: No, | never queried mysglémiling) | mainly do not think that why | took the
courses. | never think why they would be usefulrfa or not.
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In contrast to St16 and St24, another examplenigelto St17 who is aware
of his knowledge. He has the PSM for the quantmawf light and angular

momentum. He expresses how he queries himselfiae

St17:Yes, | query myself too much.

I : Do you examine what you know and do not know?

St17: Sure. | always think about it. While | am studyiplgysics, everything seems
to me so meaningless.

| : Then, do you give up querying yourself?

St17: (Smiling). Physics is so exciting, and it captures me ancel é@od while
learning.

Although | observed that the students who are awhthemselves present
more organized knowledge structures than others, itiformation does not
provide extra information about the use of speciftdels.

At first, we can talk about the “awareness of krexge” is important for the
organization of scientific elements. However, inliidn to querying themselves to
be aware of their knowledge, we see that “satigfattabout this knowledge is
also important. Among eighteen students who inqthigir learning, eight of them
are satisfied about their knowledge. By compariggih the percentage of the
model usage of related with the awareness of krayeethe percentage of model
usage of students who are both aware and satedbiedt their knowledge is 30.6%.
That means there is an increase in the percenfadjspdayed models. When their
models are examined, these students display orég tiype of models such as the
the SM, PSM and ShM, and almost half (54.5%) ofrtla@e SMs. The increase in
model usage indicates that satisfaction of knowdedgcilitates knowledge
organization. In addition, increase in the usehef $Ms indicates iterative relation
between satisfaction and scientific knowledge. Timaans, when students are
satisfied, they construct scientific knowledge; witbey scientifically organize
their knowledge, they satisfy about their knowledge

One of the examples from the students who are bathre and satisfied
about their learning belongs St6. He states thairukerstands the quantization of

physical observables.
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St6: Umm... | think that | understand it. | can explainbiit | am not sure about
whether | can solve the problems about it or natt, B made sense it. We
saw “guantization” in the classes, in the textbdok much. Its physical
meaning is logical to me.

The students, who are aware but not satisfiedutatiweir knowledge
display mainly unscientific models. For example2iSthaving EM and AM,
also is not satisfied about his understanding. kglagns it by stating his

displeasure while making explanations like that:

St21:1 could not give good answers to your questiomgidss | have a problem with
my learning, or | forget what | learned.

The excerpt below belongs to the student who hasShM. This also

indicates her dissatisfaction about her knowledge.

St30: | think my understanding is not enough becausenderstand the concrete
concepts better. However, it is so abstract, asahhot visualize quantization
in my mind much.

The last excerpt is from St9, who uses the AM rdipusver the context.
Although she makes robust explanations, she isustdure about her knowledge.
Dissatisfaction about understanding the quantinatb physical observables is

seen in her explanations.

St9: | am not sure but | feel that | cannot constru@ doncepts. | do not feel |
understand it well. Maybe, | am guilty becaused bt study too much.

The final issue about meta-cognition is “regulatitihat can be defined as
the “strategies to regulate own cognitive procebsiividuals could control their
cognitive activities to reach a goal by regulatioh cognition. After students’
awareness and satisfaction about the knowledgéeofgtiantization of physical
observables, their self-regulative behaviors werarened. The results show that
out of eight students who are aware and satisffethar learning, six of them
stated that they have some methodologies for legrnThat means, these six
students have self regulative behaviors. Figuré #r2sents the models of these

students over the contexts.
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CODE__|GENDER |DEPT
sT2 M PHED
sT3 M PHYS
sT6 M PHYS

F
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ST7 PHYS
ST29 PHYS
ST31 PHYS

Figure 4.26Models of students who are aware, satisfied agdlaged their
learning.

The percentage of displayed models increases &setistudents (aware +
satisfied+ regulated their learning). When knowkedgrganizations over the
contexts are examined for these students, the mtage of model usage is 38.9%.
By comparison with the percentages of model usédbheostudents who are only
aware of their knowledge and the students who wereaand satisfied about their
knowledge, there is a great increase in studentsteinusage in this group. Figure
4.26 presents the distribution of the models oflsmis presenting three meta-
cognitive behaviors together.

Displayed models

ESM EPSM mShM

Figure 4.27Distribution of the models of students who are ayaatisfied and
regulated their learning.

As Figure 4.27 presents, the use of SM among etitelels increases from
54.5% (for aware and satisfied) to 57% (for awarsatisfied+ regulated). In
addition, when the total instances (use of any lohdnowledge structures) are
considered for each group, students’ use of SMe#ases from 16.6% (for aware
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and satisfied) to 22.2% (for aware + satisfied+utaigd). The following excerpts
are from the students having three basic meta-tegrbehaviors. St2 explains his

strategies like that:

St2: | got it. Actually | know | had a style to studin the first exam, | studied
modern physics topics every day. | increased tdyssiep by step until the
exam date. | studied whole day in the library justore the exam day. | can
say that if | have enough time to study, | feeaxell really give importance
to “understand” concepts. Just 1-2 hours practicegveryday are very
helpful. It also gives pleasure. For this reasostudy regularly by taking
pleasure. That means, for this course, | studythiat.

As it is mentioned before, St7 is a student whesttd understand the nature
of the concepts, and spends too much time forighige. She also states that she is
exactly aware of her knowledge, cognitive procdss @he has the PSM and SM
about the quantization phenomenon. She explainsne&s-cognitive control with

these words:

St7: | have a characteristic valid for my daily lifermust learn the “reasons” of a
something. | must understand it well. If | cannotlarstand the reasons well,
I cannot go forward. Then | cannot construct thieeotconcepts. | cannot
learn the whole of the topic... | must imagine itwbnder the reasons of
events too much. However, sometimes | think theosjtp such as “scientists
constructed the knowledge for long years. | carleatn the reasons of
everything in a short time, it is not easy, and empectation about learning
the reasons of everything is wrong. It is wrong ttg to understand
everything”. Then, | try to understand how the stig#s thought about as
possible. It seems so interesting to me. | wondew” they thought,
explained and then | learn.

As a final statement about meta-cognition, in timéerview with the

instructor, he indicates the importance of metantoge issues with these words:

Instructor: At the beginning of the semesters, | always advice to tmglents about
learning modern physics: “You should learn to 18arn

In conclusion, we see some evidences about awaresatisfaction and
regulation elements of meta-cognition are imporfantstudents’ mental models.
While being aware of learning increasing the peagm of model usage,
satisfaction with awareness both increase the ptrge of model usage and the

use of SM. Most of the students, who are aware satikfied about their
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knowledge used SM. In addition, variety in studemsdels decreases. Finally, the
use of all models and the use of SM among modelsnareased with awareness+
satisfaction + regulation of learning. As a finwltement, these findings indicate us

the importance of meta-cognitive issues on stud&ntsvledge organization.
4.2.2.b Motivation

Motivation is examined as an another internal seunfluencing students’
models. Motivation might direct students learningagtization in or out of
classroom environment and it might provide a wish them to understand the
concepts. For this reason, motivation is considased probable affective internal
source influencing the development of students’ emdn this section, | consider
two of motivational elements such as “interest” amility”.

While students answered the questions about ntativathey also gave
explanations indicating their motivation in the ceptual interviews. All these
explanations were examined to determine motivai®ra source influencing
students’ mental models or not. Figure 4.28 shdudesits’ feelings about being in

the modern physics classes.
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Figure 4.28Students’ feelings about being in the modern plsysliasses.

Twenty-six of thirty-one participants state thhey like modern physics
because they have wish for learning modern physicslifferent reasons. These
students explain that they feel that they learnsftsywhen they are in the modern
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physics classes. For this reason, they state liegt feel good and they wish to
learn modern physics more. However, four studetase ghat being in modern
physics is just as a procedure to be completedyfaduation. One student also
states she does not want to come to the classeseXgitains that she feels too
much anxiety when she is in the modern physicselmsThis student explains her

reasons about anxiety like that:

Stl4: It makes me anxious, because | have a prejudicgitdlearning quantum
concepts. So, | do not want to come to the classes.

In the student’s explanations, we see that pregudlmout learning quantum
physics creates anxiety, then the anxiety migHuémfce students’ motivation to
learn modern physics. In the examination of stuglgsttysical explanations in the
contexts, this student never displays a modeltheronvords, her knowledge about
the quantization of physical observables is notapized, and it is mainly
composed of not physical explanations (NES).

| examined the reasons of these twenty-six of ythirte students having
wish of learning about modern physics. Their reasaary due to their “interest”
and “future needs”. Some of the students state ridgty feel enjoyment while
learning physics. However, some of them state tthey learn modern physics by
considering the future.

Interest. Interest provides some information about studeritgfinsic
motivation, because motivation is provided with #rgoyment in the activities.
Among twenty-six students, seventeen give explanatiabout their interest of
learning modern physics. The students who are mi@ilto learn explain that they
enjoy while learning modern physics. The followiegcerpts from students’

explanations indicate their interest for moderngats/learning:

St2: | really feel that | learn modern physics not & good grades, | just want to
learn because | enjoy. The topics are so inteigstiil the instructor explains
them very well. | really enjoy while learning thaeans | come to the classes
not for attendance requirement.

*kk

St5: It (learning modern physic$3 not an obligation, it is just an “curiosity”very
physics student or everyone who likes physics wmsdend then want to
learn.

*kk
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St7: The concepts of modern physics are very intergstifike modern physics too

much. | also like the instructor’s teaching metHody, then | enjoy. That's
all.

*kk

St10: | learn a lot of new concepts in modern physicsrse. We(students)learn
the concepts that only physicists learned. Thisjzsortant for me because |

will be a physicist. These concepts are also ingmbror other physics major
courses. So, | take pleasure to learn it.

*k%

St18: Modern physics includes so many concepts. Whilmlattending the classes,
this issue is always in my mind. | am very enthstitato learn modern
physics. It is also more conceptual and less madkieal. While | am coming
to the classes, | think about it. I like it.

Utility. Utility can be considered as an external motivateement since
students who are motivated to learn just consider future profits. Nine students
provide explanations stating wish of modern phydeasrning for future. The
following excerpts shows students’ utility values:

St13: | want to learn modern physics, but not to getdygoades affect my wish of

learning negatively. Getting good grade from tha&rses is important for
applications master’s program of physics.

*kk

St20: If | continue to learn physics in the master prografter my graduation, this
knowledge will be useful for me. Because, in oritelearn advance physics,
you should construct the base for it first.

These two students, who are physics students, omeabiout the usefulness

of knowing modern physics is important for mastepi®gram. Next excerpts
belong to the physics education students:

Stl16: It is a new perspective. It makes me more knowlalieas a physics teacher
candidate.

*k%

St22: | really come to the classes by my wish. | beli@venhance my physics

knowledge too much. | will be a physics teacher #misl is important for my
personal development.

These two students, who are physics education ssidmention about its
usefulness for their subject matter knowledge infthure.
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In the examination of students’ models in termsintérest and utility, |
cannot observe a pattern about each element imflugmodels. However, when |
examine the models of students who have wish farnlag modern physics
(twenty-six), and not wish for physics learning ¢fuidents), the latter group
provides limited number of models. Figure 4.29 engs the tendency of model

usage and the models displayed by these students.

CODE GENDER |DEPT context 1 |context 2 |context 3 |context 4 |context 5 6.a1 6.a2 |context 6.b1 |context 6.b2
ST11 M PHYS NE NM NM  [FNA NM NM NM

ST14 F PHYS NE NM NE NE NE NE NE

ST17 M PHYS NM NM NM NE NM NE NE

ST19 M PHYS NE NM_ [HENAL NM NM NM NE
ST31 M PHYS NE NM NM NM NM N [ Nm

Figure 4.29Models of the students who are unmotivated.

When displayed models of these students are exdpine patterns seem
So strange because the use of models is consigdoabl The percentage of model
usage is just 13.3%. That means, the students wdma motivated to learn
modern physics resist to organize their knowledgad they mainly use
disconnected elements by scattering. In conclusionannot discriminate the
influence of interest and utility elements on stitdemodels; however, motivation

for learning is observed a source influencing sttslenodels.
4.2.2.c Beliefs

While quantum physics causing important discussimnslicting with the
previous physics explanations, it is also a prabaldcussion topic among physics
and physics education students. Since the idegsarftum physics are too new for
students, most of them need to state their belibfsut quantum physics while
explaining the concepts of quantum physics. Thaamegestudents’ explanations
indicating their beliefs were emerged in the inims naturally without asking a
specific question. By this way, | implicitly idefidd two types of beliefs
influencing students’ models in their explanatiaisout “quantization” in this
study. These are (1) beliefs about nature of seieaied (2) beliefs about nature of

quantum physics concepts.
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Nature of scienceStudents’ beliefs about nature of science are itapofor
their learning. If these students are physics dmgsips education students, their
beliefs about nature of quantum physics gain mongortance. Nature of science
includes students’ beliefs about scientific knowjed scientific methods, and
nature of theories, facts or formulas.

When | examine students’ beliefs of nature of széem observe that several
types of different explanations indicate studemstspective towards to science.
Because of classifying them as correct or not, tipesior negative etc. is
meaningless, | do not examine students’ mental lo@ying due to their beliefs.
However, | examine the beliefs of two groups ofients (1) the students who use
models (mainly scientific models) in the contexdad (2) the students who use
limited number of models. In addition, | got somgplecit evidences about
students’ beliefs emerging from their direct expldmons. More specifically,
students explain that they accept or not an idesewith quantization.

In the first group, St18 is a student who presentg SMs. He uses the SM
four times in the contexts. He indicates the difig of believing, accepting and

understanding quantum physics. Moreover, he explhiat he spends extra effort.

St18: Perspective of quantum physics is different frohe tclassical physics.
Therefore, our(students’) perspective was different until meeting with
quantum physics. It is the result of why we havidlilty in understanding
the concepts. There are very different explanatianguantum physics that
we have never seen before anywhere. | still thivélt bur perspective is in
the effect of classical physics. We approach to dlassical physics by
thinking it classically. We try to explain by usistassical physics. Actually,
quantum physics is so abstract. It is so far fraendaily life so it is difficult
to understand. Therefore, you cannot accept i@sidasily... Making sense
of it is difficult... It is difficult to believe it.lts perspective crosses with my
perspective and | need more time, and more effouhtlerstand...

St10, who uses the SM three times and uses the ¢ifeMime, give some
evidences about how his models are influenced fistly the nature of science,

and then what the instructor explained.

St10: Actually, we cannot produce new things in quanphgsics. We just need to
understand what the instructor explained. It iffidift to produce new
information.
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These beliefs indicate “why” individuals organizéeir knowledge.
Although students’ beliefs about quantum physiessamilar to each other, these
beliefs influence their knowledge organization msses differently. For example,
in the first one, St18 stresses that because ofliffieulty of acceptance of the
ideas of quantum physics and he explains he spewds effort to make sense.
However, the second one gives explanations showiag‘acceptance” of what
authority told us. That means, this student orgamtzis knowledge, by accepting
the explanations of authority in contrast to foee.

In the second group of students, who use limitechber of models, |
examine the beliefs of a student having SM (St8) &wo students having
unscientific models. St8 is a physics educatiomestt, who uses the SM in one
context and explains mainly by fragments in othentexts. He indicates his

difficulty in imaging.

St8: | still cannot visualize anything in my mind.

I : What do you want to expect? |Is something likead pecture?

St8: | do not know... Maybe | am wrong, but | still thiitkis just a theory. A theory
that examines everything by dividing into small tmdes. It also includes
classical physics. Maybe another theory may undedsthis theory well.
However, | believe thigguantum)s a theory, which can be falsified.

St19 is the student having radical ideas abounseieHe uses the PSM just
one time, and makes explanations mainly with fragseAs it is seen in his
explanations, the student’s beliefs have great ftapoe for his learning of

physics.

St19: Although passing from classical physics to quangplnysics, | still believe that
there are many missing explanations. None of tleaddis settled down.
There are always “assumptions, exceptions” etc.Ido abelieve that
“uncertainty” will be solved in the next years... Afysicists, we cannot
determine its position and momentum at the same.tinbelieve someone
will do that later...

*kk

St19:1 think, science is oversimplification of the woitito the books. It is so
arrogant. It is not needed. Therefore, although lbaphysics student, | do not
want to be a physicist. | dislike the idea “I wkthow everything”. | think this
is the reason.
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St27, who uses the ShM in two instances, explamsske cannot be sure

about her explanations.

St27:Why am | not sure? Because, there is not only ap&aaation for the physical
situations in quantum physics. Different explanagionay exist. It is abstract
and provides different explanations to us.

*kk

St27:1 believe there is not only one true explanatidénve are in quantum physics, |
am sure that there is not one true explanatiomethge some others.

The common influence of these different beliefshis students’ resistance
towards knowledge organization. These studentsirpnghe nature of quantum
physics and they do not accept its explanations.wibout accepting the ideas,
they might resist to understand and integrate if@mation into their knowledge
systems.

In addition to the implicit links examined betwestudents’ beliefs and
models, | also got some other implicit evidencesuabstudents’ models and
beliefs. Following two examples present how stuslemxplanations in the
conceptual interviews are influenced from theindfsl

Stl7, who uses the PSM in two times, indicatesciditeness” in his
explanations. This student’'s explanations in theceptual interviews reveals that

why he gives explanations stressing discreteness.

St17: | believe there is no infinite smallness... It shibbke discrete(Smiling) | do
not believe infinite smallness, so everything stce discrete...

*kk

St17: 1 do not believe infinite smallness...There is justdiscovered explanations,
not infinite smallness... It is not perception; it tise nature of quantum
physics... Discreteness is absolutely nature of at@ystems.

St11, uses the EM and PSM in two contexts; howedwennainly explains
with fragments (NMs). In the explanation of the agliEation of energy and angular
momentum, he uses the “discreteness” fragment. Menyéhe states this idea

seems absurd to him.
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St1l: Actually, this discreteness, these jumps for Bohrother systems are so
absurd to me. Quantum is always absurd. This i®piryion.

In conclusion, beliefs about nature of science miggve implicit role on
students’ mental models.

Nature of quantum physics concep@uantum physics is abstract and
counter intuitive by comparison with the classiphisics. Therefore, learning of
quantum concepts might be influenced both fromrtarire of quantum physics
concepts, and students’ beliefs about nature afitgoaphysics concept$his part
examines the beliefs about the structure (abstastncounter-intuitiveness,
mathematical formalism etc.) of quantum concepts.sfnilar with the previous
part (beliefs of nature of science), in this pagtxhmine the beliefs of two groups
of students. Because students present more différeliefs together, | do not
classify their beliefs. In the first group, | examaithe beliefs of students’ who use
limited number of models or not use models.

For example, Stl is a student, who uses two un#fotemodels to explain
the quantization of energy. She also has some ptmaleproblems about quantum

concepts. Her beliefs about the quantum concepts ar

Stl: When | understand the concepts, | can solve thblgmts easily. However, in
the quantum physics part, | have difficulty to ursiend the concepts. The
concepts are so abstract and it is difficult to ena&nse of them.

Stl4, is a student, who does not use models in manthe contexts.
Although she is a physics student, she does not Wwarbe a physicist after

graduation. Her beliefs about quantum conceptsila¢hat:

St14:1 think | do not like quantum physics. At the firbfelt that | do not want to be
a physicist while everybody was impressed from ¢uanphysics. It is not
appropriate to my way of understanding. It is sstizt. | do not know too
much thing about the quantum. Do | study? Not much.

St28, who uses the IM, stresses its mathematicatenas it is considered in

M.

St28: It is so mathematical. Many complex mathematicglressions exist. Each of
them has an important meaning.
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St24 is also a physics education student and skeetbe AM in one context.
Although she uses some fragments, she mainly dutesnswer the questions in the

interviews. She explains her reasons like that:

St24: Modern physics is so abstract to me.modern physics, we generally solve
guestions without knowing the meaning of eventswdnt to explain
conceptually, but | think that | cannot explain tencepts that you asked. It
is difficult to understand quantum ideas concepyual

In the second group, St6 is a student, who useSkhé the explanation of
quantization of energy. He believes his understandi affected from the nature of

quantum concepts. He explains his beliefs like: that

St6: | feel that | learned the concepts at the beginaihthe quantum chapter well.
Because there were not too much mathematics. Howevéhe middle, we
engage in mathematics too much. | think mathematigst be just a way to
learn.

With these evidences about relation between stademidels and beliefs, |
conclude that beliefs about nature of quantum misysioncepts might have
influence on students’ models no matter the modedsscientific or not. But, |
observe students who mainly display unscientificdels state that they are
influenced by the abstract, counter-intuitive anattmematical nature of quantum
concepts.

In conclusion of the examination of students’ Hsl@bout nature of science
and nature of quantum concepts, “belief’ is spedifias a source influencing

students’ models.
4.2.2.d Familiarity of the concepts

Familiarity with something may provide a great tirution to understand
another thing. In this section the influence ofrigefamiliar with some concepts
from classical mechanics is examined under the @fl familiarity of concepts.
Since “quantization” caused a paradigm shift in gy, new concepts were
emerged together with it. In the examination ofdstus’ models, familiarity was
the potential element influencing students’ makeseeof the concepts, linking the
concepts, and constructing a conceptual framewardn{al model). In order to

examine the influence of familiarity of the conc#pbntexts to students’ mental

190



models, there was not a specific question in thervwiews that students answered.
However, students’ explanations in the conceptudkrviews provide some
implicit evidences about the influence of familigron students’ mental models.
One of the unfamiliar concepts for students is“#pace quantization”. The
interviews show that two students consider “aeroshén the space quantization
instead of considering the quantization of diretixd angular momentum. In other
words, | observe “language degeneracy” that is shedents’ use of same
terminology with different meanings (Hrepic, 2008) the unfamiliarity of some
concepts. St30 does not have a mental model ingtletization of angular
momentum context (Context 6.b2); however, she tdegive some explanations

about space gquantization like that:

St30: | know the quantum numbers “n” and “I” from thetl&spic. | am not sure but
I remember that theyguantum numbersyvere quantized in the aerospace.
That is space quantization.

Another example is about “particle in a box” thatteixamined in Context 4.
One of the interesting explanations of a studehty @oes not have any model in

the particle in a box context, is like that:

I : What do you understand about the “particle in & berm in physics?
St5: Umm... When | see particle in a box, | imagine sdrimg like that(drawing
the following figure)

I :ls it something like a gift box@miling)

St5: For me, this is “Particle in a box”.

| : What does the ribbon on the box mean?

St5: (Smiling).

| : What do you mean by this?

St5: | don’t know. But whenever | heard “particle ifbax”, that comes to my mind.

I : Why? What is the meaning of it in physics? Do \agehsuch type of boxes in
physics? Is it a physical box?

St5: | think there was not such a box in physics, d@thtsomeone gave it to physics
this box as a giftsmiling)

| : Does it mean someone gave it to examine?

St5: Yes. What is hidden in a gift box is always woretkrSo, we wonder that what
this particle was. This is the particle in a box.
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The other unfamiliar concept is “Spin”. St8, whaedmot use any model in
the quantization of angular momentum, shows thengeness of “spin” concept
for him like that:

| : About this issue, have you heard “electron sporiaept before?
St8: Spin? Not yet. Could you remind me?

| : Maybe you remember “spin” word from Formula 1 rdces
St8: Is it “tumbling down over the car”?

Harmonic oscillator (Context 5) is another unfaarilconcept for students.
As similar with the previous examples, one of thelents, who does not have any
model about harmonic oscillator context, states shrangeness of harmonic
oscillator. He explains it also by showing the sty@ness of particle in a box like

that:

| :Have you heard “harmonic oscillator” concept before

St31:Yes, | have heard it.

I : What do you understand from it? Could you explajrcbnsidering for atomic
systems?

St31:1 think that it is aclosed box something like particle in a box.

Contexts 2, 5 and 6.b are the problematic contthds students display
limited number of models.

“Blackbody” term is also new for students. In Cout@, two types of
models (PSM and ShM) are observed. The most impiotiiéng is not the type of
models but the construction of models since ontgdtstudents use models in this
context. Moreover, none of the models is SM. Initald to not to construct
coherent knowledge structures, students mainly igigkevant answers (NESs).

In Context 5, | observe only one model (ShM). Nohéhe students uses the
SM to explain the quantization of energy. In aduditio the unfamiliarity of the
harmonic oscillator, students’ background aboumight be the reason of limiting
the type and number of displayed models in thigeodn

Last unfamiliar concept is the quantum atom (Cantéx). In the
examination of students’ models, we see that nurabdrdiversity of modelare
larger in the Bohr atom sub-contexts than the qumrdtom sub-contexts. More

important one is the number of SM is larger in Badr atom sub-contexts than the

192



quantum atom sub-contexts. Therefore, as simildéin wie previously discussed
concepts, we see that students’ unfamiliarity te doncept may have influence of
students’ mental models. Since the Bohr atom ighain high schools, students
are a bit familiar with it. This success on haviB§ls can be explained by
familiarity. St9, who has the AM about the quartiima of angular momentum in

this context, explains the quantum atom model thied:

St9: If we think about the atom in three dimensiony¢here some ledges of the
atom. These ledges change over time. And the twtatf the ledge changes.

| : What are these ledges? What do they mean?

St9: | don’t know...

Since the student is unfamiliar with the quantummatshe interprets the
electron probability density as the “ledges of #iem” in the picture of atom,
which is obtained by a computer program due todifferent states of electrons.
Following figure shows students’ use of models otrex contexts. Figure 4.30
examines the contribution of each context on sttsdemental models.

mcontext1 W Context 2 W contaxt 3 W contextd mcontext s

context 6.21 W rontext 6.a2 W context 6.01 1 context 6.b2

Figure 4.3Mistribution of displayed models over the contexts.

As Figure 4.30 displays, Context 2, Context 5 awt€xt 6.b1 contribute
only with 4%, 2% and 2% to the use of models. Thaans, the use of models in
these contexts is considerably few. To concludeygoamiliar with the concepts
has important roles in making sense and linkinghaf concepts. That means,
students firstly need to know the concepts weltl gren they link them correctly
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to construct a coherent framework. The contextsamtepts in the contexts that
students are not familiar might prevent the devalept of students’ mental models
in related contexts. Therefore, familiarity can églained as an internal source

that influencing students’ mental models.
4.2.2.e Background knowledge

In order to have scientific models about the qzatibn of physical
observables, background knowledge has an importéatfor the connection of
concepts with each other. This issue is consideepdrately from the familiarity of
the concepts. Because the familiarity of the cotwépdicates new concepts
emerged from quantum physics, background showsestsidunderstanding the
common concepts of both classical and quantum péygich as energy, angular
momentum etc.

In order to examine the influence of backgroundwedge on models,
there was no specific question in the interviewswelver, students’ explanations
in the conceptual interviews provide some implitdences about the influence of
having background knowledge about the conceptiefettlassical or quantum) to
make sense of the quantization of physical obsézgab

Having the minimum concepts is important for snidedevelop mental
models. Because of the lack or weak backgroundtahewconcepts, students have
problems about linking them to construct coherémictures. For example, in the
guantum atom context by excluding St7, none of shedents uses models to
explain the quantization of energy. This might We tresult of insufficient
background about the quantum atom. As | explaireddrb, St7 can be accepted as
an extreme student, who would like to understarehyeword mentioned in the
course. Therefore, she also has satisfied backdrabout the freshman physics.
So, while this student uses a model, the otherodo n

One of the students (St18), who has pure scientifadel state about
quantization, explains the importance of backgrokndwledge about concepts
like that:

St18: While | am learning a new subject, if | heard abioa little, in spite of very
little fragments, it is very beneficial for my ledng. This is because these
fragments locate into our minds with some blanks ae fill these blanks in
the classes. All these blanks are filled in thesldt is very enjoyable to see
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that. | feel | understand. Therefore, | like tadis what the instructor explain,
to understand the concepts in the class too much.

In addition, in contrast the extremely limited ruen of model usage for the
quantization of energy in the quantum atom contexiher results show that
students’ models are mainly constructed about ttergy quantization case. By
comparison with energy, angular momentum and kigises, this might be because
of students having more background about energy fttassical physics rather
than angular momentum and light. In the interviethwhe instructor, he also

makes the similar explanations about the importafid@ckground knowledge.

Instructor: | would like to state the importance of making thiestract concepts
“concrete” before teaching the advance conceptsitaibol believe it is so
useful. For example, understanding the precesdi@ngular momentum in
the space is a bit hard. If it is explained beftine explanation of the
quantization of angular momentum by a demo setupili help students’
understandings.

With this implicit examination, | conclude that lgcound is an internal
element contributing students’ mental models.

To summarize, as it is understood from the findjrdiferent sources have
influence on students’ models. As a very brief siamnof the sources influencing
students’ mental models, in the interview, therindbr explains some sources on

students’ understanding from his perspective lie:t

Instructor: At the beginning of the semesters, | always advice to tmglents about
learning modern physics: “You should learn to |[éaBecause learning is not
an isolated process. It includes a lot of thingedrning” and “forgetting” are
neck to neck. Mainly, the reason of unsuccessfslinés student is not “not
to learn”, it is “not to remember what is learnedVhat does “learning”
include? First one, students should use “sensés’eduires attending the
classes regularly. They should see what is writterthe board, should hear
what is explained, should ask questions to theruogir. This is first
requirement. Second, learning requires “practittels not “memorizing” but
practicing what is learned in the classes in thenag. 5-10 minutes are
enough for this. Practice! | always advice it. Reviand repeat what you have
learned! You should examine your textbooks. Youusthwead the textbooks
and write your missing to your notebooks. | alwagwice that it enhanced
learning. Third, students should not write evemythiwhat the instructor
wrote, they should select and note shortly. Thesgribute to learn. We can
mention about other things about learning. For extapstudents should use
extra books to learn in addition to the textbook&ey should link the
concepts learned in past and present. | wouldttikeay previous learning has
great contribution to students’ new learning. Alltbem are environmental
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factors. These are the factors enhancing learfiirgjudents care about these
issues, they will affect successfulness positivEly: this reason, there is not
“one” factor influencing learning. | think, all ahe combination of these
factors influences students’ success and scietiffroach.

In conclusion, | examined some probable sourcekién€ing students
mental models. By using implicit or explicit evideys, or sometimes implicit and
explicit evidences together, | identified the sasrénfluencing students’ mental
models qualitatively. Therefore,

= Textbook;

» Explanations in textbook,
* Bringing textbook into the classes,
* The use of textbook (Textbook 1, Textbook 2 or haftthem).
= |nstructional Elements;
* Explanations in instruction,
» Taking notes as same as with the instructor,
« Studying before and after the classes + takingsnot¢éhe classes +
attending the classes regularly.

= Topic order;

= Classmate

are the external sources influencing students’ alenodels.

= Meta-cognitive issues;

« Awareness of knowledge,

« Awareness + satisfaction of knowledge,

* Awareness + satisfaction + regulation of learning.
= Motivation;

= Belief;

* Nature of science,

* Nature of quantum physics concepts.
= Familiarity of the concepts,
= Background knowledge

are the internal sources influencing students’ alenbdels.
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4.3 The Development of Models by Influence of theoBrces

“Incompleteness” characteristic of mental modallidates that models can
develop in time. In addition, we also know that misdnay be forgotten if they are
not used or for some reasons models can be totalsed. In this part,
development of students’ mental models of quantinaby the influence of

external and internal elements is examined withgtinestion:

= How do the second-year physics and physics eidimcatudents’ mental
models of the quantization of physical observahiievelop by the

influence of internal and external sources?

As Figure 3.4 presents, | use all data sourcesifiterviews with students
and the instructor, observation, textbooks, diargt ather documents) in order to
find answers to this question. This section is cosaa of the execution and
reinterpretation of findings in Sections 4.1 an@. 4After the identification of
mental models in Section 4.1, and the sources rfeadt@nd internal) influencing
students’ mental models in Section 4.2, the dewvelpg of mental models is
discussed in this section. As similar with the gsigl of textbooks and observation
provide implicit interpretation, the analysis of ethcore group interviews
(Interviews 1, 1l, and Ill, Overall Interview andirffal Comprehensive Interview)
also let me interpret the development of modeldioitly. However, examination
of the Self-Evaluation Interview provides explidmformation about model
development. In addition, comparison of the eviésnalso allowed validation of
findings.

| examine “model development” in two ways. First,explain how a
student’s model develops with the influence of semgrces that were examined in
the previous section. Then, | consider “all kind abfange” as development of
mental models and examine model development witke thrder, within the cases

of quantization, and student by student.
4.3.1 Development of Mental Models Displayed in ThiStudy

In Section 4.2, textbook, some instructional eletmecassmate, topic order
are specified as the external sources, and metEtog motivation, belief,
familiarity and background of the concepts are djgecas the internal sources

influencing students’ mental models. In this parfjrstly examine how these
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sources have roles in students’ model developnidmn, | discuss the influences

of them on each model.
4.3.1.a Development of a coherent structure

In this part, by using the information obtainednfr@ll sources in the data
analysis, | constructed a framework shown in Figdr@l. | preferred to use a
rectangular prism to show the relation among theas, contexts, students, and
students’ models. The reason of mine to display irectangular prism is the
interaction of some sources (explanations in imsivn, explanations in textbook,
familiarity of the concepts, topic order, backgrdimowledge) with the contexts,
and some of them (bringing textbook into the classese of textbooks, taking
notes as same as with the instrucsttdying before and after the classes + note
taking in the classes + attending classes reguledgsmate, meta-cognitive issues,
motivation, belief) with students’ characteristiEsr this reason, some of the boxes
in the surface of the prism are empty. By using girism, with the information on
“students” versus “context” plane (Plane 1), stuslemodels can be obtained; with
the information on “students” versus “sources” plafPlane 2), students’
characteristics specific for modern physics cowae be obtained; and with the
information in “context” versus “sources” plane gfé 3), characteristics of the
contexts can be obtained. So, only the surfacesecfangular prism provide
information. That means, inside of a unit cube éynit context, student and
source) is meaningless. While interpreting themprisombination of the elements
in Planes 2 and 3 should be interpreted as theifgpsources influencing the

development of students’ mental models of quaritindh specific contexts.
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T: Explanations in Textbook; T+: ContributesUT: Use of Textbook; T1: Use of one of the textbo®k+2: Use of both of the textbooks BT: Bringing of
Textbook to the classes; BT+: Bring, BT-: Not tdnlgr-- | : Explanations in instruction; 1+: Contribute®NT: Note taking in the classes; NT+: Take notes, NNt
to take notes 4el Studying before and after the classes + notadpiki the classes + attending the classes regutarlyExists, -: Does not exist 7O : Topic order;
TO+: Contributes -€: Classmate; C+: Exists, -: Does not exidl-C : Meta-cognitive elements; ASR: Awareness+ satigfae regulation, A: Awareness, -: None|
- MOT : Motivation; M+: Contributes -BEL : Belief; Bnos: Nature of science beliefs, Bnqcli®&s of nature of quantum concepts, B2: Natursaénce beliefs +
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There might be other student specific charactesdor develop and use of
models; however, the following interpretations &@sed on only the sources
examined in the current study. For the followingggmaphs, | explain how a
source has an influence on students’ models bygukia information in the prism.
| first examine Plane 2, and then Plane 3, andelrimet them together to explain
development of models presented in Plane 1.

When the sources influencing models are examifirsdl| focus on St2, St3
and St7 because these students develop more ntbdelshe others. The pattern
for these three students is a bit interesting sihedPSM and SM are close models;
however, the PSM, including unscientific elemestunscientific. These students
first develop the PSM and then SM. By the examimaif Plane 2, the most
dominant sources are identified as “motivation” dmgbta-cognitive awareness +
satisfaction + regulation”. In addition, “bringingextbook”, “use of both
textbooks”, “not to take notes”, and “beliefs otun@ of science” are seen probable
sources for the development of more models. Intaagiby the examination of
Plane 3 it is seen that most of these models atkeirfamiliar contexts. So, this
shows the importance of familiarity in the constioie of the links among the
concepts. Although Context 4 is not a familiar extt development of the SM by
three students in this context might be explaineth whe explanations in the
textbooks, instruction and students’ backgroundrargy concepts.

| examine the sources for using of limited numiiiemodels. For this reason,
| focus on the information provided from St5, whees both SM and IM two
times. There are some discriminating elements ubinged number of models
from the use of more models. “Not become aware raiwkedge” is the most
explicit one. In addition, “taking notes” and “ugionly one textbook” might be
other elements influencing students’ use of limiteanber of models. With this
interpretation, use of both textbooks and not ke taote in the classes may become
more probable in the use of more models. In cagiy with these patterns | can
conclude that “meta-cognitive awareness + satisfact regulation” is very

important for the use of more models.
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4.3.1.b Development of each coherent structure

In this section, | explain the influence of eachirse in the development of
each model. Again by using Figure 4.31, | use thmes technique with the
previous section.

To start with SM, the characteristics coming frandgnts’ themselves and
specific for modern physics course such as “m&twd, “meta-cognitive
awareness + satisfaction + regulation”, “bringirextbook into the classes”,
“classmates” and “beliefs of nature of sciences se€en as the sources influencing
development of SMs (in Plane 2). With the examorabf Plane 3, “background”
is seen as a source having influence on developroénMs. In addition,
“explanations in textbook” and “explanations intmstion” have influence on
each context; however, it is seen that most of @ksseen in the contexts that
students are “familiar” and “having background”rexample, half of the students
display the SM in Context 4 that students are unfanbut they need background
about energy concept. Or, Context 6.a2 is the Bédm context that students are
familiar but they need background of angular momment Again, half of the
students present SMs. In conclusion, one of thésmemts might have more
dominant influence together with other elements @xplanations in the textbook).
In the “atom” context (Context 6), familiarity armhckground are needed for the
development of SM.

PSM is an unscientific model including two sci@atielements. With the
examination of Plane 2, “motivation” and “meta-ciiiyie awareness + satisfaction
+ regulation” are identified as the main sourcestlfiis model, and “use of both
textbooks”, “not to take notes”, and “beliefs oftmith nature of science and nature
of quantum concepts” are seen probable sourceseXamination of this model
contains some elements specific for SMs. So, remgpdome elements by
comparing with St6, the sources for the PSM mightelaplained better. “Using
both textbook”, “not taking notes”, and “beliefs bbth nature of science and
nature of quantum concepts” gain importance whigniting probable influence
of the SM (purely used two times). When the exatmmaof the roles of the
characteristics arising from the contexts (Planeakhough the textbooks and
instruction are basic elements, background is reegmlexplain the number of use

of PSM; familiarity is needed to explain the deystent of this model. For
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example, these students develop the PSM in theexwntthat they have
background more (Contexts 1, 2 and 3)

IM is another unscientific model. By using thearrhation in Plane 2, “use
of only one textbook”, “note taking”, “not to be taecognitively aware of
knowledge”, “motivation”, and “bringing textbooke the classes” are seen as the
sources for the development of this model. In tkerr@nation of Plane 3, | cannot
explain more about the influence of “familiarityfié “background”; however, they
can be considered as probable sources.

ShM and AM are the unscientific models that aredusy only one student,
so influence of the sources arising from other el are too limited to find a
pattern. So the sources such as “bringing textholsing one of the textbooks”,
“note taking”, “studying before and after the cless note taking in the classes +
attending to classes regularly”, “meta- cognitiwgaeeness”, “motivation” and
“beliefs of both nature of science and quantum eptg might be probable
sources for the development of these models. litiaddboth of the models are
developed in the contexts that students are nanilii”. In addition, while
“explanations in textbook” and “explanations intmstion” are common for these
models, the ShM needed “familiarity” in the secaottext.

For the last model EM, that | explain in Sectioh.@, | cannot explain about
model development by student specific charactesistihis model is the only
model that is not observed in the core group stisddn addition, that model is
only developed in Context 1. | can conclude thaitext specific sources might be
more dominant than student specific sources odefkrelopment of this model.

These findings indicate the importance of the tareognitive awareness +
satisfaction + regulation” together to develop Skisj develop more models over
the contexts. In addition, not develop any modelCantext 5 indicates the
influence of “familiarity” more than explanations the textbooks and instruction.
Because, in spite of the stress of quantizatiopli@k explanations, using diverse
type and amount of codes, being unfamiliar forghantum harmonic oscillator is

dominant by preventing students’ model developniretitis context.
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4.3.2 Reconsideration of Model Development as Chagg

By considering the development as a change, | exathie development of
a mental model first “context by context” with thee order. Then, | examine the
development “case by case (over physical obsersgbfer the quantization of
light, energy and angular momentum separately. llFinh examine the model

development of students.
4.3.2.a Context by context examination

In order to sed¢he change of models in time, | examine the deveton
context by context. In Chapter 3, Figure 3.9 showleel time order for the
interviews to examine students’ models. For theecgroup, which is set to
examine development of models, models were exanmimdte interviews |, 1l and
[l in detail. In the Overall and Final Comprehesgsilnterviews what students
stated were discussed again, and they were allbovelange/revise the previous
explanations (if need). Figure 4.32 shows that atem of models over the

contexts.

END. |DEPT. |context 1 |context 2 |context3 | 4| t5 6.al |context 6.a2 |context 6.b1 |context 6.b2
PHED ShMm
PHED
PHYS
PHYS
PHED
PHYS
PHYS
PHED

CODE
ST1
ST2
ST3
ST4
ST5
ST6
ST7
ST8

Q

SITRIRIRIRIZ(M

Figure 4.32Development of the core group students’ models thecontexts.

In the first time period (Interview 1), which isxa&mination of the
quantization of light and energy in Contexts 1 @)dhree types of unscientific
models are used. These are the PSM, IM and ShiMoédth Context 1 is the most
diverse context among the other contexts in terfnsiadels by considering the
core and secondary group students, only the PSMMrade observed in the core

group in this context. In this time period, devetent of the PSM as a mental
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model can be accepted as better starting than tthersosince it includes two
important scientific elements and it is the closaetlel to SM. By considering the
core and secondary group, Context 2 is very poterims of used models. Just the
PSM and ShM are used for the quantization of enérgy students also use these
models in the first period. One of the reasonsfgi limited number of models
might be explained by the problems in the concdptualerstanding of the
blackbody radiation.

In the second time period (Interview 1), which éxamination of the
quantization of energy and angular momentum in €dst3, 4, 5 and 6 (sub 6.al
and 6.a2), students display four types of mentatletso However, the dominant
model is the SM in the overall. It was good to serglents’ development of the SM
for the quantization of energy. As similar, in Gaxtt 4 half of the core group
students (4 students) use SM. One of the reasons emaerge from the
explanations in the textbooks or instruction shgwihe requirements of the
guantization of physical observables. In Contexthg, result is very interesting,
because none of the models are used. The reasorbenajudents’ conceptual
difficulty in harmonic oscillator in order to applyheir models to explain
phenomenon. Another interesting result is in tleematontext (Bohr part). Half of
the students in the core group make scientific angions about the quantization
of angular momentum by using the SM again. Thidcetds the influence of
familiarity with the concepts since students amaifiar with the Bohr atom model
from high schools, so they can construct scientifiodels easier. However,
guantum harmonic oscillator is new for them, s timigght not develop a model in
this context because of unfamiliarity.

In the third time period (Interview IIl), which igxamination of the
quantization of energy and angular momentum, ohigd students use models.
One of them use the SM for the quantization of @nend, other two use the SM
and IM to explain quantization of angular momentior the third time period, it
is expected that more students having SM abouttpagion. However, there is
again a decrease in the use of SM. This also skwignts’ conceptual difficulties
about quantum mechanical model of atom and relatettepts. Because in the
second time period, although students have the 8butathe quantization of

energy and angular momentum in the Bohr atom ctg(€ontexts 6.al and 6.a2),
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they do not continue to use the SM in the quantuechanical model of atom

contexts (Contexts 6.b1 and 6.b2) in this timequkrOne of the reasons may be
that the quantization of angular momentum is exydijust as quantization of

orbital angular momentum in the Bohr model of atd#owever, some other

concepts about the angular momentum exist in tla@tgu model of atom. These
are the quantization of direction and magnitudeath orbital angular momentum

and intrinsic angular momentum (spin). They migltuse students having

confusion. In addition, students are again unfamivith the quantum atom. In

addition they might have limited background abmgwdar momentum. This might

be in action on students’ model development irthirel time period.

In the fourth (Overall Interview) and fifth (Fin@lomprehensive Interview)
time periods, which are the reviews of the quatitimeof light, energy and angular
momentum over the contexts, students are stickhedr fprevious explanations.
Maybe the time period between these interviewsastsor lack of experiences or
other student specific situations, students migittreorganized their knowledge.
So there are not radical changes in students aaswer

In addition to identified models presented in duntexts, students also
interpret the development of their understandinthefquantization phenomenon at
the end of the semester. Although the studentg\melhat they feel development
of the quantization phenomenon over the semesiey,think that studying for the
final examination do not change their understandihghe end of the semester.
This finding corresponds with students’ not revistheir explanations in the fourth
and fifth time periods (just before and after timalf examination).

Each of the students in the core group explains masons. First excerpt
belongs to students shows the beliefs about thé&rilbation of studying for the
final examination to understanding the quantizapbenomenon. So the question
of the interviewer was “Did studying for the finglixam contribute to your
understanding of this phenomenon?”. The secondgixoéthe students shows the
student’ beliefs about the development of undeditan of the quantization
phenomenon over the semester. So the questions'Wa can you say about the
conceptual development of these concepts when iystunieard about it? Do you
feel a development in your understanding aboutetlwscepts? Do you believe

you understand the quantization of some physics¢ables?”.

205



Stl:

Stl:

St2:

St2:

St3:

St3:

St4:

St4:

St5:

St5:

St6:
St6:

| do not think that | understand the quantizatioellwafter the final
examination.

At first (at the beginning of the semestdrid not understand quantization.
Umm... When | saw “quantization”, | just thoughtoaib some figures
something like spin, etc. But now, | think | hadr@ideas of quantization.

*kk

| just practiced the “spin” issue after the fimaiamination. | had known but, |
practiced much by means of final examination.

While quantization was explaining first, you seBldhck constant” was
important to show quantization. It shows quantaatiof energy. | just
thought like that “yes, energy is quantized”, butelver thought that | could
see quantization in the atom. Then we saw quaigizabf angular

momentum. Then | understand that it is really intpot: Finally, |

generalized it as a phenomenon for “atom”.

*kk

Still spin (smiling) | still did not understand the spin! | understaawigular
momentum but | try to understand spin, but stilbuld not.

When | heard “quantization” first, | thought tha&e would discuss about
“probability”, but we did not. We learned Bw and | thought that “this is
quantization”. Then we discussed too many issuesutalit. | think |
understand it.

*kk

For quantization? No... [studying to final examflid not change anything. |
mainly focused on problem solving for final exam.

| feel the development. | always wondered “whatgigantum mechanics”,
because a lot of students were talking about quamhechanics. But now, |
know what quantum mechanics was. | learned it cotuedly. | learned
quantization much.

*kk

No. | think | still did not understand “quantizat” while | was studying for
final exam. It is the same with how | understanthatbeginning.

How much | read and whatever | do, | don’t underdtguantization. | just
remember the word “quantization”. | cannot makessdt(smiling).

*kk

Not too much change. Maybe some contribution gudar momentum part.

| heard quantum physics too much and | always thbtlwat it was something
like “particle physics”. Then we introduced withajdum physics in modern
physics. We learned quantization was starting .ofMe learned energy in
atom was discrete, there are restrictions. Theteammed angular momentum
is quantized and | understood that quantum physi&s different than the
classical physics. Since there are restrictionguiantum physics, you cannot
do everything in quantum physics as you did in sizd physics. |
understand “quantization” well with these restoos. When | understand
quantization, | made sense all other concepts.nl ssy that | understand
gquantization and other quantum concepts.

*kk
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St7: | can say that it helped a bit.

St7: Absolutely | feel development. At first, ([juantization)was so abstract. It was
so different than the other concepts. | could mateustand. But then, after |
studied and | became more familiar with it, | urslend. | see too much
development in my understanding. It was settlethynmind exactly.

*k%

St8: | learned the meaning of ml, | and ms by studyiritty final exam.

St8: Maybe | heard “quantization” term before the amyrbut | understand it well
in the classes during the semester.

Explanations of secondary group students are m@gigwed in the Final
Comprehensive Interview. They were also asked &duate themselves about the
development of the phenomenon and contribution taflygng for the final
examination in understanding the quantization. Sereerpts from the secondary
group students are presented below. Students explai they do not change their

ideas in the review interview after the final exaation.

St22: Umm... | do not want to revise what | explained beforeic8il think that
there won't expect some conceptual questions irexaan, | did not study on
quantization much while studying the exam. | mairdudy on the
mathematical problems, | solved sample problems.n8o ideas about
quantization did not change...

*kk

St29: Actually, we do not give importance to understaheé concepts in the
textbook while studying the exams. We just underlihe statements, and
pass to the next topic. So there is no change inumgerstanding of
quantization after the final examination. All wevbaalked are same.

As similar with the core group, secondary groupshis focus to problem

solving to be successful in the exams. So thegtrasireorganize their knowledge.
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4.3.2.b Case by case examination

Figure 4.33 shows the change of students’ modethe different cases of

the quantization phenomenon.

CODE GEND. |DEPT. ENERGY ANGULAR MOMENTUM
ST1 F PHED
ST2 M PHED
ST3 M PHYS
ST4 M PHYS
STS M PHED
ST6 M PHYS
ST7 F PHYS
ST8 M PHED

Figure 4.33Change of students’ models in the different casegjtiantization
phenomenon.

In addition to context dependency, the models g to the smaller parts
of the same phenomenon as it is seen in Figure #&3example, although St2
and St3 use the PSM for the quantization of lighey use the PSM and SM
together for the quantization of energy and alsey tbnly use the SM for the
quantization of angular momentum. Or, St6 and 31§ display the SM for the
guantization of energy, but they use none of thaletsfor light and angular
momentum. In this energy case, the reason of stsideswving more models might
be explained with the large number of contextshi éxamination of energy. As
similar, St5 uses an unscientific model (IM) foe thuantization of energy but the
SM for the quantization of angular momentum indejegrt of time.

It is seen that students’ models vary case by cassldition to variation
context by context (see Figure 4.15). As it is seefrigure 4.16, St4 is a good
example for the fluctuation of students’ ideas. &ample, in the atom context, to
explain quantization of angular momentum, studeesuthe SM in the Bohr atom.
However, again in atom context- in the quantum atitris student uses the IM for

angular momentum. This shows the fluctuation ofniglels in the atom context.
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All of these examples show that mental models amellsr coherent and
working structures to explain the phenomena. Wathaving the time order in the
contexts, this figure represents students’ devedynof different models at the

same time for the cases (light, energy and angotementum) of quantization.
4.3.2.c Student by student examination

In this part, | examine the development of modsddsut the quantization
phenomenon student by student by combination veiies and contexts.

Stl, in the core group, is a physics educatiodesiti In the first time period,
she presents the ShM about the quantization ofygnét first, her ideas about the
quantization of energy are based on discretenetizeofnergy like the slices of a
cake. In the second time period, she uses differaudel for the quantization of
energy in the particle in a box context. And shesdeot use any model in the third
time period. For her, it is observed that she holds unscientific model together
for the energy case. But she does not develop adeihfor the quantization of
light and angular momentum cases.

St2, St3, and St7 show almost similar developnpatterns about their
mental models of the quantization of physical obseles. St2 is a physics
education student, and St3 and St7 are physicemsidOne of the common
characteristics of them is “enthusiasm about |e@mhysics”. All of the students
state the importance of learning physics concelgtuathe interviews.

St2, St3 and St7 develop the PSM model in the finse period. At the
beginning, students do not consider “boundeness”th® particle for the
quantization of physical observables. But all ofrth correctly apply the
discreteness/discreteness characteristics andahatiaracteristics elements. So,
students’ development of the PSM is important axhethe SM at the end, since it
is the closest model to SM. For these studentsyitbe considered as case by case
development. Students develop the PSM to explamthantization of light, then
they hold the PSM and SM together in the explanatibenergy. Excluding St7,
others have the SM for the quantization of angot@amentum at the end. That
might be considered as “upgrading” over the cases.

St4 is a physics student. His first model is thkfor the quantization of
light in the first time period. He uses the SM lire Bohr atom context to explain

the quantization of angular momentum. However, Besuthe IM again in the
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quantum atom context to explain the quantizatioraijular momentum in the
third time period. The use of different models adtngimilar contexts is interesting.
In the case by case examination of students’ mpdeks seen that he has the IM
for the quantization of light, and the IM and SM tbe quantization of angular
momentum. The interesting one is he is the onlgesttiin the core who does not
develop any model for the quantization of energy.

St5 is a physics education student. In the caseabg examination, he has
the IM for the quantization of energy, and the SiM the quantization of angular
momentum. In the first time period, he does notettgy any model and in the
second time period, he uses models only for ther Bidbm context for the
quantization of energy and angular momentum. Téwgsllt is also interesting since
he uses different models to explain the quantimatdd energy and angular
momentum in the parts of the Bohr atom context.nTie does not use any model
in the third time period discussing the energy amdular momentum in the
quantum atom (see Figure 4.32). This result is mlsEyesting, since he does not
transfer his models from the Bohr atom to to quam&iom. These examples also
indicate that the context dependency of mental iscafed the importance of use of
more than one contexts in the examination of mentalels.

St6 and St8 present similar development pattdmshe first time period,
both of them do not develop a model to explain ¢jmation. However, in the
second time period, they use the SM to explaingis@ntization of energy, and
finally they do not use any model in the third tiperiod. Although they use the
SM for the quantization of energy, each of them itige different context. This
result indicates also importance of the elementdliféérent contexts to activate
mental models. In the examination of students’ mlemtodels case by case, both
students have only a model for the quantizatiorerargy, but not for light and
angular momentum. Having a pure model state wighS for the quantization of
energy is good and important for students’ undeditey the whole of the

phenomenon.
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CHAPTER 5

CONCLUSION, DISCUSSION, AND IMPLICATIONS

5.1 Conclusion and Discussion

This study was designed to investigate undergtadig@cond-year) physics
and physics education students’ mental models atfmutquantization of light,
energy and angular momentum. As the results oftindy were presented in three
parts in Chapter 4, in this chapter the results diseussed in three parts by
comparison with previous research in the litergtarel conclusions are drawn for
each part. Then, the implications and other iséuesirther research are explained
at the end of the chapter.

In Section 5.1.1, conclusion and discussion of @®dnd the characteristics
of models are presented. This section puts newnrdtion to the literature by
explaining the models displayed by students forgqis@ntization phenomenon, and
discussing context dependency of mental modelsomescontexts of quantum
physics. In Section 5.1.2, conclusion and discussibthe external and internal
sources influencing models and their influencesnwdels are presented. This
section puts new information to the literature hyegration of these theoretical
elements into research design and examining qtiaditp In Section 5.1.3,
development of models by influence of the soursgarésented. This section also
puts new explanations drawn from the reinterpretatif the sources in model
development. In addition, it explains the conclasi@bout model development by
time order, light- energy- angular momentum caaed,student by student.

The implications, limitations of the study and toliing the threats,
strengths of the study, and the suggestions fahdurresearch are presented in
Sections 5.2, 5.3, 5.4, and 5.5, respectively.him interpretation of the results,

these issues should be considered.
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5.1.1 Conclusion and Discussion of Models and théh@racteristics of
Models

In this section, conclusions are drawn about sitglanental models and
model characteristics due to the results of thdyaisaof the data sources presented
in Figure 4.1. The conclusions and discussion®eganized by considering direct

and explicit information emerging from the study.

Conclusion 1: Second-year physics and physics education studiésytay
six different mental models about the quantizatbiphysical observables.
These are: Scientific Model (SM), Primitive Sciéioti Model (PSM),
Shredding Model (ShM), Alternating Model (AM), lggative Model (IM),
and Evolution Model (EM).

“Quantization” is an important phenomenon alloves$ing from classical
physics to quantum physics. It is the “preciousulttsf different experiments
caused “paradigm shift” in physics. Therefore,ithestigation of students’ mental
models about the quantization of physical obseepsml{Sections between 4.1.1-
4.1.6) shows that how students construct and argathieir knowledge about the
guantum theory. For example, SM indicates the a@oltestructure that contains
scientific elements and links, which are sciengiiz constructed. The other
models (PSM, ShM, AM, IM, and EM) indicate also eadnt structures, but they
include scientific and unscientific concepts togethor totally unscientific
concepts, and with wrong and missing connectiomerdfore, out of SM, other
identified mental models are unscientific models ewplain quantization of
physical observables. As Norman (1983) explaine@ntal models may be
unscientific. Becausen order to save mental energy, superstitious hehav
patterns can be hold by people. In addition, a&-Qztiz et al. (2004) implied in
their study, unscientific models of students areaumsidered as “errors”, but they

are students’ “own internal consistencies”.

Conclusion 2: Identification of unscientific mental models showat

students have difficulty with quantum concepts.

This study with large number of students over largmber of contexts and
concepts show (Sections between 4.1.2- 4.1.6)stodents have (1) difficulty in

making sense of the quantum concepts, (2) diffjcidt discrimination of the
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concepts, (3) difficulty in linking the conceptsyda(4) difficulty in putting the
physical meaning into mathematical explanationss Tasult is compatible with
the previous research (Bao, 1999; Rieli al., 2010; Ireson, 2000; Ke et, &005;
Miller & Wiesner, 1999, 2002; Olsen, 2002; Ozcaalet2009; Sadaghiani, 2005;
Singh, 2001; Styer, 1996; Wattanakasiwich, 20083aise many studies identified
such type of problems in students’ understandingntum concepts. One of the
reasons might be the nature of quantum conceptstréainess, counter-
intuitiveness and mathematical). The other reasoightm be students’
epistemological and ontological beliefs about tharqum theory. For example,
students stick to classical interpretations if amum variable had a classical
counterpart; if the quantum concepts were not aimilith classical concepts,
students did not build physical understanding ef tathematics (Bao, 1999). In
this study, it is observed that students considentum physics as a total contrast
of classical physics. Therefore, while making erplions they use such a pattern

like “if ... in classical physics, it must be ... ingntum physics”.

Conclusion 3: Students’ mental models about the quantizationhyfsizal

observables are context dependent.

Investigation of knowledge structures is a comgeton. So in this study,
students’ explanations about physics concepts theercontexts were examined
(Section 4.1.8.b). As Table 4.4 presents, a changee use of models is observed.
That means, students use different models in differcontexts of the same
phenomenon, and models vary due to the context®ll&a1999) explained that
students’ answers to questions might be varied@wgentexts. By the use of many
contexts in this study, it is identified that stats’ mental models about the
quantization of physical observables are contegeddent as Bao (1999), Bao and
Redish (2006), Hrepic (2002, 2004), Hrepic et 2010), Itza- Ortiz et al. (2004),
and Wittmann et al. (2003) identified the contegpendency of mental models.
Context dependency of mental models is meaningfigdesmental models are the
minimum coherent structures to explain phenomertegerdfore, if a scientific
model is constructed and improved, and then usedu$tly” over the contexts,
then “scientific understanding” might be more pialean learning. However, if an
unscientific model is constructed and used “rolytisiver the contexts by wrong

organizations, then unscientific conceptions migdhimore probable learning. And,
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if they are not modified, students might have uastific understanding about the
phenomena. It is not expected as the outcome dlighiearning, because physics
education aims to have students building the praopental models for doing
physics (Redish, 1994).

Conclusion 4:Students use limited number of models over thescasi

As it was summarized Figure 4.12 (Section 4.1s8)dents use models in
only 69 of 279 instances to explain the quantirafdhenomenon. The ratio of
using models over contexts was almost 25%. Thi® naiay explain students’
difficulty in developing models about the quantiaat of physical observables,
because mental models are coherent structureshayndequire the organization of
knowledge to have a single conceptual frameworkh@lgh the students use the
SM to explain the quantization of physical obsetgaliwenty-nine times in total,
it is also limited by considering 279 instancestforty-one participants. The ratio
explains us students’ use of the SM over the cesigxalmost 10% of all students.
The smallness of the ratio of using the SM alsoicetés that students’

understanding of the quantization of the physitelepvables is limited.

Conclusion 5: Students hold scientific and unscientific fragments

together in order to develop mental models.

Students’ explanations reveal that they hold difienand unscientific
fragments together, and these elements are linkeld @ach other (Sections
between 4.1.1- 4.1.6) to develop mental modelss Tihding supports Norman’s
(1983, p.8) finding that is “individuals’ mental ohels might contain contradictory,
erroneous and unnecessary concepts”. By this wadests develop hybrid
unscientific models in addition to pure scientificscientific models in this study.
SM is a pure scientific model, and the IM and EM pure unscientific models.
However, the PSM, ShM, and AM are hybrid unsciégntihental models that
students hold about the quantization of physicadeolables, because hybrid
models contain scientific and unscientific elementgether. By this way, with the
coherent combination (Bao, 1999; Hrepic, 2002, 208kpic et al. 2010; ltza-
Ortiz et al., 2004) of these elements, a “new oaestructure”- mental model- is
developed which is called as hybrid model. Hrepiale(2010) explained hybrid

models were complex models. Since construction bytarid model requires the
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use and organization of the elements from differdamains (in this study,
scientific and unscientific domains) to construcbwledge.

In this study, | interpret the reason of hybridscientific models by the
explicit stress of “discreteness or/and discretendsaracteristic”; and, implicit
expression of “boundedness” in the textbooks asttuaction for the construction
of the PSM and ShM. This is because, in these reodeldents do not use
boundedness for quantization appropriately. As sulte students incorporate
“discreteness” with inappropriately use of “boundess” to develop these hybrid

unscientific models.

Conclusion 6: Students may hold more mental models together.thero
words, some students have mixed model states lajnigotlifferent mental
models about the phenomenon at the same time. TWkeytheir models

inconsistently.

This result is compatible with Gentner’s (2002)dstexplaining that people
can hold two or more “inconsistent” mental modelgether in the same domain
(Section 4.1.8.b)As Bao (1999), Bao and Redish (2006), Hrepic (2@0D4), and
Hrepic et al. (2010), Itza- Ortiz and Rebello (200and ltza- Ortiz et al. (2004)
found that students had mixed model states abon¢ shysics phenomena, some
of the undergraduate second year physics and physlacation students have
mixed model states about the quantization phenomenthis study. That means,
students use different models in different contdxtsholding different models
together about the phenomenon. This might be thdtref activation of different
mental models by triggering elements in each cantecause these elements may
activate specific models as Bao (1999) explained dhifferent physics questions
might trigger different models.

Since the number of contexts to identify mental eisds large, this allows
to us to be able to examine students’ mental mstées. These model states may
vary in terms of closeness of the frameworks tHatvaunderstandingThat means,
for example, four students have a mixed state ti¢hPSM and SM, which have
more common concepts, or one student has the ShiMAdh at the same time
about the quantization of energy. Or, another stuttas the SM and IM at the
same time for the quantization of angular momentéithough the SM and IM do

not have common elements that means they are ctatyptifferent frameworks,
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no matter the closeness of the models studentsholdythem together. Chi (2008)
explained that students might use incorrect modetonsistently to make
explanations or predictions for events. In thisdgtusince students have mixed
model states, they tend to use the models incemsigtover the contexts. Physics
and physics education students’ use of their moielsnsistently is compatible
with the results of Bao’'s (1999), Hrepic's (2002nd Hrepic et al.'s (2010)
findings. Again, this might be explained by a réstfilthe contextual elements that
activate students’ models differently in the difflet contexts of the same

phenomenon.
Conclusion 7:Students use fragments when they do not use models.

Construction of a mental model is a complex prec8sudents sometimes do
not make explanations based on models, but theye mneaklanations based on
fragments that are disperse or unorganized (Gardge02), unlinked or
disconnected or incoherently used (Hrepic, 2002c{iSn 4.1.7). In this study,
since students construct their mental models byarorgng with memorized
elements and the fragments- especially facetsthen absence of some these
elements and links, students cannot form a cohdéramiework, and then they try
to use these elements independent and inconsistept Students also use
memorized elements without stating their explametioThis type of physics
knowledge is explained as “nominal” and “not fupo@l” (Reif, 1995). The
students, who have incoherent knowledge organizatial confuse the concepts,
are accepted as in transitional phase (Perret-@lem980 as cited in Chinn and
Brewer, 1998). Moreover, having fragmented knowéedggevents the benefits
(such as remembering and inferring the detaild)asiing coherent structure result
by knowledge (Reif, 1995). Because the examinatiothe nature of fragmented

elements is out of the research aims, they werexulaiined in this study.

Conclusion 8: Construction of the SM is based on “on the spotd an
“previously thought or experienced” explanations] she students using the
SM trust on their knowledge more than other stusléfabwever, unscientific

models are mainly constructed “on the spot” whenghestions are asked.

In this study, it is observed that while studdrasing SM make explanations
both on the spot and previously thought, the stisdeaving PSM, AM, ShM, IM,
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and EM present mostly on the spot explanationsti@ed.1.8.a). As Vosniadou
and Brewer (1992) explained “on the spot” constauctof mental models, in
addition Hrepic (2004) identified that students stomcted some mental models of
sound on the spot while answering the questionssiddar, Corpuz and Rebello
(2005) investigated students’ mental models oftifiic could be constructed “on
the spot”, but students’ macroscopic experiences hafluenced their mental
models at the atomic level. These findings are riging since “sound” and
“friction” are everyday phenomena, and studentsttanted models on the spot.
In this study, students do not have any physicpégagnce from daily life about the
concepts. They might experience the cases of quadiath in the laboratories by
conducting experiments, or they experience in tisériiction by interpreting what
is explained. For this reason, it is reasonablotwstruct all types of models on the
spot. However, by considering the SMs, studentsstcoct SMs based on
mathematical elements in the quantization of argutamentum (both in the Bohr
and quantum atom). This result is also compatilil thie studies of Itza-Ortiz and
Rebello (2002) and Itza-Ortiz et al. (2004). Thegntified that in order to explain
physical situations in magnetic field contexts,dstuts relied on equations more
than before.

Norman (1983) explained that individuals sometirfesl uncertain about
their knowledge, and individuals’ mental models teamed some “degree of
certainty” elements. By the examination of studemtsntal model characteristics
in terms of “assurance level”, the students whotheeSM are more certain than
the other students while making explanations. Thight be because of the
awareness of their scientific knowledge, and tharsting on the scientific

knowledge that they got from the instruction andlieoks etc.
Conclusion 9 Language degeneracy is identified in studentplanations.

Hrepic (2002) mentioned the language degeneratyigistudents’ use of the
same terminology with experts, textbooks i.e. usame words, expressions, but
putting different meanings to these items. Thegftliey may use some concepts
interchangeable. In this study, as explained ini@eet.2.2.d, some students put
different meanings to “space quantization” and tiphe in a box” terms. As Greca
and Moreira (2002) explained, constructed mentatiet® are based on what a

person already know about the wortfsthere are no concepts, students cannot
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construct models; however, if there are conceptsichvare known “wrong”,
students could construct models by using the wiamgvledge. For this reason,

language degeneracy might be considered in cotisinuaf models.
Conclusion 10:Some models are used more probable than the others.

As it is presented in Figure 4.11 (Section 4.1it9f identified that the SM
and PSM are used by many different students irekanination of used models
over contexts. However, other models -ShM, AM, IND&EM- are used by small
number of students. The common property of thesel lmodels is that these
models are unscientific models. This pattern isdrtgnt in order to understand
students’ knowledge organization about the quartumory. It may explain that
there might be some other personal factors aboaitldbality of unscientific

models.

Conclusion 11:Limited number of students (just three studerasild

transfer their mental models into a similar context

St2 and St9, who use the SM and AM in the explanaif quantization of
angular momentum in the Bohr atom context respelgtivtransfer their models
(that means, they use the same model in a simibatext) to explain the
guantization of angular momentum in the quantummaf{&ection 4.1.8.b). As
similar, St7, who uses SM, in the explanation drmjization of energy in the Bohr
atom context, transfer her model to explain thentjmation of energy in the
quantum atom. This result is compatible with theutes of Itza-Ortiz et al. (2004)
which they investigated that students could trandfieir models from classical
mechanics to electromagnetism concepts. They ewulathat it is done when
students faced with abstract contexts. As thesearebers explained, the
explanations are more likely based on the expegiencthe classes. We have
already known that quantum concepts are abstratttisnstudy. Among twenty-
seven students who use models, most of them byu@xcthree students) do not
transfer their models from the Bohr atom to thenquan atom to explain the

gquantization of energy and angular momentum.
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5.1.2 Conclusion and Discussion of the Sources lnéincing Students’
Mental Models

Previous studies in literature mentioned about sdawors affecting
students’ mental models (Chi, 2008; Collins & Gemin1987; Gentner, 2002;
Gentner & Whitley, 1997; Greca & Moreira, 2002; pice 2004; Johnson-Laird,
2004; Norman, 1983; Taber, 2008; van der Veer t1899; Vosniadou et al.,
1999). After the analysis of data sources showrFigure 4.13, | got some
evidences about external and internal sourceseinfling students’ models of the
gquantization of physical observables. Conclusiod discussion of the results in
this section are presented in the same order widpter 4. Therefore, Conclusions
12, 13, 14, and 15 are about the influence of aatesources; Conclusions 16, 17,
18, 19, and 20 are about the influence of intesnakces. All these elements in the

examination of students’ mental models are spefufithis study.

Conclusion 12:Textbook is an external source influencing studenemntal

models.

As Taber (2008) stated “books” have importancdudents’ mental models,
in this study | identify that textbook is a sourt#luencing students’ mental
models (Section 4.2.1.a) about quantization. Gregority of the students explain
the influence of textbook on their understandingjoéntization. In addition to the
influences of explanations in textbooks, bringiagtbook into the classes, and use
of one or more than one (both) textbooks are intpliand explicitly identified as
a source which has influence on students’ modelsesd@ findings imply that
implicit or explicit presentation of informationtress to main terms, and use of
diverse number of methods to explain concepts ampoitant for students’

knowledge organization in quantum physics.

Conclusion 13: Instruction is an external source influencing stide

mental models.

As similar with textbook, “instruction” is a sourdaefluencing students’
models. In addition, many students explain theugrice of the instruction on their
understanding of quantization. Identification ofreoinstructional elements such as
note taking and prior and after study + attendiogilte classes + note taking

indicate the importance of these elements on models
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Lecture hall is also a social environment that etiisl could interact with the
instructor. That means “human communication” is amb@nt for the construction
of mental models (Johnson-Laird, 2004). During wfils interaction, “meaning” is
central for the construction of mental models (&amLaird, 2004). Attending the
classes is not a source by itself, however whedestis attend to the classes with
prior and after study and then take notes, thishimige helpful for their
development of coherent knowledge organizationitAgas examined in Section
4.2.1.b, contribution of each element individuatliffers. For example, while
taking note in the classes is examined individyatlys seen that four students,
who do not use model anyway, take notes in thesetasegularly. The reason of
such type of structures might be students’ keefliegpbtained information during
a short period of time without converting to knogde. By this way, some residue
of information caused wrongly constructed conceptsnemorized elements, and
wrong or missing links among these concepts indifganization of knowledge.
The interesting one is the students, who do nat takes, present more coherent
and scientific structures. This indicates that shedents may lose their attention
and miss some important elements facilitating thedels during the classes. That
means, this might be an element determining the gfathe instruction.

| observe a development in some of the studentdérstanding in the core
group during the semester. This might be the resuihstruction focuses on the
phenomena step by step. This result is also cobipatith the results of Gentner’s
(2002) study, since the researcher explainsréséstance to instruction may be
observed when students construct mental modelxgrience. Since students do
not have chance to experience the quantizationgrhenon and related concepts
in daily life, students could improve their modadgser the cases. This result
indicates us students’ learning sometimes mighteasier for the abstract and

counter intuitive quantum concepts in the classes.

Conclusion 14:Arrangement of the physics topics during teachiag $ome

influence on students’ models.

As it is examined in previous research (Chi, 1902iou & Anderson, 2006;
Greeno, 1983; Reiner et al., 2000; Slotta & ChQ&0 ontology is important for
students’ knowledge construction. One of the irgiéng findings of this study is

students’ problems in the discrimination of twof@iént theories (the theory of
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relativity and the quantum theory). Although, thiéedence between these theories
is explicitly explained in the classes and textlmok got some evidences in
students’ mental models including “relativistic’ma@ptions about the quantization
of physical observables. This indicates us, stigdeatognition of the differences
between the theories might be obtained by rearraageof the topic order that has

some influence on students’ understanding.

Conclusion 15:Classmate has some influence on students’ mentdélso

and model states.

Johnson-Laird (2004) explained that “human comization” was important
for the construction of mental models. In the cotrgtudy, classmate is observed
as a source influencing students’ models (Secti@il4). More specifically, in
addition to the use of similar (mainly same) mogdelassmates influence students’
mental models states. The examination of soci@raation with environment,
especially with the nearest person whom interacedws that students present the
same mental models for the same cases of the plesoom In addition, the
students who are in interaction with their pairaind out of the classroom have
“pure” mental states no matter the models are 8fieear unscientific. That means
they use only one type of mental model over theeods. This may be the result of
their “unconscious persuasion” of each other. By way, students might construct

the concepts and links among the concepts by infing each other.

Conclusion 16:Meta-cognitive elements have influence on the kgwveent

of models.

As we have known, meta-cognitive strategies mayapoe learning
(Gredler, 2001, p.211). As it was explained in Fig4.26 (Section 4.2.2.a), the
students, who are aware and satisfied their knayeleahd self- regulated, mainly
present models, and these models are mainly dwemidels. Although students
may not consciously use their mental models (Wittmaet al., 1999),
dis/satisfaction of knowledge provides some feeklliacstudents to revise their
knowledge. Having these three elements of metaitognat the same time is
important for the development of SMs, and makingla&xations mainly with

models over the contexts.

221



Conclusion 17:Motivation for learning has influence on studemtsidels.

Most of the participants (twenty-six) explain theiish of learning modern
physics during the semester. As it was explaineBigure 4.29 (Section 4.2.2.b),
the students who are not motivated to learn physicgepts use limited number of
models and these models are mainly unscientifieyTimainly (more than 80%)
use unorganized fragments while making explanatitmsaddition to the model
usage, motivation is important for model developtard use of models (Sections
4.3.1.aand 4.3.1.b).

Conclusion 18:Students’ understanding is influenced by theirdislabout

nature of science and nature of quantum concepts.

Bao (1999), Corpuz and Rebello (200®entner and Whitley (1997)
explained the effect of beliefs on students’ mentaddels. Bao (1999) also
identified similar results about the students’ nieden quantum concepts and
beliefs. He explained that as the aspects of tlamtgm theory, abstract, counter-
intuitive (not allow intuition anyway), mathematicature and lacking of daily life
examples had influence on students’ model constructAs similar with the
previous research, | observe that beliefs about bature of science and nature of
guantum concepts are important for students’ modelghis study (Section
4.2.2.c). Different beliefs about the quantum tlyeiafluence models different by

triggering students’ acceptance of informationetiét.

Conclusion 19: Familiarity of the contexts influences the numberd a

diversity of displayed models.

New concepts emerged with the paradigm shift fdassical to quantum
understanding. These concepts are both ontologiddifferent and they are
abstract and counter-intuitive concepts. Bao (1986htified that understanding
the “probability” concept significantly affected Wwostudents understand other
quantum concepts. In this study, it is identifibdttunfamiliarity of new concepts
cause students having language degeneracy in someepts such as space
gquantization, particle in a box, harmonic osciltatepin etc. (Section 4.2.2.d). In
the contexts that students are unfamiliar (i.e.chdady radiation, quantum
harmonic oscillator), they present mainly unorgadiknowledge structures and

use some unscientific models. In addition, | albsavve the use of SM differs in
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two parts of the atom context (as presented in el'@l). For example, large
number of SMs (11 times) are used in the Bohr at@aontexts 6.al and 6.a2)
contexts that is familiar to students (since gemi-classical), and other models are
used in limited diversity (IM and AM). However, the totally new model of atom
that is the quantum atom (Contexts 6.b1 and 6d#@jlents present limited number
of SMs (3 times), and more diversity other modélant the Bohr atom context
(PSM, IM and AM). This finding explains Bao’s (1998ndings about students’
interpretation of quantum concepts better when tfieg some traces from

classical physics.

Conclusion 20: Background knowledge about the classical concepis o

phenomenon influences students’ mental models.

Previous research explained that the importancerefious learning for
students’ mental models (Bao, 1999, Chinn & Brewk398; Gardner, 2002;
Hrepic, 2004; Johnson-Laird, 2004). Although studeare familiar with some
concepts in classical physics, their insufficiemickground about the concepts
might influence their mental models. Knowledge w&Hoindividuals to draw
conclusions about the events by influencing theaeg process (Johnson-Laird,
2004). Gardner (2002) identified that the studevite had strong understanding of
physics were very comfortable while learning quantmechanics. As Chinn and
Brewer (1998) explained, both enrichment of prionaeptions and quality of
background knowledge are the factors for knowlecliggnge Bao (1999) stressed
that some of the classical concepts are crucialdaming of quantum concepts
although they are different from each other. Irs thtudy, | observe that although
students have background about both energy andangomentum concepts in
the classical physics, they explain the energy tigetion better than the angular
momentum quantization (Section 4.2.2.e). That mestuslents’ problems about
linear and angular momentum in classical physiespther words, their lack of
conceptual learning of these concepts affect hay trganize their knowledge in
quantum physics.

In addition, students’ not constructing any SM#&wd developing limited
number of unscientific models might be explainedthwihe influence of
background in students’ model development. In soamexts, students mainly use

unstructured knowledge elements, since they maiahnot construct any concepts
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related with the quantization phenomenon. Therefwhat individuals know about

the words before is important for mental modelse@@r& Moreira, 2002).

5.1.3 Conclusion and Discussion of the DevelopmesftModels by

Influence of Sources

In this section, the results presented in Secddh are discussed and
conclusions are drawn. Three main conclusions arsgusisions about the

development of models by influence of the soureést #or this section.
Conclusion 21:Each source contributes model development diffgrent

As the external and internal sources explainedeicti® 4.2 have influence
on models, each source contributes model developdiéerently. So each model
developed by the influence of different sourcesdifferent proportions. For
example, while the development of some models aptaimed by more sources,
some of them develop by the contribution of fewredats (Section 4.3.1.b). This
indicates us model development is a complex progedsr the influence of many
sources contributing with different properties gmwportions. This conclusion
shows us by manipulating these sources, we calftdgeistudents’ knowledge
organization and revise their unscientific knowledtyuctures. For example, based
on the findings of this study, by improving studgmheta-cognitive behaviors, the

probability of having SM may be increased.

Conclusion 22:Upgrading in models is observed within the casesr(the

physical observables) of quantization.

For two students among eight students, it is ofeskthat students present
upgrading in their models in Interviews [, Il, atidl (Section 4.3.2.a). These
students explain the quantization of light with 88M, they continue to explain
the quantization of energy with the PSM and SM, &ndlly, they explain the
quantization of angular momentum with the SM (Set#.3.2.a). By considering
the time order in the development of these modelsadditional student (totally 3
students) present a development from the PSM toNglviman (1983) implied the
influence of “interaction with the system” duringodel development. Hrepic et al.
(2010) also explained models could be upgradedutfirexperience and formal

instruction. This finding is compatible with theepious studies, since the students
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present the development while they are continuinglearn the quantization
phenomenon. During this period, they recover tidgas, and they could use the
SM at the end. The reason of recovery of PSM alghinbe the closeness of it
with SM, since the main difference of these modelsinappropriate use of
“boundedness”. Therefore, students’ appropriatebg wf this discriminating
element and modifying their knowledge might be tkasons of such type of
development.

| did not observe the development from other wargdic models to SM.
The reason might be the difficulty in the constinectof the scientific concepts and
links by radical changes, since most of the unsifienmodels diverge from the

SM too much in terms of concepts and framework.

Conclusion 23: Students’ models about the quantization of physical

observables are quite stable up to the end cfaheester.

Corpuz and Rebello (2011a) explained that leanssted their models in the
light of new experiences, and modified/reorganiteeir models by this way.
Scherr (2007) also identified that the change ideustanding was difficult and
learning was more permanent. In this study, stwdalso do not have chance to
test their models in new experiences, so it mightdifficult to change them
(Section 4.3.2.a). Therefore, “not to have new erpees” should explain the
stability of the models for some period of time. the beginning, this conclusion
seems in contradiction with Norman’s (1983) conidnsthat he stated “Mental
models are unstable: People forget the detailshef gystem they are using,
especially when those details have not been ugesbfoe period.” (p.8). However,
he explained he got this conclusion based on genbegrvations of a variety of
people (p.8), and he did not explain “certain” diara for the durability of mental
models (p.8). By this way, the similar conclusioaynbe observed in the future i.e.
in the next grade. For this study, the time peitodne semester. Students develop
their models while they are learning the phenome(aoming Interviews I, 1l and
Il), and they keep them at the end of the semeatethe end, they do not change
their models before and after the final examinatiOne of the other reasons of
students’ stability of models may be their expéctabf mathematical questions in
the exam. Therefore, most of the students consielying for final examination

is not helpful for their understanding of the quzetion phenomenon, and then
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they focus on solving mathematical problems with@aovering or reorganizing

their knowledge structures.
5.2 Implications

The following sections present some implicationghaf current study. The
findings of this study indicate some points thabudtl be considered by modern
physics instructors/teachers, the students whaakiag modern physics course,

and modern physics textbook authors.
5.2.1 Implications for Modern Physics Instructors o Teachers

Implication 1: Links among the different physics concepts or edédht

contexts should be constructed in the classes.

In this study, it was identified that students hahbdany incoherent
unscientific ideas together with the unscientifierntal models. Incorrect ideas
must be changed with the correct ones (Scherr,)2@0%cientific knowledge. In
addition to the unscientific conceptions, studesdmetimes had correct ideas but
they used them inconsistently. Being a good phsfsigquires having organized
knowledge, which permits remembering and inferting details (Reif, 1995), so
constructing links among the concepts should bditeied by concept mapping
and summary. Physics concepts are not isolatedttedare the elements of a
coherent framework, so “meaning” should be constdiavith linking the concepts

coherently. This might help students’ knowledgeaniigation better.

Implication 2: Scientific concepts and elements, which are foreddal for

scientific models, should be explained explicithdastressed in the classes.

In modern physics classes, explicitly explanatibrihe scientific elements
should be considered in the classes, because stuaey be unable to recognize
these elements although they are stated in thesedady this way, students’
cognitive development while learning physics shdwddsupported. When students
develop cognitively, they would adopt more sopb#&ed and powerful mental
models (Glynn, 2007).
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Implication 3: Mental model of the instructor should allow preutg

students’ probable knowledge structures.

Instructor’s mental model about the quantizatiorplysical observables is
important to shape instruction. Having complex isifie mental models with
integration of advance level concepts may allovriregor predicting how students
approach towards the concepts, and how they omgdmewledge. By this way,
instructors might predict students’ inappropriatee uof some concepts and
construction of unscientific models. Then, they aamsider some precautions
preventing students’ organization of knowledge wign manipulate their

unscientific models, and recover them by manipuogathe instruction.

Implication 4: Instructor should pay attention to use body lagguim the
classes together with other explanations for stiglerknowledge

organization.

Quantum concepts that students are not familiarorbefbring some
difficulties while teaching them. In this studyethse of body language to indicate
“discreteness” might be more helpful for studeme&ognition of basic scientific
elements of quantization easily. By this way, stiuslanight be stimulated better

for making sense of the concepts by experiencimghysical environment.

Implication 5: Some activities making concepts concrete should be

facilitated.

Since students do not have a chance for daily expss about the
quantization phenomenon, it might be better to slsmme demonstrations or
simulations in the classes. Sometimes computer rgete models shown in
pictures, or some drawings or mathematical expiamamight be useful for
students’ making sense of the concepts. By this staglents can make sense some

abstract concepts by experiencing them in thetiogtm.

Implication 6: Handouts or lecture notes should be providedudesits in

the classes in order to get students’ attention.

In this study, my findings about students’ noterigkindicated that students

who do not take notes with different reasons disgggdamore coherent and scientific
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knowledge structures. This might explain that theselents might focus just to
understand what the instructor explained in thessga without only recording
them. For this reason, students’ knowledge org#pizamight be facilitated by

showing the focus concepts that students shoukditdk consideration more with
lecture notes or handouts provided in the clasBles.existence of the important
terms in these notes might gain students focusdiedt them to integrate these

elements into their knowledge organizations.

Implication 7: While selecting the textbooks for students, ingttseshould
consider the way of explanations, and the diversityhe methodologies

explaining the concepts in the textbooks.

Due to the findings of this study, the instructsh®uld select textbooks that
using diverse methodologies explaining conceptsalige it was observed that this
issue was important for the development of cohekerwledge structures. In
addition, the stress and explicit explanations ref toncepts are important for

scientific and coherent structures.

Implication 8: Topic order should be stressed in the classedcékplto
discriminate different theories (the theory of teity and the quantum
theory). Or, the theory of relativity chapters mas explained/taught after

the concepts of the quantum theory.

In order to construct scientific knowledge of quantphenomena, students’
understanding of “quantization” should be knownlgeice it is “key” for passing
from classical to quantum ideas. However, whilestus trying to understand the
new concepts of the quantum theory, they integfaeconcepts of relativity and
classical physics to their knowledge organizatitwoud quantum theory. When
quantum concepts are explained in the classedjittezences among relativistic
physics, classical physics and quantum physics Idhba stressed more. The
change in teaching order of these theories might &e helpful for students’
making sense of the quantum concepts better withmegrating the others. For
example, because these theories are not prereqfiisiteach other, theory of
relativity should be taught after the quantum tletiat students constructed the

quantum concepts well.
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Implication 9: The variables such as meta-cognition and motimagtwould

be taken into consideration in the instructions.

The findings indicate that this is one of the mosportant issues for
students’ use and development of scientific modefs the quantization
phenomenon. Some activities that showing studeaffective status should be
followed by instructors. This might be done at theginning of the semester by
examining these issues. Then the instruction nbghtedesigned in the light of the
findings about students. For example, short repors®me periods of the semester
might be included into the instruction. By this wastudents’ reflections about
themselves and course might be re-shaped itenativdthough what must be
taught is stated in the academic catalog, studeindsare taking the course change
each semester. So, students’ characteristics sh@utdken into consideration at

the university level to enhance their knowledgeaaigation.

Implication 10: Students’ prior knowledge should be identified the

instructor.

In the instructions, instructors should expect dieetypes of students’ ideas
(Scherr, 2007) whether organized or unorganizeadestts’ knowledge structures
should be identified because having background atiemclassical and quantum
concept is important for coherent knowledge orgations. Moreover, in the
classes, students should be helped to use knowleldgeents correctly. As this
study indicates the importance of background kndgdéeon mental models, the
“persistency” of SMs should be provided for a Igegiod of time for students’ use
their models (PHYS 307) in the Applied Modern Phgsicourse in the next

semester.
5.2.2 Implications for Modern Physics Students

Implication 11: Students should bring their textbooks into thess#s and

use them effectively by facilitating note taking.

Taking notes in the classes as same as exactlytiwanstructor explained
might not be as helpful as students thought. Iritexdd bringing textbook into the
classes and using them in the classes might be nedpéul for students than they

thought. These two elements should be taken intsideration, because having
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more coherent knowledge first needs making sensehait is explained. This
might be obtained by interpreting more what theruttor explained than writing
exactly what the instructor wrote on the boardnBing textbook into the classes
and use of it in the classes promote developmentobierent structures. So,
students should learn to use textbooks effectiey(1l) an advance organizer
before the classes, (2) for following the instrust@xplanations and highlight the
important parts of the concepts during the clasaed, (3) for summarizing the
topics with the help of explanations on the texisoby noting instructor’'s verbal

explanations at the end of the classes.
Implication 12: Students should learn to ask questions aboutlgsgining.

Meta-cognitive inquiry of a student is important thboknowledge
organization by having any kind of model, and hgviaMs. Students should
inquiry themselves about their learning, and tHegusd develop the easier ways of

understanding quantum concepts by regulating teaining.

Implication 13: As students attend the classes regularly, theyldrspend

time before and after the classes.

The results of this study indicate that studyinpbe and after the modern
physics classes with note taking and attending dlasses facilitate coherent
knowledge organizations. This might be helpful familiarity with the concepts
and having background about them. This also allstudents focusing what the
instructor explained more and catching the key tgaim the classes. By this way,

they might develop more coherent knowledge strasteasily.
Implication 14: Students should force themselves to develop merddkls.
Having mental models about the concepts fosters déneelopment of
complex organized knowledge about phenomena. dt pdsmits retrieval process

easier. For this reason, students should link tmeepts in coherent way for better

understanding; and they should push themselvegytmize their knowledge.
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5.2.3 Implications for Modern Physics Textbook Autlors

Implication 15: Scientific ideas should be stated in the textbaoydicitly;
important concepts should be stressed; and divensder of methodologies
should be used to explain scientific concepts.diitéon, frequency of using

these elements is important.

Textbook is also identified one of the influencietements on students’
mental models of the quantization phenomenon. Sistoelents engaged the
textbooks for many instances, it should be givemdrtance explaining and
stressing the basic concepts explicitly with the wf different number and
diversity of the methodologies. It might make sttderecognizing scientific

issues.

Implication 16: Some advance organizers such as concept maps, brief

summaries should be used to foster linking thecepts.

Links among the concepts should be constructed ewbiplaining the
concepts. This might be possible with the repetiiod the previous concepts to
connect new learning and the previous ones. Intiaddiby concept maps,
important concepts might be stressed and the emtistin of links among the
concepts might be fostered. In addition, the suresaat the end of the sections
and chapters might keep the concepts fresh, and rthght facilitate students

connecting the concepts in an easy way in theviatig sections and chapters.
5.3 Limitations of the Study and Controlling the Threats

Although this was a qualitative research, somatditions and threats are
discussed in this section. For example, obsenaey, béactivity, limiting students to
use a specific language (Turkish or English) whitplaining physics concepts can
be considered as some threats for this study. ¢tid®e5.3.1, how these probable
threats handled are explained. In addition, lirotatin the examination of
interaction among the sources, limitation in thearaation of knowledge
elements directly, and limitation in the generdlima of results are discussed in
Section 5.3.2.
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5.3.1 Controlling the Threats

Observer bias (highly subjective interpretatioan ©e considered a threat. In
this study, observer effect (Fraenkel & Wallen, @0pp.538-539) was controlled
by video recording,. In addition, this threat wagd to be controlled with the
examination of a sample data and findings by difitexperts.

Reactivity is “the influence of the researchertba setting or individuals
studied” (Maxwell, 1996, p.91). By being a partaip observer in natural setting,
reactivity was controlled (Maxwell, 1996, p.91) fabservation data. In the
interviews, it was avoided exciting students alibatquantization phenomenon in
order to prevent their preparation for regularlynadocted interviews. So, the
“quantization” word was carefully used in the iniews. In the implementation of
test, students were not allowed to interact wittheather. In the production other
artifacts by students such as homework papers, iaabion papers etc. were not
interfered by me anyway by considering the exanonabf students’ mental
models in their natural settings. By these wayactieity threats were tried to be
controlled.

In addition, in order to prevent students misustéerding the questions, all
materials were provided in Turkish and English.dgtus were also allowed to
make explanations by using both of the languagk®s Was important in order to
get maximum information about students’ understagdiStudents learn the
concepts in English; however, they sometimes maiy loifficulty with explaining
the phenomena in English because of their poorigmgjrammar knowledge or
difficulty with wording. In contrast, students’ lited knowledge about the Turkish
counterparts of the physics concepts learned idigngias another limitation for
the requirement of getting only Turkish explanagiorFor these reasons, by
allowing students’ use both the languages - siacguage is just a device for
communication-, students provided rich data bygisioth languages - English and
Turkish. At the end, the threat caused by language minimized by this way.
Using this type of explanations also made studewysiry and learn the Turkish

counterpart of the concepts learned in Englishtfeir physics knowledge.
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5.3.2 Limitations

In this study, | did not examine the interactidntlee sources influencing
students’ mental models since it was out of myaegeaims. Not to diverge from
research aims, the sources were examined as irdiameinom each other. Not to
examine the interaction among the factors qualigti might be considered as a
limitation for this study.

We have known that mental models are not directhservable- or
measurable (Bao, 1999; Gentner, 2002). For thisorgahe research investigation
of students’ mental models is limited with “whatidénts explained” and “how the
researcher interpreted”. In addition, the studeatslity of accessing and using
their mental models (Reif, 1995) also limits memaldel studies.

Finally, my aims were to “understand” and “expfaistudents’ mental
models about the quantization of physical obseesbhlthough | did not aim to
generalize my conclusions over the population, |deality of the conclusions

might be considered as a limitation from the quativie research perspective.
5.4 Strengths of the Study

This study has some strength as well as someatimits. The strength of

this study can be summarized as:

Strength 1: In this study, a wide range of data was colledtedn the
setting without manipulating the setting as ethapfic manner. The
collection of huge amount of data from differentuses provided
comparison of the data from different sources. ¢ditton, it allowed
examining mental models in more dimensions. Fonmgte, examination of
the influences of external and internal sourcesnental models is specific
for this study. In addition, discussion of thessuis in model development

also brings new explanations to the literature abwadel development.

Strength 2: Quantization phenomenon is examined during theestan So,
in the examination of students’ models, the usmwaitiple contexts is one of

the strengths of this study.

Strength 3: | worked with thirty-one participants during thiedy. Although

it was difficult to organize the qualitative dateorh large number of
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students, working with large number of studentthan study was important
in the recognition of some patterns about the mentadels, the sources

influencing mental models and model development.

Strength 4: Although | followed the previous physics educatibverature in
terms of the examination of mental models, the gtesif this study is
specific for this study. In addition, the explaonatiof methodological issues

in detail is one of the strengths of this study.

Strength 5: This study examining students’ understanding olngum
concepts is a new perspective for the physics e¢idmceesearch in Turkey.
And the contribution of the study by its sample,timoeology, examined
physics concepts, theoretical framework, resultg] aonclusions, find a
room in physics and science education literatureuilmnental models in

worldwide.

Strength 6: This study combines the different domains suclplagsics,
educational sciences, cognitive science, and gmvlogy. Standing in the
intersection of different sets gains more imporéaas an interdisciplinary

study.
5.5 Suggestions for Further Research

The findings imply McDermott's (1991) explanationog more that is what
we teach is different from what students underst&imte, in spite of the scientific
explanations in the classes and textbooks, sondersts really cannot make sense
of the concepts as we expect. With this researsbggest the following issues for

further research:

Suggestion 1:Construction of scientific mental models is immitt for both

physics and physics education students. In thidystuexamined students’
mental models about quantum physics concepts that Wighly abstract.
The results indicated students’ difficulty in organg these concepts. For
further research, students’ mental models abowdra@tvance-level physics

concepts should be examined.

Suggestion 2:In this study, | did not examine the influence stfidents’

ontologies on their mental models. However, thalifigs indicated that
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some ontological issues might have roles on moeetldpment. For further

research, contribution of students’ ontologies sthbe studied.

Suggestion 3:In this study, | identified some traces about itifeience of
language degeneracy on models. For further resedschction in model

development might be examined with new researciyes

Suggestion 4:In this study, | did not examine the influence‘génder” on

students’ mental models. However, some findinggatdd “gender” having
some roles on displayed models by females and matesthe use of SM
(males use SM more than females). However, theghtnfie other reasons
interacting with gender to explain the influence models. For further
research, contribution of “gender” to students’ @lepment and use of

models should be examined.

Suggestion 5:In this study, although | worked with a large numloé

participants, | identified six unscientific elementontributing students’
mental models. For further research, including nsttelents into the study
might identify some other probable unscientificneésts contributing model

structures.

Suggestion 6:1 did not develop a test based on the resultsiefstudy. For
further research, a test might be developed tostigete students’ mental
models, and inferential statistics may be usedheyitnplementation of the
test to large number of students. Then, some gkzradrans can be drawn

for populations.

Suggestion 7:n this study, fragmented structures are not enpthbecause
of exceeding the research aims. So for the fut@search, students’
fragmented elements about quantization of physitalervables might be

examined.

Suggestion 8:In this study, the direct influence of instruction students’
models was identified. By using this informatioewnexperimental designs
facilitating model development in quantum concepight be developed and

tested.
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APPENDIX A

PHYS 202 COURSE CONTENT AND OBJECTIVES

PHYS 202-MODERN PHYSICS COURSE

(2008-2)

NOTIFICATIONS:

» There are four modern physics classes per week(Rours).
= First 3 weeks are omitted from the list becaus®adsing on the theory of

relativity that is irrelevant for the research aims

= Abbreviations for Cognitive Domain of Bloom taxongniK = Knowledge,
C= ComprehensiorAp= Application,An= Analysis,S= Synthesis, and

E= Evaluation.

WEEKS DATES | TOPICS

SPECIFIC OBJECTIVES

The theory of RELATIVITY @ncepts

WAVES

09.03.2009| = ELECTROMAGNETIC

= BLACKBODY
RADIATION

To describe

electromagnetic waves (K),.

To describe the
characteristics of blackbod
(K).

To explain the blackbody
radiation (C).

To distinguish blackbody
and black object (C).

To explain the Planck’s
postulates (C).

To explain the ultraviolet
catastrophe (C).

To interpret the energy
density versus frequency g
electromagnetic radiation
(light) graph of blackbody
radiation (C).

To recognize the
quantization of energy
(An).
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APPENDIX A (continued

12.03.2009

PHOTOELECTRIC
EXPERIMENT
WHAT IS LIGHT?
X-RAYS

X-RAY
DIFFRACTION

To explain workfunction
(©).

To explain the
photoelectric experiment
showing light as a particle
(©).

To draw the current versus
potential graph for differen
intensities at constant
frequency (S).

To draw the current versus
potential graph for same
intensities at different
frequencies (S).

To solve the mathematical
problems about
photoelectric effect (Ap).
To identify the quantizatior]
of light (An).

To define X-rays (K).

To give examples from
daily life about X-rays (C).
To explain the X-Ray
diffraction (C).

To recognize the inverse o
photoelectric effect same
with X ray production

(An).

[

f

5 16.03.2009

COMPTON EFFECT
PAIR PRODUCTION
PHOTONS AND
GRAVITY

To explain the Compton
Effect this is another
experiment about light as 3
particle (C).

To solve the mathematical
problems about Compton
Effect (Ap).

To explain the pair
production that is another
experiment showing light
as a particle (C).

To differentiate the
photoelectric effect,
Compton Effect, and pair
production by considering
theA of incident wave
(An).

To explain the gravitationa
behavior of light
(Gravitational red shift)

(©).

L
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APPENDIX A (continued

19.03.2009| = DEBROGLIE WAVES

To explain the wave

= WAVES OF properties of particles (C).
PROBABILITY To explain the DeBroglie
wavelength (C).
To describe the matter
waves (K).
To explain the measurable
quantity in a wave
(probability) (C).
6 23.03.2009| = DESCRIBING WAVE To describe wave (K)
= PHASE AND GROUP To explain wave
VELOCITIES propagation (C)

To distinguish the group
and phase velocity (C).

To distinguish wave packe
and wave group (C).

To solve the mathematical
problems about wave
velocities (Ap).

26.03.2009| = PARTICLE
DIFFRACTION
= PARTICLE IN A BOX

To explain the wave
behavior of particle (C).
To explain the standing
waves in a box (C).

To explain the behavior of
standing waves in a box
(©).

To identify the energy
quantization of the particle
in a box (An).

To solve the mathematical
problems about particle in
box (Ap).

7 30.03.2009| = UNCERTAINTY
PRINCIPLE

To explain uncertainty
principle (C).

To solve the mathematical
problems about uncertainty

principle (Ap).

02.04.2009| = APPLYING
UNCERTAINTY
PRINCIPLE

To state uncertainty
relation for different
considerations (C).

To solve the mathematical
problems about wave
velocities (Ap).
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APPENDIX A (continued

8 06.04.2009

1. Midterm
week

08.04.2009

THE NUCLEAR
ATOM

ELECTRON ORBITS
ATOMIC SPECTRA

To explain the history of
atom (C).

To list the atomic models
(K).

To explain the nuclear sizg
(©).

To explain the planetary
motion (an atom with
electrons orbiting) (C).

To infer the failure of
classical physics and start
of new hurdles (An).

To explain the formation of
spectral lines (C).

To distinguish emission
and absorption spectra (C).

09.04.2009

THE BOHR ATOM
ENERGY LEVELS
AND SPECTRA

To infer the semi classical
theory of Bohr (An).

To infer the failure of Bohr
Theory (An).

To infer the quantization of
atomic energy levels (An).
To predict the allowed and
forbidden transitions (C).

9 13.04.2009

CORRESPONDENCE
PRINCIPLE
NUCLEAR MOTION

To explain the relation
between classical and
quantum physics (C).

To calculate the motion of
electrons by considering
the moving nucleus (Ap).

16.04.2009

ATOMIC
EXCITATION
THE LASER

To describe the laser (K).
To explain the
characteristics of laser ligh
(©).

To give example to the
daily applications of lasers

©.
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APPENDIX A (continued

10 20.04.2009

INTRODUCTION TO
QUANTUM
MECHANICS (QM)
THE WAVE
EQUATION

To explain wave function

(©).

To state wave equation (K).

To explain the importance
of wave function in
quantum mechanics (C).
To state the Schrédinger’s
time independent wave
equation (K).

To relate the Schrodinger
equation with Newton’s 2.
Law (C).

To define operator (K).

To define observable (K).
To distinguish operator an
observable (C).

23.04.2009

No classes
(National Holiday)

No classes
(National Holiday)

11 27.04.2009

SCHRODINGER’
TIME DEPENDENT
WAVE EQUATION
LINEARITY AND
SUPERPOSITION
EXPECTATION
VALUES
EIGENVALUES,
EIGENFUNCTIONS

To state the Schrédinger’s
time dependent wave
equation (C).

To interpret the physical
meaning of Schrédinger’s
time dependent wave
equation (An).

To explain expectation
value (C).

To explain its physical
meaning (C).

To distinguish the
eigenvalue and
eingenfunction (C).

30.04.2009

PARTICLE IN A BOX
FINITE POTENTIAL
WELL

To interpret the particle in
box problem (An).

To explain the behavior of
a particle in a finite well
(©).

To solve the mathematical
problems about potential
wells (Ap).

To explain the energy for
particle in a box in
quantum mechanics (C).
To recognize the
quantization of energy
(An).

oo

12 04.05.2009

2. Midterm
week

06.05.2009

TUNNEL EFFECT

To explain the tunnel effec
(©).

To give examples about
tunnel effect behavior (C).
To describe the harmonic

[
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APPENDIX A (continued

oscillator for classical and
quantum systems (C).

To solve the mathematical
problems about tunnel
effect (Ap).

07.05.2009

HARMONIC
OSCILLATOR
SCHRODINGER
EQUATION FOR
HYDROGEN ATOM
QUANTUM
NUMBERS
PRINCIPLE
QUANTUM NUMBER

To explain the energy for g
harmonic oscillator in
quantum mechanics (C).
To solve the mathematical
problems about harmonic
oscillator (Ap).

To recognize the
quantization of energy
(An).

To explain the principle
quantum number (C).

To state the partial
differential equation for
wave function of the
electron in Hydrogen atom
by spherical coordinates

(©).

13 11.05.2009

ORBITAL QUANTUM
NUMBER
MAGNETIC
QUANTUM NUMBER

To explain the orbital
quantum number (C).
To infer the quantization of
orbital angular momentum
(An).

To explain the magnetic
quantum number (C).

To infer the quantization of
direction of orbital angular
momentum (An).

To solve the mathematical
problems about harmonic
oscillator (Ap).

14.05.2009

ELECTRON
PROBABILITY
DENSITY
RADIATIVE
TRANSITIONS
SELECTION RULES
ZEEMAN EFFECT

To explain the quantum
model of atom (C).

To state electron
probability density equatio
(©).

To relate wave function an
probability density (C).

To state Born interpretatio
for probability density (C).
To state allowed and
forbidden transitions (C).
To calculate the allowed
and forbidden transitions

[®X

(Ap).

254



APPENDIX A (continued

To explain the Zeeman
Effect (C).

To solve the mathematical
problems about harmonic
oscillator (Ap).

14 18.05.2009 ELECTRON SPIN To explain the spin (C).
EXCLUSION To explain the Pauli
PRINCIPLE Exclusion Principle (C).
SYMMETRIC AND To distinguish the field
ANTI-SYMMETRIC used in Zeeman and Stern
WAVEFUNCTIONS Gerlach experiments (C).
To infer the quantization of
the magnitude of electron
spin (intrinsic angular
momentum) (An).
To infer the quantization of
the direction of electron
spin (An).
To differentiate symmetric
and anti-symmetric wave
functions (C).
21.05.2009 SPIN-ORBIT To explain the spin-orbit
COUPLING coupling (C).
15 25.05.2009 NUCLEAR To define the binding
COMPOSITION energy (K).
SOME NUCLEAR To solve the mathematical
PROPERTIES problems about binding

STABLE NUCLEI
BINDING ENERGY

energy (Ap).
To explain stability of

nucleus (C).

28.05.2009

RADIOACTIVE
DECAY
HALF-LIFE

To explain radioactive
decay (C).

To explain the radioactive
decay with alpha, beta and
gamma rays (C).

To explain half-life (C).

To solve the mathematical
problems about half-life

(Ap).
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APPENDIX B

OBSERVATION INFORMATION

B.1 Observation Dates and Duration

Observation Record

Week Lecture No | Date Observation No Observation Duration
Week 4 Lecture 6 09.03.2009 1 ~120 minutes
Week 4 Lecture 7 12.03.2009 2 ~120 minutes
Week 5 Lecture 8 16.03.2009 3 ~120 minutes
Week 5 Lecture 9 19.03.2009 4 ~120 minutes
Week 6 Lecture 10 | 23.03.2009 5 ~120 minutes
Week 6 Lecture 11 | 26.03.2009 6 ~120 minutes
Week 7 Lecture 12 | 30.03.2009 7 ~120 minutes
Week 7 Lecture 13 | 02.04.2009 8 ~120 minutes
Week 8 Lecture 14 | 06.04.2009 9 ~120 minutes
Week 8 Lecture 15 | 09.04.2009 10 ~120 minutes
Week 9 Lecture 16 | 13.04.2009 11 ~120 minutes
Week 9 | Lecture 17 | 16.04.2009 12 ~120 minutes
Week 10| Lecture 18 | 20.04.2009 13 ~120 minutes
Week 10| Lecture 19 | 23.04.2009 14 No classes
Week 11| Lecture 20 | 27.04.2009 15 ~120 minutes
Week 11| Lecture 21 | 30.04.2009 16 ~120 minutes
Week 12| Lecture 22 | 04.05.2009 17 ~120 minutes
Week 12| Lecture 23 | 07.05.2009 18 ~120 minutes
Week 13| Lecture 24 | 11.05.2009 19 ~120 minutes
Week 13| Lecture 25 | 14.05.2009 20 ~120 minutes
Week 14| Lecture 26 | 18.05.2009 21 ~120 minutes
Week 14| Lecture 27 | 21.05.2009 22 ~120 minutes
Week 15| Lecture 28 | 25.05.2009 23 ~120 minutes
Week 15| Lecture 29 | 28.05.2009 24 ~120 minutes
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B.2 Outline for Observation

Week:
Date:

Outline for Observation

Observation of the Instructor

No

Focus Points

Explanations

1

In which context does the instructor
explain the quantization of physical
observables?

What are the instructional techniques
used by the instructor while explainin
the quantization of physical
observables?

How many times does the instructor
stress quantization?

Does the instructor link the

guantization of physical observables
with each other? (i.e. energy- angular
momentum)

Does the instructor link the
guantization of physical observables
different contexts? (i.e. particle in a
box and harmonic oscillator)

=]

Does the instructor compare
“quantization” for quantum and
classical physics?

Others
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Observation of the Students

No Focus Points Explanations

1 How is the attendance in the class?

2 Do the students join the class
activities?

3 Instructor- student interactions (i.e.
during questioning, discussion)

4 Extraordinary events in the class

5 Do the students ask questions to the
instructor in the class?

6 Do the students ask questions to the
instructor out of the class? (i.e. in the
break, before or after the class)

7 Do the students discuss quantization
with each other out of the class? (i.e.|in
the break)

8 Others
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Notes for each ten minutes

Time

Events

10.30

Students come to the lecture hall.

10.40

The lecture starts.

10.50

11.00

11.10

11.20

11.30-11.40

Break

11.40

11.50

12.00

12.10

12.20

The lecture ends.

12.30

Students leave the lecture hall.
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APPENDIX C

INTERVIEW QUESTIONS

C.1 Questions for Pre-Interview

QUESTIONS FOR PRE- INTERVIEW

The aim of this study is to examine second-yeasjasyand physics education
students’ mental models about some quantum phgsiosepts.

Interviewer :
Interviewee (name or pseudonym) :
Interview Date :
Interview Duration :
Interview Data Recorders

Department o Physics o Physics education
Gender : o Female o Male
Number of taking this course o Firsttime o Second time or more

DIRECTIONS: Dear student, the following questions will be askketo you to
describe your opinions, behaviors, and what you leaed in the Modern Physics
(PHYS 202) course. If you do not want to answer augstion, you can skip it.
There are both English and Turkish versions of eachlyuestion. To express the
answers in English is not compulsory; if you preferyou can explain in Turkish.
Recommended duration for this interview is 20 minugs.

YONERGE: Deserli ogrenci, sizin Modern Fizik (PHYS 202) dersine yoRkeli
fikirlerinizi, davranglarinizi, ve @rendiklerinizi tanimlamak icin sagidaki sorular
sorulacaktir. Cevaplamak istemgidiz soruyu gecebilirsiniz. Her soruniingilizce ve
Turkge versiyonu bulunmaktadir. Cevapldngilizce agiklamak zorunlu dgdir,
isterseniz Turkce aciklayabilirsiniz. Bu génie icin éngorilen sire 20 dakikadir.

QUESTIONS

Do you study new topics prior to the Modern Physiesses?
Modern Fizik dersinden énce yeslenecek konulara ¢aliyor musunuz?

Do you attend the Modern Physics classes regularly?
Modern Fizik derslerine diizenli olarak devam ediymusunuz?
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10.

11.

12.

13.

14.

Do you bring Modern Physics textbooks to the cls®se
Modern Fizik derslerine ders kitaplarini getiriyorusunuz?

What does “being in the Modern Physics class” nearou?
Modern Fizik dersinde olmak sizin i¢in ne anlaaué ediyor?

What are the factors, which affect your understagdn the lecture hall?
Sinifta anlamaniza etki eden faktorler nelerdir?

Do you take notes on what mentioned in the Modéwsles classes?
Modern Fizik derslerinde anlatilanlari not alir smniz?

What is your favorite aspect in the Modern Physiasses?
Modern Fizik derslerinde en seyiiiz sey nedir?

Do you practice after the Modern Physics classes?
Modern Fizik derslerinden sonra tekrar yapar mizth

How do you solve the homework questions (indivitlyaliscussing with your friends
etc.)? Do you check your homework after the homé&wpades are announced?
Odev sorularini nasil ¢dzersiniz (bireysel, arkgdanizla tartsarak vs.)? Odev
notlari aciklandiktan sonra ddevinizi kontrol edeisiniz?

How do you study for the exams (individually, dissing with your friends etc.)? Do
you question the assistants or the instructor? @pexamine your exam after the
exam grades are announced?

Sinavlara nasll ¢airsiniz(bireysel, arkadgarinizla tartiyarak vs.)? Asistanlara ya
da dersi veren gretim Uyesine soru sorar misiniz? Sinav notlarklagidiktan sonra
sinav kgidinizi inceler misiniz?

Do you use textbooks actively to understand thes®Do you use other external
sources to understand Modern Physics topics?

Ders kitaplarini aktif olarak kullaniyor musunubefddern Fizik konularini anlamak
icin bagka kaynaklar kullantyor musunuz?

Do you discuss about Modern Physics topics withr yoends?
Modern Fizik konulari hakkinda arkagdarinizla tartiir misiniz?

Do you have problems understanding Modern Physinsepts? If yes, which topics?
Modern Fizik kavramlarini anlamakta problemsgdiniz mi? Evet ise hangi
konularda yaadiniz?

What does “grade of the Modern Physics exam” meagdu?
Modern Fizik sinavindan alginiz not sizin i¢in ne anlam ifade eder?
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C.2 Questions for Interview |

| QUESTIONS FOR INTERVIEW |

The aim of this study is to examine second-yeasjaisyand physics education
students’ mental models about some quantum phgsitsepts.

Interviewer :
Interviewee (name or pseudonym) :
Interview Date :
Interview Duration :
Interview Data Recorders

Department o Physics o Physics education
Gender : o Female o Male
Number of taking this course o Firsttime o Second time or more

DIRECTIONS: Dear student, the following questions are about #htopics we have
learned in the Modern Physics (PHYS 202) course. Yiccan answer the questiong
however you want (i.e. verbally, drawings, mathematal expressions etc.). Whilg
answering the questions, think aloud if possible.|Base state your reasons for youf
answer; in other words, explain what shaped your aswers (books, classes, friends
etc.). If you do not want to answer a question, yogan skip it. There are both
English and Turkish versions of each question. Tox@ress the answers in English
is not compulsory; if you prefer, you can explain n Turkish. Recommended
duration for this interview is 60 minutes.

YONERGE: Degerli ogrenci, aagida Modern Fizik (PHYS 202) dersinde
ogrendiklerimize ilskin  sorular bulunmaktadir. Sorular igbeiz  sekilde
yanitlayabilirsiniz (mesela s6zli, cizimler, matdiksel ifadeler vb.). Sorular
cevaplarken mimkin olgunca sesli dfuniintiz. Lutfen cevabinizin sebeplerini, yani
cevaplarinizi nelerin sekillendirdigini  (kitaplar, dersler, arkagkar) belirtiniz.
Cevaplamak istemeglniz soruyu gecebilirsiniz. Her sorunuimgilizce ve Tirkce)
versiyonu bulunmaktadir. Cevapldngilizce agiklamak zorunlu dgdir, isterseniz
Turkce aciklayabilirsiniz. Bu gosine icin dngorulen sire 60 dakikadir.

QUESTIONS

1. a) What do “blackbody” and “blackbody radiation” mea&plain.
“Karacisim” ve “karacisim isimasi” nedir? Aciklayiniz.

In this figure, you see a disagreement after atgmtween
2. experimental data and classical theory.
> &':;2@' Figtirde deney verileri ile klasik teori arasinda b
noktadan sonra uyumsuzluk goértiyorsunuz.
a) What was the problem?
Problem neydi?

e Experiments|
g data

Intensity

b) How did Planck solve this problem?
Planck bu problemi nasil ¢c6zdi?

e et c) What is the importance of this finding?
Bu bulaunun dnemi nedi
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3. a)We have discussed Planck’s explanation of radiatiéhat is the meaning of
“Planck’s constant (h)” in the explanation of ra@ia?
Planck’in gimaya iligkin aciklamalarini tartytik. lsimanin aciklanmasinda “Planck
sabiti” nin anlami nedir?

b) What is the importance of this constant for quantbeory?
Bu sabitin kuantum teorisi icin 6nemi nedir?

4. a) For a photoelectric experiment, assume we havetop with 2.4 eV energy, and the
work function of the metal is 4.8 eV. When we sémelphoton to this metal, do you
think the metal will emit any electron? If yes, havany electrons will be emitted?
Fotoelektrik deneyi igin, elimizde 2.4 e\ésili bir foton ve § fonksiyonu 4.8 eV
olan bir metal oldgunu varsayalim. Bu fotonu metal ylizeye gongérdzde metal
elektron salar mi? Evet ise kag tane elektronnsed

b) Well, now, if we send two photons to that metdth each photon having 2.4 eV
energy, will the metal surface emit an electron?
Pekisimdi bu metale her biri 2.4 eV enerjili iki fotoigderdgimizde metal yuzey
elektron salar mi?

c) If these two photons are sent to an anothealméth a work function of 4 eV, will it
emit electron? If yes, how many electrons willdmaitted?
Eger bu iki foton § fonksiyonu 4 eV olan kla bir metal ylizeye goénderilirse, bu
metal elektron salar mi? Evet ise kag tane eleksalinir?

5. a)What does the “photoelectric experiment” explaiownature of light? Why do the
results suggest this conclusion?
Fotoelektrik deneygigin dagasi ile ilgili ne aciklar? Bulgular neden bu sonucu
onerir?

b) Why is it an important experiment for quantunygibs?
Kuantum fiz§i icin neden 6énemli bir deneydir?

6. What did Planck and Einstein mention about quatitin2 Is there any difference
between their explanations about quantizatiory2$f explain the difference(s).
Planck ve Einstein kuantize olma (kuantumma, kuantumlu olma) durumunaskin
ne soylediler? Kuantize olma durumunakin aciklamalarinda bir fark var midir?
Evet ise aciklayiniz.

Probing Procedure:
= Getting the student into the context,
= Discuss the physics of the context,
= Then discuss the quantization of physical obseesatiépending on student’s
explanations in the context.
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C.3 Questions for Interview Il

QUESTIONS FOR INTERVIEW Il

The aim of this study is to examine second-yeasjaisyand physics education
students’ mental models about some quantum phgsitsepts.

Interviewer :
Interviewee (name or pseudonym) :
Interview Date :
Interview Duration :
Interview Data Recorders

Department o Physics o Physics education
Gender : o Female o Male
Number of taking this course o Firsttime o Second time or more

DIRECTIONS: Dear student, the following questions are about #htopics we have
learned in the Modern Physics (PHYS 202) course. Yiccan answer the questiong
however you want (i.e. verbally, drawings, mathematal expressions etc.). Whilg
answering the questions, think aloud if possible.|Base state your reasons for youf
answer; in other words, explain what shaped your aswers (books, classes, friends
etc.). If you do not want to answer a question, yogan skip it. There are both
English and Turkish versions of each question. Tox@ress the answers in English
is not compulsory; if you prefer, you can explain n Turkish. Recommended
duration for this interview is 60 minutes.

YONERGE: Degerli ogrenci, aagida Modern Fizik (PHYS 202) dersinde
ogrendiklerimize ilskin  sorular bulunmaktadir. Sorular igbeiz  sekilde
yanitlayabilirsiniz (mesela s6zli, cizimler, matdiksel ifadeler vb.). Sorular)
cevaplarken mimkin olgunca sesli dfuniintiz. Lutfen cevabinizin sebeplerini, yani
cevaplarinizi nelerin sekillendirdigini  (kitaplar, dersler, arkagkar) belirtiniz.
Cevaplamak istemeglniz soruyu gecebilirsiniz. Her sorunuimgilizce ve Tirkce)
versiyonu bulunmaktadir. Cevapldngilizce agiklamak zorunlu dgdir, isterseniz
Turkce aciklayabilirsiniz. Bu gosine icin dngorulen sire 60 dakikadir.

QUESTIONS

1. Inan emission spectrum, what do the (cololieds explain (for the visible region),

or in an absorption spectrum what do the darlslielain? Why do the lines occur?
Why do they have different colors (for the visibdgion) for emission spectra; Why
are they dark for absorption spectra?

Emisyon spektrumu icin gortintir bélgedeki renklgiger ya da absorbsiyon
spektrumundaki siyah cizgiler ne aciklar? Cizgib@den olgur? Emisyon
spektrumu neden renkli gizgilere sahiptir ya da@bsiyon spektrumu cizgileri
neden siyahtir?

400 S0 ) T Smm
smissonspecrn || S N I
absorptionspectrum NN || [/
00 500 o0 o0

i
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2. Suppose the electron in the Hydrogen atom obegsickl mechanics rather than
quantum mechanics. What would you expect to olesierthe spectrum? Why?
Varsayalim ki Hidrojen atomundaki elektron kuantun@kangine desil de klasik
mekange gore davraniyor. Spektrumunda ne gézlemeyi bekle? Neden?

3.a) What did Bohr state about the atom, in other wovdat are the Bohr Postulates?
Bohr atomla ilgili olarak neler soyledi,gdir bir deysle Bohr Postulalari nelerdir?

b) What are the failures of the Bohr Postulates abmijuantum theory?
Bohr Postulalari’nin kuantum teorisi agidan eksiklikleri nelerdir?

4. What do the “energy levels” mean?
“Eneriji seviyeleri” ne demektir?

5.a) What do you understand about the “particle in & besm in physics?
Fizikte “Kutudaki parcacik” teriminden ne anliyorsuz?

b) What can be considered a particle in a box?
Bu parcgacik ne olabilir?

¢) Can you give an example from a physical situasibaut particle in a box?
Kutudaki parcacik durumuna fiziksel bir dordan érnek verebilir misiniz?

d) Explain the “energy”, “wavelength”, and “velocitydr a particle in a box.
Kutudaki parcacik icin “enerji”, “dalga bay’ ve “hiz” 1 agiklayiniz.

6. a)What do you understand about the “harmonic osoiflaerm?
“Harmonik salinici” teriminden ne anliyorsunuz?

b) Explain “energy” for a harmonic oscillator.
Bir harmonik salinici icin “enerji” yi aciklayiniz.

7. Did Bohr postulate the quantization of energy?a¥\did he postulate about the
quantization?

Bohr enerjinin kuantize olmasini (kuantumlanmasnantumlu olmasini) énerdi mi?

Kuantize olmaya ifkin ne 6nerdi?

8. Compare Planck’'s and Bohr's explanations aljoantization.
Planck ve Bohr'un kuantize olmayagkin aciklamalarini kaglastiriniz.

Probing Procedure:
= Getting the student into the context,
= Discuss the physics of the context,
= Then discuss the quantization of physical obseesatiépending on student’s
explanations in the context.
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C.4 Questions for Interview 11|

QUESTIONS FOR INTERVIEW llI

The aim of this study is to examine second-yeasjaisyand physics education
students’ mental models about some quantum phgsitsepts.

Interviewer :
Interviewee (name or pseudonym) :
Interview Date :
Interview Duration

Interview Data Recorders

Department o Physics o Physics education
Gender : o Female o Male
Number of taking this course o Firsttime o Second time or more

DIRECTIONS: Dear student, the following questions are about #htopics we have
learned in the Modern Physics (PHYS 202) course. Yiccan answer the questiong
however you want (i.e. verbally, drawings, mathematal expressions etc.). Whilg
answering the questions, think aloud if possible.|Pase state your reasons for you
answer; in other words, explain what shaped your aswers (books, classes, friend
etc.). If you do not want to answer a question, yogan skip it. There are both
English and Turkish versions of each question. Tox@ress the answers in English
is not compulsory; if you prefer, you can explain n Turkish. Recommended
duration for this interview is 60 minutes.

YONERGE: Degerli ogrenci, aagida Modern Fizik (PHYS 202) dersing
Ogrendiklerimize ilskin  sorular bulunmaktadir. Sorular igieiz  sekilde
yanitlayabilirsiniz (mesela so6zli, cizimler, matdiksel ifadeler vb.). Sorular
cevaplarken mimkdn olgunca sesli dfuintiniiz. Lutfen cevabinizin sebeplerini, y
cevaplarinizi nelerin sekillendirdigini  (kitaplar, dersler, arkagkr) belirtiniz.
Cevaplamak istemeglniz soruyu gecebilirsiniz. Her sorunuimgilizce ve Tirkce)
versiyonu bulunmaktadir. Cevapldngilizce acgiklamak zorunlu dédir, isterseniz
Tirkce aciklayabilirsiniz. Bu gosine icin dngorulen sire 60 dakikadir.

[

(2]

e

ani

QUESTIONS

1. By considering the quantum theory of a hydrogemawhat does then" term
mean? What does it describe? Explain.
Bir Hidrojen atomu i¢in kuantum teorisini gémiine aldgimizda, “n” terimi ne
anlama gelir? Neyi aciklar? Aciklayiniz.

2. By considering the quantum theory of a hydrogematohat does the
What does it describe? Explain.
Bir Hidrojen atomu igin kuantum teorisinigdniine algfimizda, “I” terimi ne
anlama gelir? Neyi aciklar? Aciklayiniz.
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By considering the quantum theory of a hydrogemawhat does thar}” term
mean? What does it describe? Explain.
Bir Hidrojen atomu igin kuantum teorisinigdniine algfimizda, ni terimi ne
anlama gelir? Neyi aciklar? Aciklayiniz.

Explain ‘", I”, “m " terms for the Bohr atom? Compare with quantummaedal
model of atom.
Bohr atomu i¢in “n”,” I", “m " terimlerini aciklayiniz. Kuantum mekaniksel atom

modeli ile kagilastiriniz.

What do you understand about the “quantum mechhmiodel of an atom”?
“Kuantum mekaniksel atom modelinden” ne anlsgotuz?

By considering the quantum theory of an atom,tvdags the rhy” term mean?
What does it describe? Explain.

Bir atom icin kuantum teorisini g6z 6niine gidnizda, nd' terimi ne anlama
gelir? Neyi aciklar? Aciklayiniz.

Probing Procedure:

Getting the student into the context,

Discuss the physics of the context,

Then discuss the quantization of physical obseesatiépending on student’s
explanations in the context.
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C.5 Questions for Overall Interview

QUESTIONS FOR OVERALL INTERVIEW

The aim of this study is to examine second-yeasjaisyand physics education
students’ mental models about some quantum phgsitsepts.

Interviewer :

Interviewee (name or pseudonym) :

Interview Date :

Interview Duration :

Interview Data Recorders :

Department o Physics o Physics education

Gender : o Female o Male
Number of taking this course o Firsttime o Second time or more

DIRECTIONS: Dear student, the following questions are about #htopics we have
learned in the Modern Physics (PHYS 202) course. Yiccan answer the questiong
however you want (i.e. verbally, drawings, mathematal expressions etc.). Whilg
answering the questions, think aloud if possible.|Pase state your reasons for you
answer; in other words, explain what shaped your aswers (books, classes, friend
etc.). If you do not want to answer a question, yogan skip it. There are both
English and Turkish versions of each question. Tox@ress the answers in English
is not compulsory; if you prefer, you can explain n Turkish. Recommended
duration for this interview is 45 minutes.

YONERGE: Degerli ogrenci, aagida Modern Fizik (PHYS 202) dersing
ogrendiklerimize ilskin  sorular bulunmaktadir. Sorular igbeiz  sekilde
yanitlayabilirsiniz (mesela s6zll, cizimler, matdiksel ifadeler vb.). Sorular
cevaplarken mimkdn olgunca sesli dfuintiniiz. Lutfen cevabinizin sebeplerini, y
cevaplarinizi nelerin sekillendirdigini  (kitaplar, dersler, arkagkar) belirtiniz.
Cevaplamak istemeglniz soruyu gecebilirsiniz. Her sorunuimgilizce ve Tirkce)
versiyonu bulunmaktadir. Cevapldngilizce agiklamak zorunlu dgdir, isterseniz
Turkce aciklayabilirsiniz. Bu gosine icin dngorulen sure 45 dakikadir.

[

(7]

e

ani

QUESTIONS

1. What does “gquantum” mean in physics?
Fizikte “kuantum” ne anlama gelir?

2.  What does “quantization” mean in physics?
Fizikte “kuantize olma (kuantumlanma, kuantumlma)” ne anlama gelir?

3. Compare “quantization” for classical physics andrfum physics?
Klasik fizik ve kuantum figii icin “kuantize olma” durumunu katlastiriniz.
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4. What are the guantized physical observatites you have learned in this course?
Explain where and how this quantization occurs, gine some evidence.
Bu derste grendigimiz hangi gdzlenebilir fiziksel buytklikler kuaetilir? Hangi
durumlarda (nerede) ve nasil kuantize @dou agiklayiniz, ve deliller gésteriniz.

5. Interpret the following physical events by considgrguantization:
= Blackbody radiation and ultraviolet catastrophe
= Photoelectric experiment
= Energy levels and atomic spectra
= Particle in a box
= Harmonic oscillator
= Atom (the Bohr atom and the quantum mechanical tfden atom)

Asagidaki fiziksel olaylar kuantize olma durumu ag¢tgan yorumlayiniz:
= Karacisim yimasi ve morotesi felaket

= Fotoelektrik deneyi

= Enerji seviyeleri ve atomik spektra

= Kutudaki parcacik

= Harmonik salinici

= Atom (Bohr atomu ve kuantum mekaniksel atom modeli)
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C.6 Questions for Final Comprehensive Interview

QUESTIONS FOR FINAL COMPREHENSIVE INTERVIEW

The aim of this study is to examine second-yeasjaisyand physics education
students’ mental models about some quantum phgsitsepts.

Interviewer :

Interviewee (name or pseudonym) :

Interview Date :

Interview Duration :

Interview Data Recorders :

Department o Physics o Physics education

Gender : o0 Female o Male
Number of taking this course o Firsttime o Second time or more

DIRECTIONS: Dear student, the following questions are about #htopics we have
learned in the Modern Physics (PHYS 202) course. Yiccan answer the questiong
however you want (i.e. verbally, drawings, mathematal expressions etc.). Whilg
answering the questions, think aloud if possible.|Pase state your reasons for you
answer; in other words, explain what shaped your aswers (books, classes, friend
etc.). If you do not want to answer a question, yogan skip it. There are both
English and Turkish versions of each question. Tox@ress the answers in English
is not compulsory; if you prefer, you can explain n Turkish. Recommended
duration for this interview is 45 minutes.

YONERGE: Degerli ogrenci, aagida Modern Fizik (PHYS 202) dersing
ogrendiklerimize ilskin  sorular bulunmaktadir. Sorular igbeiz  sekilde
yanitlayabilirsiniz (mesela s6zll, cizimler, matdiksel ifadeler vb.). Sorular
cevaplarken mimkdn olgunca sesli dfuintiniiz. Lutfen cevabinizin sebeplerini, y
cevaplarinizi nelerin sekillendirdigini  (kitaplar, dersler, arkagkar) belirtiniz.
Cevaplamak istemeglniz soruyu gecebilirsiniz. Her sorunuimgilizce ve Tirkce)
versiyonu bulunmaktadir. Cevapldngilizce agiklamak zorunlu dgdir, isterseniz
Turkce aciklayabilirsiniz. Bu gosine icin dngorulen sure 45 dakikadir.

[

(7]

e

ani

QUESTIONS

1. What does “gquantum” mean in physics?
Fizikte “kuantum” ne anlama gelir?

2.  What does “quantization” mean in physics?
Fizikte “kuantize olma (kuantumlanma, kuantumlma)” ne anlama gelir?

3. Compare “quantization” for classical physics andrfum physics?
Klasik fizik ve kuantum figii icin “kuantize olma” durumunu katlastiriniz.
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4. What are the quantized physical observableeh you have learned in this course?
Explain where and how this quantization occurs, gine some evidence.
Bu derste grendigimiz hangi gdzlenebilir fiziksel buytklikler kuaetilir? Hangi
durumlarda (nerede) ve nasil kuantize @dou agiklayiniz, ve deliller gésteriniz.

5. Interpret the following physical events by considgrguantization:
= Blackbody radiation and ultraviolet catastrophe
= Photoelectric experiment
= Energy levels and atomic spectra
= Particle in a box
= Harmonic oscillator
= Atom (the Bohr atom and the quantum mechanical tfden atom)

Asagidaki fiziksel olaylar kuantize olma durumu ag¢tgan yorumlayiniz:
= Karacisim yimasi ve morotesi felaket

= Fotoelektrik deneyi

= Enerji seviyeleri ve atomik spektra

= Kutudaki parcacik

= Harmonik salinici

= Atom (Bohr atomu ve kuantum mekaniksel atom modeli)
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C.7 Questions for Self-Evaluation Interview

| QUESTIONS FOR SELF-EVALUATION INTERVIEW

The aim of this study is to examine second-yeasjasyand physics education
students’ mental models about some quantum phgsitsepts.

Interviewer :
Interviewee (name or pseudonym) :
Interview Date :
Interview Duration :
Interview Data Recorders

Department o Physics o Physics education
Gender : o Female o Male
Number of taking this course o Firsttime o Second time or more

DIRECTIONS: Dear student, the following questions aim to ideiify evaluation of
yourself (i.e. awareness of your knowledge, your plermance during the semester
etc.). If you do not want to answer a question, yogan skip it. There are both
English and Turkish versions of each question. Tox@ress the answers in English
is not compulsory; if you prefer, you can explain n Turkish. Recommended
duration for this interview is 30 minutes.

YONERGE: Degerli ogrenci, aagidaki sorular sizin kendinizi dgerlendirmenizi
(bilginizden haberdagiiniz, dénem siresince performansiniz vs.) tespibewi
amaglamaktadir. Cevaplamak isteng@uiz soruyu gecebilirsiniz. Her sorunun
ingilizce ve Tirkce versiyonu bulunmaktadir. Cevaplagilizce agiklamak zorunl{i
degildir, isterseniz Turkce aciklayabilirsiniz. Bu d@dme icin dngorulen sire 30
dakikadr.

QUESTIONS

1. When you consider your learning, did you ask qoestsuch as “What am | doing?
How do | learn? Why do | learn?” to yourself?
Osrenmenizi goz 6niine affinizda, kendinize “Ben ne yapiyorum? Nasil
ogreniyorum? Nicin greniyorum?” gibi sorular sordunuz mu?

2. Do you have any idea about your knowledge (whatlymw and do not know) and
your cognitive process? Do you have some stratedfieat how you obtain the
knowledge better?

Bilginiz (neyi bilip bilmedfiniz) ve bilissel strecleriniz hakkinda bir fikriniz var mi?
Bilgiye daha iyi nasil ulgacaginiza dair stratejileriniz var mi?

3. Inthe Modern Physics course, how often did you hieaterms “quantization” and
“quantized” ? In which topics have you heard them?
Modern Fizik dersinde “kuantize olma” ve “kuantizerimlerini hangi siklikta
duydunuz? Hangi konularda duydunuz?
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What can you say about the conceptual developnighese concepts when you first
heard about it? Do you feel a development in youtenstanding about these
concepts?

Bu kavramlari ilk duydéunuzdan itibaren sizdeki kavramsal gighii hakkinda ne
sdylersiniz? Bu kavramlari anlamanizda bir giefi hissettiniz mi?

Did studying for the final exam contribute to yaurderstanding of this phenomenon?
Final sinavina ¢almak bu olgunun anjdmasina katki sdadi mi?

Do you believe you understand the quantizatioroaies physical observables?
Bazi gozlenebilir fiziksel buyukluklerin kuant(keantumlu) yapida olmasini
anladginiza inaniyor musunuz?

What are the most effective factors that shape yaderstanding of the quantization
phenomenon?
Bu olguyuanlamanizisekillendiren en etkili faktorler nelerdir?

Would you like to say any other things to expldimat quantization and your
understanding of this phenomenon?

Kuantize olma ve bu olguyu anlamanizgkih belirtmek istediiniz bagka seyler var
mi?

273



C.8: Interview with the Instructor

INTERVIEW WITH THE INSTRUCTOR

The aim of this study is to examine second-yeasjaisyand physics education
students’ mental models about some quantum phgsitsepts.

Interviewer

Interviewee

Interview Date

Interview Duration
Interview Data Recorders

DIRECTIONS: Dear professor, the following questions aim to idgify your
evaluation of the Modern Physics course in this sesster in general manner. If
you do not want to answer a question, you can skip There are both English and
Turkish versions of each question. To express thenawers in English is not
compulsory; if you prefer, you can explain in Turkish. Recommended duration
for this interview is 30 minutes.

YONERGE: Sayin profesor,sagidaki sorular sizin bu dénemki Modern Fizik dersini
genel anlamda derlendirmenizi tespit etmeyi amaclamaktadir. Cexaglk
istemedginiz soruyu gecebilirsiniz. Her sorunuingilizce ve Tirkce versiyon
bulunmaktadir. Cevaplaringilizce aciklamak zorunlu didir, isterseniz Tirkgeg
aciklayabilirsiniz. Bu gérime icin 6ngorulen stre 30 dakikadir.

—_

QUESTIONS

1. What do you think about the success of the studerte Modern Physics course in
this semester?
Ogrencilerin bu dénemki Modern Fizik dersindekisaalari hakkinda ne
diUstindlyorsunuz?

2.  What do you think about students’ understandinguatiee quantization of some
physical observables? If they did not understarttwan you say about its’ reasons?
Ogrencilerin bazi gozlenebilir fiziksel biyukliklekoantize (kuantumilu) yapisini
anlamalarina ilgkin ne digiindyorsunuz? ger anlamamylar ise bunun sebepleri
hakkinda ne sdylersiniz?

3. What do you think about the similarity of modeledsy students and the models
used by you in the classes? Are they parallel? BEi@ithe models in terms of
scientific rigor?

Ogrencilerin kullandg modeller ile sizin sinifta kullanginiz modellerin benzegi
hakkinda ne diiintilyorsunuz? Bunlar paralel midir? Bilimsel a¢idaun modeller
nasildir?

4. According to you, how do external sources shapaestis’ models used while
explaining concepts?
Sizce di kaynaklar @rencilerin kavramlari aciklarken kullangh modelleri nasil
etkiler?

274



APPENDIX D

THE INTERVIEWS CONDUCTED WITH EACH PARTICIPANT

O ) e e T e e Py
STl CORE F PHED © © © © © © ©
ST2 CORE M PHED © © © © © © ©
ST3 CORE M PHYS © ) ) © © © ©
ST4 CORE M PHYS o ) ) © © © ©
ST5 CORE M PHED © © © © © © ©
ST6 CORE M PHYS © ) ) © © © ©
ST7 CORE F PHYS © [e) [¢) © © © ©
ST8 CORE M PHED © © © © © © ©
ST9 SECONDARY |F PHYS © © © ©
ST10  [SECONDARY |M PHYS © © © ©
ST11  [SECONDARY |M PHYS © © © ©
ST12  [SECONDARY |F PHED © © © ©
ST13  [SECONDARY [F PHYS © © © ©
ST14  [SECONDARY [F PHYS © © © ©
ST15  [SECONDARY |F PHYS © © © ©
ST16 _ [SECONDARY [F PHED © © © ©
ST17 _ [SECONDARY |M PHYS © © © ©
ST18  [SECONDARY |M PHYS © ) X ©
ST19  [SECONDARY |M PHYS © © X X
ST20  [SECONDARY |M PHYS © © © ©
ST21 SECONDARY |[M PHYS © ) X ©
ST22  [SECONDARY |M PHED © © © ©
ST23  [SECONDARY [F PHYS © © © ©
ST24  [SECONDARY |F PHED © ) X ©
ST25  [SECONDARY |M PHED © © © ©
ST26  [SECONDARY |M PHED © © © ©
ST27  [SECONDARY |F PHYS © © X X
ST28  [SECONDARY |M PHED © © © ©
ST29  [SECONDARY [F PHYS © © © ©
ST30  [SECONDARY |F PHYS © © © ©
ST31 SECONDARY |M PHYS © © © ©
and an interview ( © ) with the INSTRUCTOR
DESCRIPTIONS
© Interview exists 18 Male students participated in the study
X Interview does not exist 13 Female students paricipated in the study
PHYS | Students from Physics Department 20 Physics students participated in te study
PHED | Students from Physics-Education Department 11 Physics education students participated in the study
M Male students
F Female students
DEPT |Department
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APPENDIX E

TEST ABOUT THE QUANTIZATION OF PHYSICAL OBSERVABLES

TEST (PHYS 202)

Name Surname

Year :

Department o Physics o Physics education
Gender : o0 Female o Male

Age : 018-20 o 21-24 o >24

DIRECTIONS: Dear student, the following questions are about #htopics we have
learned in the Modern Physics (PHYS 202) course. Yiccan answer the questiong
however you want (i.e. verbally, drawings, mathematal expressions etc.). If you
do not want to answer a question, you can skip ifThere are both English and
Turkish versions of each question. To express thenawers in English is not
compulsory; if you prefer, you can explain in Turkish. Recommended duration
for this test is 30 minutes.

YONERGE: Degerli ogrenci, aagida Modern Fizik (PHYS 202) dersinde
ogrendiklerimize ilskin  sorular bulunmaktadir. Sorular igbeiz  sekilde
yanitlayabilirsiniz (mesela s6zlU, cizimler, mateiksel ifadeler vb.). Cevaplama
istemedginiz soruyu gecebilirsiniz. Her sorunuingilizce ve Turkce versiyon
bulunmaktadir. Cevaplaringilizce aciklamak zorunlu didir, isterseniz Tirkge
aciklayabilirsiniz. Bu test igin dngorulen sure dkikadir.

o=

QUESTIONS

1. What does “gquantum” mean in physics?
Fizikte “kuantum” ne anlama gelir?

2.  What does “quantization” mean in physics?
Fizikte “kuantize olma (kuantumlanma, kuantumlma)” ne anlama gelir?

3.  Compare “quantization” for classical physics andrum physics?
Klasik fizik ve kuantum figiiicin “kuantize olma” durumunu karlastiriniz.

What are the quantized physical observablbigh you have learned in this course?
Explain where and how this quantization occurs, gine some evidence.

Bu derste grendigimiz hangi gozlenebilir fiziksel buytklikler kuaetilir? Hangi
durumlarda (nerede) ve nasil kuantize @dou agiklayiniz, ve deliller gésteriniz.

276



APPENDIX F

SAMPLE NOTES FROM THE DIARY
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APPENDIX G

SOME SAMPLES FROM OTHER DOCUMENTS

G.1: Sample Pages from the Students’ Notebooks

g

o~ .-ag;-} Hftection. tr Spmem
.‘E., e pntnind e

e e  diretdiag

From the notebook of St4 (notes about Context &h@&intum Atom)
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6.¢

From the notebook of St1 (notes about Context &rgnlevels and atomic spectra)



G.2: A Sample Homework Paper

Question 2: A proton in a one-dimensional box hargy of 400 keV in its first excited
state. How wide is the box?

From the # Homework of St11
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G.3: A Sample Quiz Paper

QUL 2

1, The work function of a tungsten surj'ata:.i{'s.;;ﬂ When the surface is illuminated by

i light of waw:lengthl'fi nm, the maximum photoelectron energy is 1.7 ¢V, Find
Planck’s constant form these data, = u

€Euay = WV = &
1,3} en .;l“li-__(:rﬂ_‘ﬁalf E:H—(:—:'TI',\W

P
- 3
\ AT J._IC__‘-I_::JE. X _1,_1 * A .fj.'l_ )
b 1 x 1-'211 """'/_j“
e _._—__J 5 .
f] = {:rr(a?-q-kiﬁ J57

. =

e

2. What can you say about (1) the physical mzaning and (2) the imponance of Planck’s

comstant”
1'\} "1.,rl«4.- r't s gty plWAL e T o d :i.- .«::'II

W)

-2-} ':.-qul,i« ||:"- % '-.mr.";« _ndl ]I,ll-. r.a-"'._‘.ébﬁ‘{; "";Ir"' K [ =0

F J-,..."'\-ull'- L~ - |_|'-.1. (8~ L-"'I”-‘q-':--nr Cot &1 1Y .l‘I’;J 2

From the Quiz Paper of St25
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APPENDIX H

CODING BOOKLETS

H.1 Coding Booklet for Investigation of Knowledge @ganizations

Coding Booklet for Investigation of Knowledge Orgaiizations

CODING INSTRUCTIONS:

This Coding Booklet is a common for the interviewti®ok and observation data to investigate
of knowledge organizations.

For Interview Data
1. A sentence/figure/formula can be coded maximumtone with the same code although the
might be more than one “chunk” corresponding todec
2. Student’s repetition of the question by him/hersafid statement of the chunk of a question
that corresponds to a code will not be coded.

=

e

For Textbook data

1. A sentenceffigure/formula can be coded maximumtione with the same code although
there might be more than one “chunk” correspontting code.

2. Relatedsentencesonnected with “;” and “:” will be accepted as sefta sentences and coded
separately.

3. Explanations in the parentheses will be codedEateof a sentence.

3. “Title”, “figure legend”, “table title”, “the exmnation following a formula” will be coded, byt
“running head of the chapters/sections” will notdoeled.

4. The sections and chapters that are not covertirkinourse will not be included.

5. If the formulas following each other are calledhdifferent numbers, they will be considered
as different formulas.

6. The chunks of mathematical explanations (i.e. nizakexamples) stated in the text will be
coded as a part of a sentence, they will not bedas separate formulas.

For Observation Data

1. A sentence/figure/formula can be coded maximumtone with the same code although the
might be more than one “chunk” corresponding todec

2. The statements expressed by a different type tfiodeof explanation (i.e. both verbal and on
the board explanations) at the same time will lledoseparately.

3. Body language accompanying with verbal explanatigiide coded separately.

=

e
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The Codes for Investigation of Knowledge Organizatins

NO | CODE ABBR. | DEFINITION OF THE CODE

1 Only bound particle OBP Specificity of the quantization of physical
observables for only the particle confined
in a region.

2 | Discretenes®’ or/and | D/DC | PFor the physical observables such as
Discreteness energy, angular momentum, having only
characteristic®® discrete values.

@ Restriction of the values of the physica
observables, and so having only certain
(allowed) values.

3 Natural NC Specificity of the quantization of physica
characteristic observables for the nature of atomic

systems.

4 Any values AV No restriction of the values of the physical
observables, and having any values.

5 Atrtificial AC Externally manipulation of the values of

characteristic the physical observables.

6 Einstein’s relativity ER Considering the quantization of physical
observables as a phenomenon of Einstejn’s
theory of relativity.

7 Change C Considering the quantization of physical
observables as any kind of change.

8 Integration I Considering the quantization of physical
observables as an integration process tg
make the values of the physical
observables continuous.

9 Every particle EP Considering the quantization of physical

observables is observed for every atomic
particle.
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H.2 Coding Booklet for Investigation of the Source$nfluencing Mental
Models

Coding Booklet for Investigation of the Sources Infiencing Mental Models

CODING INSTRUCTIONS:
This Coding Booklet is specific for the interview aab investigate the sources influencing
students’ mental models.
1. A sentence/figure/formula can be coded maximumtone with the same code although there
might be more than one “chunk” corresponding todec
2. Student’s repetition of the question by him/herseld “statement of the chunk of a question
that corresponds to a code” will not be coded.
External Sources (The sources that come out fromwwdents’ environment)
NO | CODE ABBR. DEFINITION OF THE CODE
1 Textbook ES-T The textbooks that students interact with in
and out of the classroom setting.
2 Instructional Course setting that modern physics
elements concepts are taught in.
2.1Instruction ES-()INS @Y The instructional issues considered
2.2Instructional ES-()IAC in the modern physics classes.
activities ES-(I)! @2 Al activities that students engage in
2.3 Instructor and out of the modern physics classes
such as preparation before and after
modern physics classes, attendance,
taking notes in the classes, doing
homework, studying for examinations.
23) The attitude and motivation of the
instructor towards to course and
students.
3 Topic order ES-TO Arrangement of the modern physics
concepts while teaching.
4 Classmate ES-C Friends whom students interact with in and
out of the classroom setting.
5 Extra sources for | ES-ESL The additional sources such as books,
learning internet etc. that are used for learning
modern physics concepts.
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Internal Sources (The sources that come out from gtlents’ own personality)

NO | CODE ABBR. DEFINITION OF THE CODE
1.1 Meta-cognition 1 Act of thinking about students’ own
o | 1.1.aAwareness IS- (MC)A mental process.
£ | L.1bSatisfaction | I1S-(MC)S 113 Baing aware of what individual
=g 1.1.cRegulation IS-(MC)R knows and does not know, how s/he thin
Q@ etc.
8 1) Feeling frustration or satisfaction of
= own knowledge.
o 19 strategies toegulate own cognitive
process.
o | 2.1 Motivation “I'willingness for learning.
% 2.1.alnterest IS-(MOT)! @13 Enjoyment in an activity while
& | 2.1.bUtility IS-(MOT)U learning.
< @15 consideration of future needs for
N learning.
1.1 Belief @I Acceptance of an idea as true.
o | 3-1.aNature of IS-(B)NOS (13 Beliefs about scientific knowledge,
2 | science scientific methods, and nature of
g 3.1.bNature of IS-(B)NQC facts/formulas.
& | quantum concepts (15 Beliefs about the structure
© (abstractness, counter-intuitiveness,
™ mathematical formalism etc.) of quantum
concepts.
4.1 Familiarity IS-F @1 Being familiar or unfamiliar with some
* concepts from classical mechanics.
@
g 4.2 Background IS-BK “9 Having information about some physics
Knowledge concepts discussed in the contexts (i.e.
<

energy, angular momentum etc.).
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H.3 Coding Booklet for the Methodology of the Textboks

Coding Booklet for the Methodology of the Textbookdo Explain Quantization

CODING INSTRUCTIONS:

This Coding Booklet is specific for the textbook ditanvestigate the methodology of the
textbooks while explaining the quantization phenoare

For Textbook data

1. A sentencef/figure/formula can be coded maximumtione with the same code although there
might be more than one “chunk” corresponding todec

2. Relatedsentencesonnected with “;” and “:” will be accepted as segta sentences and coded
separately.

3. Explanations in the parentheses will be codedpeataof a sentence.

3. “Title”, “figure legend”, “table title”, “the exmnation following a formula” will be coded, but
“running head of the chapters/sections” will notdoeled.

4. The sections and chapters that are not covertirinourse will not be included.

5. If the formulas following each other are calledhndlifferent numbers, they will be considered
as different formulas.

6. The chunks of mathematical explanations (i.e. nicakexamples) stated in the text will be
coded as a part of a sentence, they will not beded separate formulas.

The codes for method of explanation

NO | CODE ABBR. DEFINITION OF THE CODE

Pictorial mthd- P Pictorial elements such as real pictures,
graphs, drawings to explain the
guantization of physical observables.

5

Textual Textual explanation of the quantizatig
2.1Regular sentences i of physical observables.
2.2 Comparison of mthd- (T)RS @D Explanation with regular

) mthd- (T)C&Q
classical and quantum sentences.
physics @2 Explanation by comparing the
2.3 History of science mthd- (T)HOS classical and quantum events.

2.4 Analogy mthd- (T)A @3 Explanation by explaining
2.5 Notification/title scientists’ life and contributions to
; mthd- (T)N/T : )

2.6 Reminder mthd- (T)R science, development of science etc.
@YMaking comparison with familiar
knowledge domain to explain
unfamiliar concepts.

@3 Explanation with warnings.
@8 Explanation by recalling the
previous ideas.

3 Mathematical Symbolic explanation of the

3.1 Mathematical mthd- (M)MR | quantization of physical observables.

relations @Y Explanation with formulas.

3.2Exemplification | mthd- (M)E @2 Explanation with numerical
calculations.
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H.4 Coding Booklet for the Methodology used in th€lasses

Coding Booklet for the Methodology used in the Clages to Explain Quantization

CODING INSTRUCTIONS:

This Coding Booklet is specific for the observati@tadto investigate the methodology used in
modern physics classes to explain the quantizati@momenon.

For Observation Data

1. A sentence/figure/formula can be coded maximumtone with the same code although ther
might be more than one “chunk” corresponding todec

2. The statements expressed by a different type tfiodeof explanation (i.e. both verbal and on
the board explanations) at the same time will llledoseparately.

3. Body language accompanying with verbal explanatigiide coded separately.

The codes for method of explanation

NO | CODE ABBR. DEFINITION OF THE CODE

1 Verbal Verbal explanation of the quantization pf
1.1Regular mthd-(V)RS physical observables.
sentences @D Explanation with regular sentence
1.2 Comparison of | mthd-(V)C&Q -2 Explanation by comparing the
classical and classical and quantum events.
guantum physics -3 Explanation by explaining
1.3 History of mthd-(V)HOS scientists’ life and contributions to
science science, development of science etc.,
1.4 Story mthd-(V)S 9 Explanation with the stories from
1.5Analogy mthd-(V)A daily life.

1.6 Notification/title | mthd-(V)N/T 5 Making comparison with familiar
1.7Reminder mthd-(V)R knowledge domain to explain
1.8Mathematical | mthd-(V)M unfamiliar concepts.

-8 Explanation with warnings.

-7 Explanation by recalling the

previous ideas.

8 Explanation with formulas.

2 On the Board Explanation of the quantization of
2.1Pictorial mthd-(OB)P physical observables on the board.
2.2Mathematical | mthd-(OB)MR @Y Explanation with pictorial elements
relations such as figures, graphs.
2.3Exemplification | mthd-(OB)E 22Explanation with formulas.
2.4Regular mthd-(OB)RS 23Explanation with numerical
sentences calculations.

2.5 Notification/title | mthd-(OB)N/T @4 Explanation with regular
2.6 Reminder mthd-(OB)R sentences.
@S Explanation with warnings.
@8 Explanation by recalling the
previous ideas.
3 Body Language mthd-BL Explanation of the quantization of

physical observables by body language

such as using hand motion, stepping efc.

287

he

2



APPENDIX |

VALIDITY ISSUES

I.1 A Checklist for Content Related Evidence for Védity

Checklist for Interview Questions

The aim of this study is to examine second-yeasjasyand physics education student
mental models about some quantum mechanical caicept

EXPERT INFORMATION
Name - Surname

Title

Area of Expertise

Date

DIRECTIONS: Dear professor, there are two parts in the checldt. First part is about

content of the questions, and the second part is abt the format of the questions|

After examining the questions, please mark relevanboxes for each item in th
checklist. At the end of the checklist, please makeomment and express yoy
suggestions in order to make the questions bettem terms of content and format.

YONERGE:Sayin profesor, kontrol listesinde 2 bélim yeraktadir. Birinci bolim
sorularin iceti, ikinci bolim ise sorularin bigimi ile ilgilidirLutfen her sorulari
inceledikten sonra kontrol listesindeki her ifadmiilgili kutuyu isaretleyiniz. Sorulari
icerik ve bicim bakimindan daha iyi yapabilmek ikontrol listesinin sonunda litfen
yorumlarinizi ve dnerilerinizi belirtiniz.

0

D

=

CONTENT OF THE QUESTIONS
item items weak should be strong
no developed

1 Each question is appropriate with the aim.
2 Each question is comprehensive.
3 Content of each gquestion is appropriate

with the topic
4 Each question represents the central ideg.
5 Each question requires students to engage

in reasoning
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FORMAT OF THE QUESTIONS

Iltem Iltems Weak Should be| Strong
no developed
1 Readability of each question is appropriate
for students’ grade lewv
2 Drawings in the questions are appropriate.
3 Language of each question is clear.
4 Instructions are clear.
5 Clarity of printing is good.
6 There is adequate workspace for solution).
7 Difficulty level of each question is
appropriate for studen
8 Time for solution is enough.
9 Each question has only one meaning.
10 There is no clue about the answer.

YOUR COMMENTS AND SUGGESTIONS ABOUT THE QUESTIONS
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|.2 Peer Review Document for Validation of Coding

Peer Review Checklist |

The aim of this study is to examine second-yeasjasyand physics education
students’ mental models about some quantum mediatacepts.

EXPERT INFORMATION
Name - Surname

Title

Area of Expertise

Date

DIRECTIONS: Dear expert, this checklist requests you to examéin the
appropriateness of the coding on students’ explanans by using the coding bookle
developed in this study. Please check the codingdstate your changes when needed.
Please find the related coding booklet in the attdumnent.

o ~

YONERGE:Sayin uzman, bu kontrol listesi bu giramada gelitirilen kodlama kitapgini
kullanarak @rencilerin aciklamalari Gzerindeki kodlamalarin ugtygunu incelemenizi
istemektedir. Lutfen kodlamayi kontrol ediniz vergdiginde deisikliklerinizi belirtiniz.
flgili kodlama kitapggl ekte yer almaktadir.

A SAMPLE CODING

Excerpt Excerpts Codes
Information
The ... text continues before the excerpt...
explanations| St15: Evet var. Busey gibi... lii... (Emisyon
of St15 in spektrumunu gdsterereRtomdaki elektronist OBP
the Overall yoringeden alt yoriingeye gecip orbitingdéirince
. atom foton yayiyor. Bunlaispektrum cizgilerini
Interview gostererekfoton. Enerji_strekli dgil, belli bi miktar | D/DC

enerji.

. O ylzden bu cizgiler glur.

*kk

... text exists here...

*k%

St15: (paragraph continues).. a
‘c

... text continues after the excerpt...
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... text continues before the excerpt...

The St29: Evet. kig1 distinebiliriz ve ayrica paketlégin EP
explanations de digunebiliriz.
of St29 in I: Ne demek bu?
St29: Isig kiigiik kiictik parcalarabéldiikted sonra | AV, ?D/DC, *AC
the Overall s . -
, paketlemek gibi Bey... i (dUstnlyor).. Boyle.
Interview I: Tamam, biraz daha aciklayalim. “Kuantize olma”
dan tam olarak ne kastediyorsun?
St29:
idyrica
enerjiyi kiiciK parcalarabéleriZ, kuantize ederfz
*kk
... text exists here...
I: Neden kuantizedir?
St29: Cunku kuantum figlinde enerjiyi hep ayrik
birimlerde goriiyoruz
... text continues after the excerpt...
... text continues before the excerpt...
The I: Burada kuantize enerjiyi gdsteren ne?
explanations St9:Iu---—r ER*C
of St9 in the Bizim bildigimiz gibi ayni kalmiyor. Degerlerini C
overall koruyamiyor [Farklilgiyor. Hegey gordigiimiiz
Interview

gibi desilmis aslinda yan n
*h
éaska (kendi kendine sdyleyerek]ii... Bu

sekilde... (Gulimseme).

I: Bu desisimin enerjinin kuantize olmasini
gosterdgini soyluyorsun, dgl mi?

St9: Evet, sabit d&l enerjiler, ayni dgiller.

... text continues after the excerpt...
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|.3 Peer Review Document for Validation of Models

Peer Review Checklist Il

The aim of this study is to examine second-yeasjasyand physics education
students’ mental models about some quantum mediadocepts.

EXPERT INFORMATION
Name - Surname

Title

Area of Expertise

Date

DIRECTIONS: Dear expert, this checklist requests you to matcthe sample excerpt
with identified mental models by using the list cotaining model characteristics. Pleas
read the model characteristics; and mark the relatd box for matching in the table at
the end of the excerpts. Please find the relatedtiin the attachment.

D U

YONERGE: Sayin uzman, bu kontrol listesi model ézelliklerigeren listeyi kullanarak
ornek alintilar ile tespit edilen zihinsel modeilleglestirmenizi istemektedir. Litfen model
Ozelliklerini okuyunuz; ve gestirme icin alintilarin sonunda bulunan tabloda lilgi
kutucusu isaretleyiniz.ilgili liste ekte yer almaktadir.

SAMPLE EXCERPT 1

... text continues before the excerpt...

I: Peki, fotoelektrik deneyini hatirliyor musun?

St27: Evet hatirhyorum galiba.

I: Ne oluyordu, olayi anlatabilir misin bana?

St27: Bi foton geliyor, bir ylizeye ¢arpiyor ve o ylzepdsr elektron kopmasina neden
oluyordu.

I: Her foton elektron kopartabiliyor muydu peki?

St27: Hayir, belirli bir siniri var onun, enerji siniri.

I: Her enerji bir elektron kopartamiyor mu diyoruz?

St27: Evet.

I: Gelen gik ile bir ilgisi var mi?

St27: Evet, frekansi etkiliyordu.

I: Peki burada kuantumlanmadan bahsedebilir miyiz?ké@usu mu?

St27: Enerjinin parcalanmasi gié mi? Hani bitun bir enerjinin parcalanmasi....livani
sabit bi dger almamasi.

I: Bu nasil oluyor? Burada dtestte)“parcaciklari kiiciik parcalara bolmek ve analiz
etmek” demgsin (teste bakarak).

(6grencinin testte yazgh ifadesi)
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St27: Evet, evet. Enerji igin bahsediyoruz. Mesela bartdonun enerjisini bolerek
aliyoruz, bu kuantize.
... text continues after the excerpt...

SAMPLE EXCERPT 2

... text continues before the excerpt...

I: Tamam, peki kuantize olmayla ilgili ne sdylesin bakalim(testte yazgina bakarak)
"Degerler birbirine yakin olabiliyorlar, ama farkli" genigsin.

St9: Orada klasik fizikle kalastirmisim. Niye dyle demim?

I: Hayir, klasik fizikle @agida stylemisin. “Kuantize”... Klasik fizikte bdyle bjey
gormedginizi sdylemisin (test ka&idina beraber bakarak).

St9: (Gulimseme).

I: "Kuantum fizgine giriyormy... Klasik fizikte kuantize olmuyor" yazrgsin... Evet...
Hem de "parcacikyazmgsin (testte yazdina bakarak) Simdi burada, "kuantize olma”
Ustiinde kongalim. Sen burad@estte)tam olarak sdylemek istegini birde s6zIu olarak
ifade et.

St9: Kuantize olma.. (Sessizlik)li1... Hani kutle dgisiyordu.

I: Nasil?

St9: Yani mesela ben burada aslinda sadece kitledehymatim. Ya da boyle... Nasil
anlatsam? Sanki... Yate kitle, normalde durgu deserden farkli bir dger aliyor, o
kuantize olmg gibi geliyor bana. Dgru mu yanlg mi bilemiyorum tam...dik icin de
aynisey... Ya bilmiyorum..(Sessizlik).. (Gulimseme).

I: Tamam, peki, "dgerlerin birbirine yakin olmasi ama farkli olmasi.diyorsun dgil
mi?

St9: Yani iste mesela kutledir, 10 kg'dir. Ama kuantize olub&aonu dokuzmggibi
goruyoruz, ya dasie sekizmi. Onun gibi bisey demeye ¢calmisim herhalde.

... text exists here...

I: Tamam peki, kutleye drnek verdin amgiKiicin de aynsey" dedin. §1ga degsinmisken,
Isikla devam edelim. Fotoelektrik deneyini hatirliyousun? Ne oluyordu fotoelektrik
deneyinde?

St9: Isik geliyordu, sonra oradan carpiyordu, yansiyordu.

I: Carptgl zaman ne oluyordu?

St9: Elektron kopartiyordu.

I: Evet, yeterli enerjisi varsa yluzeyden elektrondayordu. Fotoelektirik deneyi
Einstein'a ait bir deneydi biliyorsun. Burada ackbantize bi durumdan bahsedebilir
miyiz? Boyle bir durum var mi? Ne sdylemek istePsin

St9: Burada... li... Evet, bu kuantumlanma gosteriyardee Clnkii mesela elektron
durdwsu yerden birgik gelerek oradan kopup harekeggérip akim olwturuyor. Bence
bu kuantize 6rng gosteriyor evet.

(6grencinin testte yazg ifadesi)

| [} el FIN
fige ol poTacl

... text continues after the excerpt...
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SAMPLE EXCERPT 3

... text continues before the excerpt...

I: Mesela fotoelektrik deneyine bakimizda ne sdylersin?

St18: Fotoelektrik deneyinde kuantize olma durumu va? ..

I: Evet, aciklayabilir misin var mi kuantize bir dor@

Stl18: Yasey var fotoelektrikte... Tabii elektronu koparabémiz icin belli bir enerjideey
yapmak. Yani ilk ded@im seye geliyor orda. Cekirdek etrafinda dénen elekt@mnbir
tane ve bunun farkli enerjileri var belli yériingele donerken. Ben bunu buradan, mesela
bound'dan koparabilmek icin belli bir enerji vermgerekiyor. Onun birgagisi, bir
yukarisi falan filan dgl. Klasikte olsa biraz Ustiinden gdondersen tak #iyear. Mesela
ayseyin etrafinda dénlyor diinyanin etrafinda donugondi bir tane gik géndersem,
aslindagikla olmaz tabii de sik koparmaz ayi. Neyse ya da meteor gelse ¢arpsalane
enerjisiseyi koparabilecekekilde ay yoriingeden ¢ikarabilecgdkilde kopartir. Yani o
degerin Ustinde bile olsa kopartir. Ama burada OylgldBurada enerjinin tam o deri
olmak zorunda.

I: Suna acliklik getirelim yalniz. Burada “excitationi?'lonization” mi? Bir de burada
foton ile mi biseyler yapiyoruz?

St18: Evet foton. Burada kopartmak “ionization” oluyama uyarmak icin de tam o ener;ji
seviyelerinin farki kadar olmak zorunda foton eiseérj

I: O zaman atomu uyarmak icin de mi "fotonun enetgisi denk gelmesi lazim, ne alti ne
Ustl olmaz" boyle?

St18: Evet. O “iv" de olmasi lazim.

I: "ilk dedigime geliyor" dedin?

St18: Evet.

I: Yani belli bi enerjiden bahsediyorsun...

St18: Evet, kuantize eneriji.

... text continues after the excerpt...

SAMPLE EXCERPT 4

... text continues before the excerpt...

I: Simdi su testte yazdiklarinin Gstiinden gecelim.

St28: Tamam. Ben “quiz’den sonra, ya bundan da dncetdtabakmgtim kuantum ne
demek diye. Hatta s6z@g falan da bakngiim. "How much" anlamina geliyor anlgdn
kadariyla. Ama herhalde burada tam sizin sormakligniz o degildi. Fiziksel ifade
olarak anladiim kadariyla enerji parca parca idigilani? Mesela fotonlar falan da, tam
bir bitunlik yok. Herhangi bir kuantumlanmada otitegli hale getirmeye calyoruz.
Boyle biseyler anladim “quiz”’den sonra okuyunca.

. "Surekli hale getirmeye calyoruz" derken ki kastin ne? Yani niye biz onu tddoul
etmiyoruz? Yani kesikliyse biz o yapiyi niye kaletinedik de “continuous” hale
getirmeye cabiyoruz? Bunu dg§ilinmene sebep olgey ne?

St28:Simdi dalga fonksiyonunu diintince hangeyin elektronun nerede olgunu

bilmiyoruz. Arada bir yerde oldiunu olasilik ile hesaplayabiliyoruz. Arti sonsuelesi
sonsuz arasinda var, kesin arada bir yerdBilsinme)Bu bize net bi sonu¢ vermez.

sekilde bisey. Guzel ifade edemedim ama...

I: ... “O kesikliligi ‘continuous’ yaparak” diyorsun.(Sessizlik).

St28: Evet, sirekli hale getirerek.

I: Ozetlersek, "Surekli hale getirmeye ggloruz”.

St28: Evet.

I: Tamam, peki, 6zellikle enerjiden bahsettin. Adapurada(testte)size hangi fiziksel
buyukliklerin kuantize oldtunu, ve nerede nasil biz bunlari goziiaizi sormutuk.
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Ve deliller gbstermenizi istegtik. Sen de zaten kuantumlanmay agiklarken ilptta
“enerji” dedin.

St28: Evet.

I: Evet... Aciklarken enerjinin kesiklgi diye bagladin ifadene, devam ettirmek istiyor
musun enerji icin? O zaman, kuantize enerjidennhg@sun tekrar anlat ve onun
Uzerine tekrar korgalim. Tam olarak kastin ne?

St28: li1... Kuantize olma. Yani, o kesikli enerji dalgas1 tam surekli hale getirip oradan
bi seyler cikartabiliyoruz, bi sonuca ghbiliriz.

I: Tamam... Kesiklilik, yani “discontinuous” bir durum.

St28: Evet “discontinuous” bir durumu continuous durugegirmek Kuantize benim
algiladgim kadariyla, “dicontinuous” enerji ya dgd dalgayi continuous hale getirmek.

... text exists here...

St28: Yani kullandgimiz modern atom modelindegekirdekte protonlar nétronlar, etrafinda
donen elektronlar titegm hareketi yaparak déniiyorlar. Onun tam yerininijoruz, deil
mi? Iste onun yerini bulurken, kuantize ediyoruz.

I: Tamam... Peki, daha 6nce “kesilgilkuantize etmek” dergfin...

St28: Sirekli hale getirmek.

I: Peki, bunu nerelerde gordiik? Yani kuantize durdeuin ya. Onu sirekli hale nasil
getirdik?

St28: Cok uzun bkey... Belli bir sinirlar alarak. Yani mesela “paltiin a box” ta bu
vardi. Arti ve ya eksi sonsuz arasl, yani bi sanikoyarak onu strekli hale getirdik
diyelim.

I: Tamam, o zaman sureklilikteki kastimizi tekrardgiz gecirelim. Bana bdyle bi
grafiksel ya da matematiksel ¢gy ile anlatacak olsan o “discontinuoys?yi nasil
“continuous” hale getirirsin? Tam olarak nasil yegpa onu?

St28: integralle belirtirdim.. Integralin sinirlarini gizerdim, dalga fonksiyoniniginis
fonksiyonu verirdim, o arada 1'gierdim onu. Busekilde kuantize edebiliriz integralle.

... text continues after the excerpt...

SAMPLE EXCERPT 5

... text continues before the excerpt...

I: Simdi burada yazdiklarina bakalif@grencinin testte yazgina bakarak)

St21: Hi hi (evet anlaminda onaylamaamam.

I: Kuantum nedir diye sormtuk. Fizikte "kuantize olmak" ne anlama gelir dgtiki
klasik fizik ve kuantum fizii icin "kuantize olma" durumunu kgtastirmanizi istemitik.
En son soruda da hangi fiziksel bayukliklerin kimmbldiwgunu, bize nerede ve nasil
kuantize olduklarini séylemenizi istegtik.

St21: Evet.

I: Seningimdi burada yazdiklarina eklemek istgidivar mi? Detaylandiralim.

St21: (Ogrenci kazidini okuyor).Aslinda bilmiyorum yani hala tam olarak.

I: Tamam..Simdi bakalim “quantization” ile ilgili ne soylessin. (Ogrencinin testte
yazdgini okuyarak)'’Kuantize olma bir parcagin enerjisidir’ demgsin degil mi? Ener;ji
cinsinden tanimlama yapgsin.

St21: Evet.

I: Ayrica “Kuantize olma maddenin kitlesinink hizina ¢ikinca enerjiye dégraesidir”
demisin (6grencinin testte yazghina bakarak).
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(6grencinin testte yazgh ifadesi)

St21: Dogru mu?

I: (Sessizlik)..

St21: Degil! (Gulimseme).

I: Simdi tam olarak ne kastettin bunu aciklayalim. Yapiantization" durumunu testte
enerji icin yazdin, ayrica kutle icin de yazmn kitlenin kuantize bir buytklik
olabilecgini. Ayrica “Bir parcacgin enerjisidir” diyorsun. Yani ne demek bunlar?
Anlatir misin?

(6grencinin testte yazgh ifadesi)

Fre olur, Lsif Froo T S I Eatis

St21: Aslinda d@ru mu tam bilmiyorum hocarggilimseme)Yani...

I: Peki, klasik fizik ve kuantum figi icin enerjiyi dinecek olursan kuantize durum s6z
konusu mudur?

St21: Surada yazdiklarima bi bakayiftest ka&idina bakarak).

I: (Ggrencinin testte yazdiklarina bakarak)asik fizikte enerjiyi mekanik enerjisétir
kinetik arti potansiyel enerji olarak soylegin. Kinetik enerjinin de tanimini yapsgsin.
Kuantum fizsinde ise “madde kuantize olgunda, enerji "m& olur diye bahsetngsin
degil mi?

(6grencinin testte yazgh ifadesi)

/ . / /
G v ey -y

St21: Evet.

I: "Kinetik enerji de relative kitlelerine goreglgklik gosterir* demssin.

St21: Evet(basini sallayarak)

I: Peki bunu byekilde séylemenin sebebi neydi? Yani hani kuantuofiaa durumu
diyelim, bu kavrami relativite konularinda mi gondiaz 6zellikle?

St21: Oyle biliyorum...(Sessizlik). l... Evet, relativitenin iginde. “2. Chapteta galiba
kutle, relativistik kitle falan vardi. Onlar yarklama geldi. Oyle bey biliyorum
kuantize ile ilgili, 6yle yazdim o yiizden.

I: Tamam pekgimdi testte sordgumuz son soruya bakalim. Burada da hangi fiziksel
blyudkltkler "kuantizedir" diye sormgtuk. Sen de mesela “kitle kuantize olur” yazip
baska aciklamalarla devam etggin. Tam olarak ne demek istedin burada "kiitle kman
olur" derken?

St21: Kuantize olur derken kitlenin gemesi hiza gore.
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I: “Hiza g6re dgisim oluyor” mu diyorsun?
St21: Evet. Enerji herhalde oluyor kitle.
I: Biraz daha detaylandirir misin? Tam anlayamadim.
St21: Her kiitlenin bir enerjisi oluyor. Dugan bir kiitlenin bi enerjisi oluyor “n#¢ i ste.
Isik hizina ¢iktginda o enerjiye sahip oluyor.
I: Isik hizina nasil ¢ikiyor peki bu parcacik? Parmgacenerjisinden bahsetstin!
St21: (Dustinme).. Biz cikartiyoruz hizlandirip.
I: Tamamgimdi busekilde kuantize mi olmgioluyor ener;ji?
St21: Olmus oluyor.
I: Daha dgrusu “biz yapiyoruz enerjiyi kuantumlu hizlandifiplyorsun.
St21: Evet.
I: Peki burada bka eklemek istedin var mi bunlara?
St21: Yok.
... text continues after the excerpt...

Matching Table

EXCERPTS MODELS

SM PSM ShM AM IM EM

EXCERPT 1

EXCERPT 2

EXCERPT 3

EXCERPT 4

EXCERPT 5

Attachment of the checklist: Descriptions of the identified mental models abthe
quantization of physical observables.

MODEL NAME MODEL DESCRIPTION
(MODEL
ABBREVIATION)

= Quantization of physical observables such as enamgyular
momentum is seen when a patrticle is confined gon.

Scientific Model | = The values of physical observables are restridthd.physical

observables can have only discrete values and tadises are

SM only certain (allowed) values.

= |t is natural for the atomic systems.

Primitive = The values of physical observables are restridtad.physical

Scientific Model observables can have only discrete values and tizdises are
only certain (allowed) values.

PSM = Quantization of physical observables is observedlcatomic

particles, not for only bound particles.
= |t is natural for the atomic systems.

297



Shredding Model

ShM

= The physical observables are divided into quantochreave
discrete values. This is just like dividing inttilé particles.

= Therefore, the values of the physical observahiesat
restricted, and quanta can take any value as toemstnof a cake
slice

= Quantization of physical observables is observedlicatomic
particles, not for only bound particles.

= Quantization is not a natural characteristic fanat systems, so
it is an external manipulation of the values of phgsical
observables.

Alternating Model

AM

= Quantization occurs as any kind of change. Itis §pontaneous|
change of the values.

= There is not restriction for the values of the ptgisobservables,
and so they can have any values.

= |t is observed for all atomic particles, not folyohound
particles.

® |t is a natural characteristic for the atomic syste

Integrative Model
IM

= Quantization is an integration process to maker#hees of the
physical observables continuous.

= Quantization of physical observables is observedlticatomic
particles, not for only bound particles.

= Quantization is not a natural characteristic fonat systems, so
it is an external manipulation of the values of phesical
observables.

Evolution Model
EM

= Quantization is a phenomenon of Einstein’s thedmemtivity.

= |t occurs as any kind of change.

= Quantization of physical observables is observedlicatomic
particles, not for only bound particles.

= |t is not a natural characteristic for atomic syseso it is an
external manipulation of the values of the physatservables.
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APPENDIX J

RELIABILITY ISSUES

J.1 Inter-coding Document for Interviews

Peer Review Checklist for Inter-coding |

The aim of this study is to examine second-yeasjaisyand physics education
students’ mental models about some quantum mediatacepts.

EXPERT INFORMATION
Name - Surname

Title

Area of Expertise

Date

17

DIRECTIONS: Dear expert, this checklist is composed of 2 part$lease follow the
checklist by reading the directions for each part.

YONERGE: Sayin uzman, bu kontrol listesi 2 bolimdensolaktadir. Litfen bu kontrp
listesini her bolimdeki yonergeleri okuyarak tag&ifiniz.

PART 1: A SAMPLE TRANSCRIPT OF A STUDENT

Directions for Part 1: Part 1 requests you to codehe interview transcripts of a
student by means of the coding booklet developed this study. Please find the related
coding booklet in the attachment.

1. Bolum Ydnergesi: 1. Bolum, bu atamada gelktirilen kodlama kitapgini kullanaral
bir 6grencinin gérgme ¢oziimlemelerini kodlamanizi istemektedlgili kodlama kitapgg
ekte yer almaktadir.
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INTERVIEW I
Interviewer : N. Didis
Interviewee (hame or pseudonym) ST7
Interview Date 18.05.2009, between 13.00- 13.42
Interview Duration 42 minutes
Interview Data Recorders Video camera, interview protocol, papef,
pencil.
Department m Physics o Physics education
Gender . m Female o Male
Number of taking this course :m Firsttime o Second time or more

91:1: Ik sorumuza bakalim, bir spektrum \@r Soru)*1. In an emission spectrum, what
do the (colored) lines explain (for the visibleimg, or in an absorption spectrum what
do the dark lines explain? Why do the lines octit® do they have different colors (for
the visible region) for emission spectra; Why dmeytdark for absorption spectra?”
Emisyon spektrumu icin goriinir bolgedeki renklgiger ya da absorbsiyon
spektrumundaki siyah cgizgilerin ne aciklar? Cizgileden olyur? Emisyon spektrumlari
neden renkli cizgilere sahiptir ya da absorbsiypelgrumu cizgileri neden siyahtir?

92:St7: In... "Emission"da hani belirli dalga boylarindalgalarin verildgi. Bunu
anlatiyor. "Absorption"da da bilgiim kadariyla yine ayrgekilde belirli "stateler"de dalga
boylarindaki dalgalarin absorbe ediidiCizgiler bunlari gésteriyor bildim kadariyla.

113:1: Tamam, peki 2. soruya bakalif2. Soru)‘2. Suppose the electron in the Hydrogen
atom obeys classical mechanics rather than quameohanics. What would you expect
to observe in the spectrum? Why®drsayalim ki Hidrojen atomundaki elektron kuantum
mekangine desil de klasik mekagie gore davraniyor. Spektrumunda ne gdzlemeyi
beklersiniz? Neden?

94:St7: Klasik mekange gore hareket etmek istiyor... li... Bu durumdatagabilirdik,
tam kesinlikle bulundgu yeri ve momentumunu, herhangi bir belirsizlik abkan
saptayabilirdik. Yani belirsizlik olmazdi ve pardageklinde hareket ederdi, yani dalga
gibi olarak dgil de klasik parcacik..Simdi kuantuma gére belli matematiksel olarak
formuland elde etimiz zaman goriyoruz ki belli dalga boylarinda,liditate"lerde
"emission” ve ya "absorption" oluyor. Klasik mekgmgore davransaydi, herhalde biz
bdyle bir spektrum elde etmezdik, onun yerine gabfitiin dalga boylarini, ya

95:1: Yani cizgileri mi gérmezdik? Yani nasil biey olurdu?

16: St7: ... Galiba cizgileri gdrmezdik, ¢unki sadecegarcacik olarak kabul egtimiz
icin, klasik mekanie gore dgindigiimizde DeBroglie'yi gbz 6niine almaygea bu
durumda bigey gérmezdik galiba.

97:1: Tamam, peki Bohr bir atom tanimliyor, nasildirBeohr atomu?

18: St7: Bohr atomu dedi... Bohr atom modeli 1 elektronlu atomlar, Hidnojee
Hidrojene benzer 1 elektronu olan atomlar i¢in gébér model. Bohr atom modeline
baktgimiz zaman belirli "state"lerde belirli spektrumlgbriyoruz. Belli dalga boylari
belli enerji seviyeleri, yani bunlar.

19:1: (3. soru a kismi)3. a) What did Bohr state about the atom, in other wevhat are
the Bohr PostulatesBohr atomla ilgili olarak neler sdyledi, gér bir deyile Bohr
Postilalar nelerdir?
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110:St7: Meselaseyden bahsediyosp an formulini tam hatirlayamamakla beraber bu
acisal momentumun kuantizasyonundan bahsediyor.

f11:1: Nasil birsey bu?

12:St7: lii... Bu... Agisal momentumujduraksama).. Ya icergini tam olarak
hatirlayamiyorum onu, unuttum biraz... Daha somlalb"enerji state"lerinde,
elektronlar sadece belirli enerji "state"lerineipadlaca&indan bahsediyor kuantum
"number”larina gore, B&a, lii... Bu kadar.

113:I: Acisal momentumun ginda baka birseyden bahsediyor mu acaba?

9114:St7: Enerji "state"lerinden bahsediyor dedik bir dBi... Baska aklima gelmiyor. Bu
kadar.

915:1: Peki(3. soru b kismi)b) What are the failures of the Bohr Postulates atiaut
guantum theory?Bohr Postillalar’'nin kuantum teorisi agisindan é&kkleri nelerdir?

916:St7: ... Spinlerden bahsetmiyor, sadece 1 elektrantunlar i¢in gegerli. ... Ber
yani ¢ok fazla eksikliklerini bilmiyorum Bohr atomodelinin.

17:1: "Orbit", yoringe diye bigey duydun mu? Bohr modelinde acaba "orbit" bize ne
acikhyor?

1118:St7: Bohr modelinde "orbit" bize enerji seviyelerinildgyor. Yani elektron hangi
enerji seviyesinde bulunuyorsa ona gore bir orbériinde hareket ediyor.

919:1: Peki enerji seviyesi dedin, ben de sana tam soracaktim, ne demek enerji
seviyesiq4. Soru)‘4. What do the “energy levels” meaniherji seviyeleri” ne
demektir?

120:St7: Enerji seviyesi deyince bi elektronun sahip @denerjiler. Her enerjiye sahip
olamiyor.Belirli "state"lerde.

921:1: Ne demek o her enerjiye sahip olamiyor?

7122:St7: li1... Mesela onun cikarghimiz zaman formalini matematiksel olarak, gortyoruz
ki “guantum number"ina gore belirli seviyelerdelbeherjiye sahip oluyor. Mesela her
deserdeki enerjiye sahip olamiyor. Bunu gériyoruz. firseviyeleri bu sahip olabildi
enerjiler... Enerji seviyeleri, bu galiba elektrondalga boyu ile DeBroglie dalga boyu ile
ilgili bir sey. Yani hergte, onun yaydy dalga boyuyla ilgili oldgu i¢in enerjisi ve onun
yaydgl dalga boyunu g6z 6niuine gldnizda ste sadece belirli "state"lerde enerjisi
olabiliyor. Bu kadar yani. li1.. Mesela bir dalgayli veriliyor, elektron yiiksek enerjiden
disuk enerijili bir duruma gegtinde bir enerji yayiyor. Bir foton yayiyor dal olarak,
belli dalga boyunda olan, "characteristic" dalgglan. Bunlarindaste daha ustlerden 1.
seviyeye gegiLyman serisi, daha Ustlerden 2. seviyeye gBaimer, veya daha
Ustlerden 3. enerji seviyesine gePashen serisi olarak.

123:1: Tamam, buradan buraykagitta iki yoringede, tst yoringeden alt yoriingeygsge
gOstererekpeck icin ne sdyleyebilirsin mesela? Ne oluyor burada?

9124:St7: Elektron buradan burayést yoringeden alt yoringeye ggigti gostererek)
geciyor.
925:1: Evet, yani...
1126:St7: Evet, dolayisiyla bir enerji vergoluyor. lii...Séyle, mesela eneriji farklarinin
fazla oldgu ¢ok yiksek bir enerji "state"inden daha alt Inieri "state"ine gecerken

aradaki fark ne kadar olursa yayilan fotonun dalgyu da ayni o kadar kii¢ik oluyor.
Yani frekansi blyuk oluyor.
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9127:1: Tamam, peki dier soruya bakalinb. Soru)“5. a) What do you understand about
the “particle in a box” term in physicsFizikte “Kutudaki parcacik” teriminden ne
anliyorsunuz?

128:St7: ... Particle in a box.$dyle, bi kiiguk bir "particle"in ayni zamanda bir
DeBroglie dalgasi oldiu icin de kutunun gesligine gore farkl dalga boylarinda
olabilme ihtimali var, bunu anliyorum. Bu da bizhiadasunu gdsteriyor, lii... Mesela
cekirdesin cevresinde donen bir elektronu "particle in &'bgibi distinebiliriz, kutu
icinde bir "particle” gibi. Belirli bir sinirlamaloyor. Belli bir sinirlannmy alan oluyor.
Onu gamiyor ¢ekirdgin cekim kuvvetinden dolayi. Ona benzetebiliriz.

7129:1: Peki, elektron dinda baka bir parcacik olabilir mi acab43. Soru devant)b)
What can be considered a particle in a bd@parcacik ne olabilir?

130:St7: ... Bagka bir pargacik? hi... Olabilir yani klea da, amau an aklima gelmiyor,
ama olabilir tabii ki, bi alanda kisitlangrparcacik olabilir.

131:1: Peki "particle in a box" gergekten fiziksel by mi yoksa hani mesela dedin fizikte
bdyle birsey varsa o da elektron'un atom icinde bulunmashdmj bir yaklaim falan mi
yapiyoruzKutunun i¢indeki bir par¢caga mi benzetiyoruz? Yani "particle in a box"
gercek bir kavram mi, yoksa bir yaklen mi bseyler aciklayabilmek icins. Soru
devam)‘c) Can you give an example from a physical situagibaut particle in a box?”
Kutudaki parcacik durumuna fiziksel bir durumdamék verebilir misiniz?

1132:St7: Bence bir yaklam... Benzetme gibi diliniyorum daha ¢ok. Ger¢cek kavramdan
ziyade.

133:1: Peki, bu parcacik bir elektron ise, sen elektrabitir demitin, (5. Soru devant)d)
Explain the “energy”, “wavelength”, and “velocitydr a particle in a box.Kutudaki

parcacik icin “enerji”, “dalga boyu” ve “hiz" | acklayiniz.

1134:St7: Once dalgaboyu ile ilgili korgalim. Dalga boyu sinirli bir bélge iginde ofgu
icin sahip olacg dalga boyunun ihtimalleri var kutunun ggigine gére. Dalga boyu
desisebilir farkli dalga boylarina sahip olma ihtimahr Bununla bgantih olarak da
enerjisi de dgisir. E tabii dalga boyunun da kutunun ggiiine gore ona baktimizda
belli degerleri var, alabilecs belli degerler. Dolayisiyla enerjide dalga boyu ilestzantili
oldugu icin bakiyoruz. Enerjinin de alabilegiéelli degerler oluyor oradan, sonra hiz,
hizina bakarsak o da, lii... Hizi, c, ¢ aslinda idgke dalga boyu yardihatirlamiyorsam.

135:1: ¢? kik hizi mi?
1136:St7: Isik hizi.
37:1: Elektron hareketi ama?

1138:St7: Bi saniye... D@ru, evet, hi hi(evet anlaminda onaylam&)u durumdasik hizi
olmaz. l... Hiz1 da dalga boyuna goreside.

139:1: Tamam, birbirlerine b#i oldugunu sdyluyorsun.
140:St7: Evet birbirlerine bgl.

941:1: Peki dger soruya bakalin{6. Soru)‘6. a)What do you understand about the
“harmonic oscillator” term?Harmonik salinici” teriminden ne anliyorsunuz?

f142:St7: Fizikte klasik mekanikten aklima geleay, mesela yay- kitle sistemi olabilir bu,
sonra “pendulum” olabilir bi sarka¢. Bu tir ornak¢gliyor. Harmonik hareket yapan
ornekler geliyor.

143:1: Peki bunlarin enerjisi hakkinda ne styleyebiliPsiklabilecgi enerjinin yapisi
diyebiliriz. (6. Soru devant)b) Explain “energy” for a harmonic oscillatorBir
harmonik salinici icin “enerji” yi aciklayiniz.
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144:St7: ln... Enerjisi hakkinda.(Dusiinme)

145:1: Yani enerjileri nasildir? Klasik sistemlerdeki hamik salinicilarin enerjisi
hakkinda ne sdyleyebilirsin?

146:St7: Aslinda normalde buna mikro boyutta, "nano" bayiaktgimizda belli dgerler
aldigini goruyoruz yine. Peki bu klasik mekaniktezsdodesil mi? Klasik mekanikte de
dogru fakat, klasik mekanikte daha buyuk sistemlerigelon, onlarda da dgru fakat
orda boyut ¢cok d#stigi icin ihmal edilebilecek dlgulere geliyorlar, yaamslinda yine belli
degerleri var ama biz onlari algilayamiyoruz.

947:1: Tamam, bunlar "klasik ile kuantum arasinda fary@d diyorsun!
1148:St7: Hi hi (evet anlaminda onaylama), evet.

149:1: Peki, bi sonraki soruya bakalifr. Soru)*7. Did Bohr postulate the quantization of
energy? What did he postulate about the quantizatiBohr enerjinin kuantize olmasini
(kuantumlanmasini, kuantumlu olmasini) 6nerdi miamtize olmaya ifkin ne 6nerdi?

150:St7: Enerjinin kuantize oldgunu gosterdi. Tabii, yani gyler sdyledi, hani belli bir
formuli var onun ama formali hatirlayamiyorgmanda.

151:1: Ama formulde bize enerjinin kuantize ofgwu gdsterdi diyorsun?
152:St7: Evet, hi hi(evet anlaminda onaylamajdsterdi.

153:1: Baska kuantize blyukliklerden bahsetti mi? Aciklayaliisin?

154:St7: Galiba a¢isal momentumun kuantize olmasindan bange bagka... ...
9155:1: Formuld var demgtin, formil hatirhyor musun bununla ilgili?

156:St7: Hi hii (evet anlaminda onaylamagvet var, ama onu da tam hatirlayamiyorum
maalesef.

9157:1: Peki o formult hatirlayamasan da bunun boyle gildu gosteregey neydi?
Kuantize oldgunu digundiurersey, bir sembol ya da klea bisey olabilir. Neden
kuantize dedin? Formulin tamamini hatirlayamadia &wetsu sebepten dolayi ben
kuantize oldgunu sdyledim" diyebilir misin enerji ve acgisal mamhem igin?

158:St7: Soyle yani,suradan bglanti kurabiliyorum sadece. Elektronun mesela ‘lpirin
a box" digtinirsek aynsgekilde belli dalga boylarina sahip olabiliyor sagleBuradan da
belli dalga boylarina sahip oldukca sinirli birratia belli bir enerji seviyesine sahip
oluyor. Bu sebepten dolayi enerjisi kuantizedirisat momentum ile ilgili bisey
styleyemeyeagm sebep olarak, ¢ok iyi anlamadim onu.

159:1: Peki,(8. Soru)‘8. Compare Planck’s and Bohr’s explanations abouhtiggtion.”
Planck ve Bohr'un kuantize olmayaiin aciklamalarini kagilastiriniz.

160:St7: Planck'in "blackbody radiation”i hatirlayamiyoryani kuantizasyonuna dair
soyledgi seyi hatirlayamiyorum.

161:1: Kuantize bir durumdan bahsediyor mu peki?

162:St7: Onu da hatirlayamiyorum, yani "blackbody radidtaodair pek bigey
hatirlayamiyorum!

163:1: Tamam peki Bohr'un postilalarini bi toparlayalma,oluyordu tam olarak?

1164:St7: Bohr'un aciklamalari, hi hii tamam. Elektron atarbelirli yerlerde, belli enerji
seviyelere sahip olabilir. Her enerjiye sahip olanigte bu enerji seviyelerinde gelgr
olabilir. Acisal momentumda da, yine ayekilde. Belirli agisal momentum gerlerine
yine sahip olabilir. Butiin derlere sahip olamaz. Bekilde.

965:1: Tamam, biz bu duruma ne diyoruz?
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166:St7: “Quantized”.
167:1: Pekibu onun dgasina has ey mi?

168:St7: Onun d@asina has biey. Ya incelediimizde hani bizimle bir alakasi yok.
Dogadan kaynaklanan bey. Tabiatindan kaynaklanangeiy enerjinin.

169:1: Tamam peki, enerjinin kuantize olmasi tam olaralanlama geliyor?

170:St7: Enerjinin kuantize olmasi... “Distinceylerde olmasi, belirli dgerler almasi.
li... Meselaseyde hani formul ¢cikarimini gostegtiihoca, oradan hatirliyorum. Parcacik
kapali bir kutudaiste kapali bir kutuda bir dalga boyu, DeBroglie daktgpyu olan bir
“particle” 1 ele aldgimiz zaman oradaste bu temel bilgileri kullanggamiz zaman ¢ikan
enerji formiline bakiimizda iginde “n”, oldgunu gorilyoruz. “Quantum number”
oldugunu goruyoruz ve formile gore ¢ikgtanizda belli enerji seviyelerinde olabiggtni
goruyoruz.Soyle, bunun sebebi de hani belli bir kutunun icild#usu icin rastgele bir
dalga boyuna sahip olamiyor parcacik.sdalur, yasu olur (kutudaki pargacik figrt
Uzerinde “enerji seviyeleri” cizerek). Her dalga boyuna sahip olamiyor. Bu yizden. Her
dalga boyuna sahip olamgdicin de, kapall bir kutunun icinde olunca energisirhyor.

71:1: Peki o kapal kutudan ne anliyorsun? Neye benitgizllemistik o kapali kutuyu?

172:5St7: Seye benzetebiliriz, cekirgen cevresinde belli bir alan icinde dolanan elek&o
benzetebiliriz. Hani ¢cikamiyor gdna belli bi alan icinden kuvvetler sebebiyle.

173:1: Tamam, peki burada yaptn aciklamalara eklemek istgth var mi?
174:St7: Yok.
975:1: Peki, bu aciklamalarigekillendirenseyler neydi genel olarak?

176:St7: Derste dinlediklerim ve ¢aliklarima dayanarak sdyledim. Zaten hani dersten
dinlediklerim ve kitaptan c¢aftiklarim genelde, bazen derslere devam edemiyoBum.
durumda kitaptan ¢ghklarimla séyleyebiliyorum.

PART 2: SAMPLE EXCERPTS FROM THE INTERVIEWS

Directions for Part 2: Part 2 requests you to cod¢he excerpts from the interviews of
different students by using the same coding booklet

2. Bolum Yonergesi2. Bolum, ayni kodlama kitapggni kullanarak farkli grencilerin
gorismelerine ait alintilari kodlamanizi istemektedir.

SAMPLE EXCERPT 1

... text continues before the excerpt...

I: (Kuantize olmayadece eneriji icin mi gdz éniine alinir?

St10: Eneriji icin diye biliyorum ama enerji bi ¢gky icin gbz dniine alinir. Elektron
enerjisi olarak biliyorum. Parcagn kutuya hapsolmasi enerjinin kuantize olmasinin
temeli diye anladim ben. Badyle disindyorum: Mesela X Universitesinin fizik
béliminden bir arkagam bana “neden kutu kullaniyorlésilim adamlar?” diye sordu.
Ben de “Bence 6bir tirlt agiklayamiyorlar, sadesigadyi aciklayabilmek igin” dedim.
Burada enerjinin kuantize olmasi bu kutuda dahagyklaniyor. Kutuda enerjinin
kuantize olgunda enerji seviyeleri goruliiyor. Ondan sonra “grkelantizedir” diyoruz.
Sinirlandinimg parcacgin enerjisi her dgeri alamiyor. Sadece belli enerjilere sahip
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olabiliyor.

I: Ozetlersek, “kutuda gozlemlegiiniz parcagtin enerjisi kuantizedir” diyorsun, g mi?

St10: Evet. Enerji kuantize.

I: “Kuantize” derken neyi kastegfini biraz daha acabilir misin?

St10: Kuantize olma... ... Sadece belligggler. Mesela, bi apartman gibi. Apartmanin
her bir kati belli bir dger olarak dgtndlebilir. Fakat burada bi fark var. Apartmanda
katlar arasina bir oran verebilirsin ama kutudajeseviyeleri kutunun gesii gine bali.
Seviyeleri genilik degistirir. Kutuda gozlemlediimiz parcacgin enerjisi kuantizedir.
Parcactin davrangi, enerjileri belirlenmi kendiliginden... Enerjiler sadece belli
degerlere sahip olabilir. Her gere izin verilmez.

... text continues after the excerpt...

SAMPLE EXCERPT 2

... text continues before the excerpt...

I: Fotoelektrik deneyini aciklayabilir misin?

Stl17:li... Esik seviyesi olan bi materyal var. Bu materyajik eseviyesini @an bi ener;ji
gdnderdgimde materyal elektron saliyor.

I: Elektron salinabilmesi icin ne olmasini bekliyorgifani, elektronun salinmasi icin ne
olmasi gerekgini aciklayabilir misin?

St17:li... Nasil olabilir(kendi kendine soraraR)Elektronun farkl yortingeleri ve farkli
enerji seviyeleri var atomda. Belli bir enerji vegniz elektron ust yoriingeye geger.
Sistem atlamali bir sistem. Burada kuantize birj@hen bahsedebiliriz. Toplam enerjiyi
asan daha ¢ok enerji verirseniz, elektron salinisebest kalir.

I: Hangi parcaciklarin enerjisi icin kuantize enegjidbahsediyorsun?

St17: Butun pargaciklar.

I: Mesela...

St17: Mesela elektronlar, fotonlar.

I: Neden fotonlar?

St17: ... Materyale gonderilen enerigin frekansiyla alakali. Belli frekansta belli bi
enerji var. Fotonlar belli enerjiggyorlar.

I: Isik kuantize mi?

Stl17: Evet

I: Aciklamalarini 6zetleyebilir misin?

St17: Atomik sistemlerde kuantizasyonu goériyoruz.

... text continues after the excerpt...

SAMPLE EXCERPT 3

... text continues before the excerpt...

St4: Spin kuantize... Bu spinin kuantize olmasi. Kuantizam oturtamadim aslinda
kafamda...(Gulimseme). Sirekli aslinda onun Ustiinde keayoruz ama.

I: Tamam, kuantizeden tam anlamiyla kastinin negoldu anlayalim. “Biz kii¢cik
parcaciklari kuantize edelim ki inceleyebilelim’ndigtin daha 6nceki aciklamalarinda.
Ne demek tam olarak bu?

St4: Bence birlgtirmek bana gére. Clinki zaten onu tek parca halmcieyemedimiz
icin, gok kuguk oldgu icin, paket halinde falan inceliyoruz ki topluldie.

I: Peki “spin kuantizedir” dedin. Biliyorsun ki spirektorel bir blyuklik. Yonu ve
bayuklg ile ilgili ayri ayri kongalim. Yéni icin bakalim dnce.

St4: Spin in yoni kuantize ntkendi kendine sorarak) li1... O da kuantize mi olngu
oluyor (tekrar kendisine sorarak) 2 yoni var zaten. Asla kuantize olamaz bu! Clnku
yoni ya o’dur ya 6buri. Bu ylzden kuantizeden bddaseyiz ki spinin yoni icin. Zaten
aldig 2 deser var. O zaman neden kuantize olsun ki? Patgatek baina anlami zaten
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tam kestiremiyoruz, paket icinde inceliyoruz. Biiiee zaten kuantizesinden
bahsedemeyiz spinin diyorum.
... text continues after the excerpt...

SAMPLE EXCERPT 4

... text continues before the excerpt...

| : Peki,“particle in a box” tan ne anliyorsun?

St22:Teorik bisey. Sanirim bazi uygulamalari olabilir. Parcacik ige sdyleyebilirim
(kendi kendine soraraR)lii... Isik kullanilarak yapiliyor olabilir.

I: Tamam, o zaman icindeki parcacu olabilir?

St22: Eger ik kullanirsak, foton olabilir. Ya da manyetik alkallanirsak, elektron
olabilir. Ya da bgka parcaciklar.

I: Tamampeki, bu parcagin enerjisi hakkinda ne séylemek istersin? Eneiiggirinde
konwalim. “Kuantize olma” tzerinde tagtyorduk, enerji kuantize midir?

St22: li1... Enerji... Kuantize olabilir.

I : Neden oyle dgiindiin?

St22: Parcactin hareketi dgisir. Mesela davragini dalga olarak alirsak, enerjisigin
frekansi ile dgisecek. Parcagin hareketi dgisecek. Bu da enerjiyi dgstirir... Enerji
degisir.

... text continues after the excerpt...
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Peer Review Checklist for Inter-coding Il

The aim of this study is to examine second-yeasjasyand physics education
students’ mental models about some quantum mediatacepts.

EXPERT INFORMATION
Name - Surname

Title

Area of Expertise

Date

17

DIRECTIONS: Dear expert, this checklist is composed of 2 partflease follow the
checklist by reading the directions for each part.

YONERGE: Sayin uzman, bu kontrol listesi 2 bélimdensolaktadir. Litfen bu kontro
listesini her bolimdeki yonergeleri okuyarak ta&iiniz.

PART 1: A SAMPLE TRANSCRIPT OF A STUDENT

Directions for Part 1: Part 1 requests you to codehe interview transcripts of a

student by means of the coding booklet developed this study. Please find the related

coding booklet in the attachment.

1. Bolum Ydnergesi: 1. Bolum, bu atamada geltirilen kodlama kitapgini kullanaral
bir 6grencinin gérgme ¢oziimlemelerini kodlamanizi istemektedlgili kodlama kitapgg
ekte yer almaktadir.

INTERVIEW Il
Interviewer : N. Didis
Interviewee (name or pseudonym) ST3
Interview Date 25.05.2009, between 13.40- 14.07
Interview Duration 27 minutes
Interview Data Recorders Video camera, interview protocol, papey,
pencil.
Department m Physics o Physics education
Gender : o Female = Male
Number of taking this course 'm Firsttime o Second time or more

91:1: 1. By considering the quantum theory of a hydrogematvhat does then" term
mean? What does it describe? Expl&im.Hidrojen atomu igin kuantum teorisini g6z
onldne aldgimizda, “n” terimi ne anlama gelir? Neyi aciklarklayiniz.
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912: St3: Bunun zaten 6ncesinde, burada da sgtumuz. Hangi buyukliklerin kuantize
olduzunu sormstu (testte) Boyle bir durumda direkt “principle quantum nuribe
distinebiliriz. “Energy quantization” (diyerek kgida yazarak acikliyor).

13:1: Bu “energy quantization” 1 direkt olarak soyleyaolisun dgil mi?
94:St3: Hi hii (Evet anlaminda onaylama).

95:1: Ismini nasil adlandirngin “n” nin?

116: St3: “Principle quantum number”.

97:1: Evet, boyle kullaniyoruz. Nasil peki bize gdsterignerjinin kuantize oldtunu,
nasil anliyoruz? Nerede gosteriyor?

118: St3: Surekli bir “energy distribution” 1 olmagiini gérmitik. Bunu da sadece
“discrete” olarak, siirekli olmayan bazigigm girecesini séyluyorduk.iste “1. Level” da
“hv”, “2. Level” da “2hv” bdyle artan “energy distrubution” lari. Farkliaml enerjiler i¢in
“hv” niin daha katlargeklinde. Strekli artmayan, surekli olmayan bir gner

n

19:1: 2. By considering the quantum theory of a hydrogematwhat does the™term
mean? What does it describe? Expl&im.Hidrojen atomu icin kuantum teorisini g6z
oniine aldgimizda, “I” terimi ne anlama gelir? Neyi aciklar?¢iklayiniz.

110:St3: “I”, bu dasey, momentuntkagida yaziyor) Din bunlara ¢ajtim, bunlari tamam
gO6rmistik “Bohr postulate” olarak, 3.sl vardi bir de atmomentum vektdriiniin yonu
kuantize olmasi

911:1: Nasil gosteriyor?

9112:St3: Bunu formdliin 6ncesinde bir yerde gowtiik, “Bohr postulate” de. Bunu bir
kere sormgtunuz herhalde, cojeydi boyle, neydiTkendi kendine sorarakpcisal
momentumu bdyle bigeye boliyordukagida yazarak)Simdi Bohr'un da momentumun
kuantize oldguna dairseyi var, 6yle sdyliyordu, gdstergtiihatta. Orada ben boyle bir
sey (kagida kendisi yazgh denklem gibi oldgunu kastederelQiktigini, “derive” ettgini
fazla dgunmiyorum yani. Sadece gostestind bolimde yani. Ama orada dahazek
bdyle, direkt formulasyonlarini yerine koymalaridirekt bunu dgil de baka birsey
cikmistl.

113:1: “n” ye bagli olarak birsey mi ¢ikmgti?

9114:St3: Evet. “rhi”di. O zaman “n”i niye buradéormulde)vardi(kendi kendine
sorarak)?

915:1: Bohr “n” cinsinden aciklanti, “I" den bahsetmengti degil mi?

116:St3: YanisOyle birsey cikti(hala yazdgl denkleme bakiyarprada da yazrstim yani
buseydeki “i”. Boyle bir sey ¢ikmstl. Suan mesela agisal momentumun kuantize
olmasi konusunda iyi biiey olarak ¢ikmgti amasu anda yeni bigey var mesela “n” den
farkl olarak “I” var. “Orbital quantum number”. @Qrtanimlayabiliriz. Onu yerine
koysam mesela “I” e gore nasilgigigini gérmem gerekir.

917:1: Simdi burada agisal momentumun kuantize olmasidi& bir sey gdosterir dedin
hani “I” ye ve Planck sabitine Bh bir deger olarak bunu sdyledin. Nasil peki? Nasil
gosteriyor?

9118:St3: (sessizlik)

919:I: Tamam onu diiin o zamansu soruya geceling. By considering the quantum
theory of a hydrogen atom, what does th§‘term mean? What does it describe?
Explain. Bir Hidrojen atomu i¢in kuantum teorisini goz érialdgimizda, ni' terimi ne
anlama gelir? Neyi aciklar? Aciklayiniz.
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120:St3: ... “Magnetic quantum number”. Agisal momentum tiEkinin yonundn
kuantize oldgunu.

f21:1: Ne demek bu?

1122:St3: Yani bunu begu an, en son bdyle bjey soruyordu arkadkar, yani ondan
gelmisti ilk basta.

7123:1: Peki bu vektdrel bir buytklik mi agisal momentum?
9124:St3: Vektorel bir buyuklik olmasi lazim.
9125:1: Yoninin kuantize olmasi aciklayan bu (mi) en bata demstin?

1126:St3: Yonuni anladim da, yonuniin kuantize olmasini, mmamadim. U¢ boyutlu
uzayda yonun aynekilde surekli dgismesi mi? Yankseyi bulacgiz “orbit”, “rotation”
lar var ya orada mesela bir yon tanimlayabilirirn beisal momentum ic¢in. Bu yoninin
kuantize olmasi i¢in yoninin sabit ofdunu digiiniyorum.

927:1: Nerede biz buna bakiyoruz, gériyoruz?

128:St3: Simdi bir “rotation” var elektronlarin, manyetik alavar. Buradagu acgisal
momentumun kuantize olmasi ile ilgili kiey kullanacgimi disiindim mesela bu
manyetik alana gore kuvvetlerden falan bir agisaim@antum tanimlayagam. Onun
mesela nasil kuantize olgunu o formilden ¢ikaramam, o yizden bunun “proaféyw
geldi yani, fiziksel olarak diiinmedim.

929:1: Tamam peki4. Explain ‘n”,” I", “m |” terms for the Bohr atom? Compare with
guantum mechanical model of atoBohr atomu icin “n”,” I”, “m |” terimlerini
aciklayiniz. Kuantum mekaniksel atom modeli ilgikagtiriniz.

1130: St3: Bohr zaten enerji seviyesi olarak “n” izerindengey tanimlangti mesela. Tam
olarak yazamayagam (kagida yazmay! deneyerelg” nin mesela sirf “n” e bgli olarak.
Bu yaricapin mesela diyelim, yaricapin da gedigibi, “h,n” miydi 6yle bir seydi.
Bdyle “n” e ba&l olarak tanimladi bir enerji kavrami mesela, dyle iy yapmstik. Bu
ongorulenseylerden bir tanesi de zaten acisal momentumuntizgasimasi. Boyleste
“nh” oldugu igin sdylemgti, buradaki “magnetic quantum number” 1 ilk defat®'un
sdylemediini ama, kuantum mekanik modelde yeni tanimlanandoim old@unu
distindlyorum.

131:1: Digerleriigin(“n"ve “I" yi kastederek)?

[ ]]

1132:St3: Digerleri igin Bohr’'unzaten bunlari g6z 6nunde bulundugdau, “n” igin
atomdaki enerji seviyeleri icin belli, kuantum makde acisal momentumun kuantize
oldugunu tanimini zaten Bohr da stylathiAma kuantum modelde de bunun yani sira
acisal momentum vektérinin kuantize olmaskadoir terim.

1133:1: Tamam pekb. What do you understand about the “quantum mechbmodel of
an atom"?*Kuantum mekaniksel atom modelinden” ne anliyorszhu

1134:St3: Kuantum atom modelinden yani hi¢ direkt yani biiriral, olasilik zerinden
Yani Bohr atom modelini hani tamam bdyle {gyin gercekki vardir ama kuantum
atom modelinin bunlarin hepsini igeren kapsayamitéligi oldugunu dgtniyorum
mesela. Zaten olasiliklar Gzerinden gittcin mesela bir ¢ok, yani herhangi bigy de
vardi mesela biz bir “r(kagida yaziyorkey bulduk. Bohr atom modelinde, yaricap bir
deger yaklgik. Ha bunursey sonrasinda da kuantum modelinde de zateeyBohr'un
buldusu yaricap, kuantum modelinin olasiliklarindan bindsi olabilir. Dger bir¢ok olay
distindiguimuiz zaman meselagdir atom modellerinde bu giine kadar mantikli olamat
modelleri Bohr oldgunu diglinilyorum mesela. Bohr'un kuantum mekanik modeledah
yakin oldigunu digintyorum ve derlerinin biraz g5. Ama Bohr modelinin kuantum
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modeline yakin, en yakin model okitnu dginiyorum, ama tam olarak atomun nasil
oldugunu tanimlamiyordu. Kuantum modeli bir ihtimal lindlen dgerlendiren atom
modelidir. Bohr da bunun bgeyi yani, ihtimallerinden bir tanesi. Yani Bohr'tnuldusu
deserleri kullaniyor.

1135:1: Bohr da o zaman “probability” den bahseden modgllgr sey mi oluyor?
1136:St3: (Sessizlik)'Bohr” u dyle demek istemedim.

1137:1: Bohr olasiliktan bahsetmiyor zaten. Hani kuantuekamiksel olarak Bohr’ a
baktgin zaman diyorum, yoriinge tanimhiyorduideni?

1138:St3: Bu yoringede dénmesi bdyle bir yaricapindan fakamsediyor.
1139:I: Yani tam olarak belirliyor mu elektronun yerini?

140:St3: Yani boyle mesela, “r” diyelim, birgok durum vasesela gte bu elektron sayisi
falanseyin nikleer hareketi falan, onlarigindigiimiz zaman mesela g6z éniinde
bulundurdgumuz zamanu anda da goriiyoruz mesela hani herhangi bir yairir .
Ama bunu mesela bis anki zaman ve deney ortaminda biz bunu farklfrbidegeri
okuyabiliriz. Ama Bohr un yagii bir “normalization” yanigsey, bir standardize etmeye
calsiyor. iste baziseyleri ne bileyim “approximation” falan, ondan sarbéyle bir “r’
deseri buluyor. Bu yiizde yigey desil diye distinduim.ihtimal degil diye distintyorum
(gtlme)

941:1: Peki6. By considering the quantum theory of an atom, wdoes the fhs’ term
mean? What does it describe? Expl&i.atom icin kuantum teorisini gdéz éniine
aldigimizda, rg’ terimi ne anlama gelir? Neyi aciklar? Aciklayiniz

1142:St3: Spinin kuantize olmaggilme)
143:1: Neden dyle dedin? Nasll bir ¢cikarim yaptin?

7144:St3: Cunkl ne varsa kuantize. Bunda mesela “principntum number”, bunlar
Uzerine eklenirken mesela. Soguradaki bunlari nasgekillendirebilecgini
distinemiyorum mesela. Enerjinin lgekilde birseyler sdylediini, nasil kuantize
olabilecgini, momentumun, bir de momentum vektoriiniin, “gpegnetic”, onun nasil
olacaina iligkin.

145:1: Spin ile ilgili bir sey sdyluyordur dedin ama nasil ofayla ilgili bir fikrin yok.

146:St3: Evet.(sessizlik)Spin de hani elektronlarin iginde bulunduklarnadiye
distndyorum.

47:1: Nasil bir alan?

148:St3: Onu bir arkadgsunum yapmti da gecen. Nasil bgey oldwunu anlayamadik.
Aslinda anlatl sey bunun Uzerindeydi, belirsizlikler Gzerineydi rakes spin Uzerindeydi
mesela. Spin nasil bjey olabilir ki bdyle vektdr gosterebilir mesdlkendi kendine
sorarak)?Oradan bircolkeyler cikartti mesela, enerji “distribution” 1 olsumomentum
olsun falan. Bunlardan nasil, ne gibi gy olabilecgini tahminlerde bulundu biz de hani
bir seyler &renmeye c¢agtik. Onun Uzerine hani fiziksel anlamini sadece béktronun
donis, yani kendi etrafinda dosii olarak bak&imiz zaman mesela bdyle bir bilgileri
bize verecgini distinilyorum mesela. Bka ne gibi bir madde, nasil iey oldigunu
sdylersem, atomun bulungu yere gore, bulundw oseye gore, orbitale gore, gigen
seyler.

149:1: Eklemek istediin var mi?

150:St3: Yok. Burada bigey yok.
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951:1: Bohr'un agisal momentumun kuantize gidnu géstermesi ile kuantum mekaniksel
olarak agisal momentumun kuantize @doun gdsterilmesine gkin... Bohr’un ki “nh”
demitik.

152:St3: Yasuradan(*l” yi agikladi g1 sorudaki belukta, kuantum igin yazgh formilin
yanina yazarakpu da bisey “energy quantization” 1. “n” i¢in “I” dgerleri bulduk,
cikacak birsey sanmiyorum da.

153:1: Tamam, “I"” nin alabilecgi degerler nedir?
154:St3: “n-1" e kadar alabiliyor. “I" icin sifir. Bu da “h¢ikiyor.
155:1: Cikiyor mu? Nasil ¢ikiyor?

1156:St3: (Denklemde “n-1" koyuyor)(n-1). (n-1+1). Bir eksiklik var(Farkli sonuctan
dolayisasirdi). Bir eksiklik var. HahsOyle diyebilir miyiz? Sifir olsa. “Integer” olaga
icin daha, buradan bjey ¢ikacgini sanmiyorum.

157:1: “I" sifir olsa “n” zaten 1 dir, dgil mi?

158:St3: Sifir?

159:1: “n= 2" olursa “I=1" ya da “0” dir bu durumda O6yt&egil mi?

160:St3: Neden? “I=0" sa?

9621:1: O “n”in 1 oldwunu gbstermez mi?

162:St3: Buradan ¢ikmaz dyle bgey o zamarfdenkleme gére karar veriyor).
163:1: “n” ye 1 ver, “I" ne alir? Sifir. Tek alabilegedeger sifir.

1164:St3: Tamam oradan da@ustndyor)..

165:1: “n” ye 2 dersen “I" 1 ve sifir alir. Yine sifirial Kafanda bir sorusareti olgtu
herhalde neden boyle diye?

166:St3: Olustu.

167:1: Ama evet, acisal momentumun kuantum mekaniks&oke’un tanimlamasi,
kuantize oldgunu sdylemelerde der olarak farkli, ¢linku kullandiklageyler farkl.
Ekleyecegin sey var mi bunlara?

168:St3: (Kagidini kontrol ediyor)Bu sefer bay@ bi lizerinde d§iindim.Su (agisal
momentumun kuantize durumuna tekrar bakarak).

169:1: Hala sdyleyecek bieyler var herhalde. Kogalim.

9170:St3: Yok ya... O spin icin. “Information theory” mi dylair sey vardi galiba, spinin
nerede oldgunu yerini belirlemek icin onlardan bahseden. Ampiais ne oldgunu ¢ok
fazla anlayamadim.

PART 2: SAMPLE EXCERPTS FROM THE INTERVIEWS

Directions for Part 2: Part 2 requests you to cod¢he excerpts from the interviews of
different students by using the same coding booklet

2. Bolum Yonergesi2. Bolum, ayni kodlama kitapgni kullanarak farkli grencilerin
gorismelerine ait alintilari kodlamanizi istemektedir.
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SAMPLE EXCERPT 1

... text continues before the excerpt...

St2: Enerjinin devamli olmagdini. Yani boyle “continuous” bigekilde ilerlemediini
artisin ya da azain.

I: Yani “continuous” derken neyi kastediyorsun? Einérj“continuous” olmadtini dedin.

St2: Ordasimdi, Planck’in formiliinde bir tane Planck sabdr¥ocam, bu bir sayi.
Dolayisiyla bu sayinin katlageklinde enerji yayiliyor gézikuyor.

I: Hangi enerjiden bahsediyorsun?

St2: Herhangi bir fotonun ya da herhangi bir maddeainijs oldigu enerji. Sonucta
hepsinde var. DeBroglie’ye de @lanti kurarsak normal elektron igin de ayaye
formule koyabiliriz 0 “h” yi. Dolayisiyla “h” nin @wugu her yerde enerji hep boyle
ziplayarak devam ediyor. Buna “continuousgitidedim. Planck ben onu buldu diye
distnmistim.

... text continues after the excerpt...

SAMPLE EXCERPT 2

... text continues before the excerpt...

I: Bu aslinda bize neyi aciklar diye soracaktim,isaerinden énce hemen “enerji” dedin.
Nasil aciklar enerjiyi. Ne sdylemek istersin bu kda?

St7: Enerjiyi sOyle aciklar. Belli enerji diizeylerine sahip olabdlektron. Bu sahip
olabilecgi, bulunabilecgi belli “energy state”lerini, dgerlerini gosteriyor. Seviyelerini
gosterir.

... text continues after the excerpt...

SAMPLE EXCERPT 3

... text continues before the excerpt...

I: Peki bu sadece teorik bir kutu mu yoksa fiziksebimlami var mi, ne diiniyorsun?

St21: Bence teorik. Boyle hiey olmasi imkansiz.

I: Peki, ger bu teorik bi kutunun icindeki parcacikla ilgie séylemek istersin? Nedir bu
parcacik?

St21: Blyik ihtimalle elektron... Ya da foton olabilir.

I: Peki, bu par¢agin enerjisi hakkinda ne diintiyorsun? Cunki bu parcgacik “Elektron ya
da foton olabilir” dedin. Bu pargaan enerjisi kuantize mi?

St21: Bence dgil. Enerji burada kuantize d@!

I: Neden kuantize ¢g@?

St21: Cunkl enerji sabit, gésmiyor. Parcacik kutunun iginde sadece ileri gediygir, o
ylzden kuantize cd.

... text continues after the excerpt...
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J.2 Inter-coding Document for the Textbooks

An external coder coded the selected pages ofaxtodoks. The information of inter-coder relialyiléxamination for the

textbooks is presented below:

First try:
Textbook Chapter Coded pages in the
code no chapter Case Context
Context 3: Energy Levels and Atomig
Textbook 1 4 pp. 133- 138 Quantization of Energy Spectra
Textbook 2 7 pp. 214- 218 Quantization of Angulasriventum Context 62.b: Quantum Atom
Second try:
Textbook Chapter Coded pages in the
code no chapter Case Context
Textbook 1 6 pp. 208- 212 Quantization of Angulawriventum Context 62.b: Quantum Atom
Context 3: Energy Levels and
Textbook 2 6 pp. 185-189 Quantization of Energy Atomic Spectra
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J.3 Inter-coding Document for the Video-recordedClasses

An external coder coded the selected video recatus information of inter-coder reliability examtran for the videos
is presented below:

First try:
Week Lecture no Date of record | Record period | Coded period | Case Context
Context 4:
Week 6 | Lecture 11 26.03.2009 ~120 min. < 60 min aization of Energy | Particle in a Box
Second try:
Week Lecture no Date of record | Record period | Coded period | Case Context

Quantization of Angular | Context 61.b:
Week 8 Lecture 15 09.04.2009 ~120 min. <30 min | Momentum Bohr Atom
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ETHICAL ISSUES

K.1 Permission 1

Orta Dogu Teknik Universitesi
Micdle East Technical University

R il B302.0DTO70.0000 Sk ~ i
Registrar’s Office

06531 Ankara, Tiirkiye
Phone: +90 (312) 2103417
Fax: +90 (312) 2107960 13.2.2009

_ vwwoidbmet.edu

FEN BILIMLERI ENSTITUSU MUDURLUGU’NE
ILGI: 10.2.2009 tarih ve B.30.2.0DT.0.40.05.02/126/305-2258 sayili yazimz.

ilgi yazmiz ile Ortadgretim Fen ve Matematik Alanlan Egitimi Doktora
Programi ogrencilerinden Niliifer DIDIS$’in 16 Subat-31 Aralik 2009 tarihleri
arasinda, “Ogrencilerin Kuantum Mekanigi Anlamakta Kullandiklari Modeller Igin
Bir Tasar” baghkl tez caligmasma iliskin olarak Universitemiz Fen Edebiyat
Fakiiltesi Fizik Boliimii Ggrencileri ile uygulama yapma istegi Rektorliik Makamimca
uygun gorilmiigtiir.

Geregini bilgilerinize arz ederim.

Saygilarimla.

co_

. Nesrin UNSAL
Ogrenci Igleri Dairesi Bagkam

g, | WO

%.2.29
pry
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K.2 Permission 2

0.D.T.U.
FEN BILIMLERT ENSTITUSU
YONETIM KURULU KARARI

Tarih: 10.02.2009
Sayn: FBE: 2009/ §

GOREVLENDIRME VE 1ZIN

Ortadgretim Fen ve Matematik Alanlan Egitimi EABD doktora programi 6grencisi Niliifer Didig‘in 16
Subat -31 Aralik 2009 tarihleri arasinda "Ogrencilerin Kuantum Mekanigi Anlamakia Kullendiklar:
Modeller igin Bir Tasart bashkh arastirmaya iliskin ODTU Fen Edebiyat Fakiiltesi Fizik Bolimi
dgrencileri ile uygulama yapmak igin gérevlendirme bagvurusu incelenmis; ilgili damigman gériistine
dayanarak adi gegen Ggrencinin istegi dofrultusunda gorevlendirilmesine oybirligi ile karar
verilmistir.

N
aua&é 274 g \Q ‘ /[

Prof.Dr.Ali Kalkanlh

Prof. Dr. Canan Ozgen Prof. Dr. R.Sezér’ Aygiin
FBE Midyirit FBE Mid. Yard. FBE Miid. Yard.
g Ry &
T AMALE /{ %l\_ Z #
i 4 —
Prof. Dr. Cahit Eralp Prof. Dr. Vedat Toprak Do¢.Dr.Cem Topkaya
Uye . Uye Uye
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K.3 Consent Form

Consent Form for Participants

Dear Students;

I am a Ph.D student at the Department of Secon&amignce and Mathematics
Education at Middle East Technical University.udst on physics education, and my
research area is students’ understanding of quanteohanical concepts.

For my doctoral dissertation, | investigate unsigr physics and physics
education students’ understanding of some quantwohemical concepts. For this
aim, | will follow the Modern Physics course (23022 with you in this semester
(2008-2). In Modern Physics classes, | would likedo some observations, and
implement tests. And, before and after the claskegpuld like to conduct some
interviews with you, and record them by the videomera. If you would like to
participate, the time schedule of the interviewdl Wwé at your convenience. The
participation will not be graded in course, and yall not be penalized if you choose
not to participate.

During the data collection process, there willhoeelement that creates physical,
psychological and mental harms for you. All theadatll be kept private, and they
will be used only for the scientific publicatiorsnd they will not be used for any
other aims. We hope that, in the future, other peopight benefit from this study
through improved understanding of students cogmitio

Please fill the form below and give it to the esher after signed it. If you do
not want to continue to the study, you can stopi@pating at any time. If you have
any other questions about the study, please dbesitate to communicate with me.
Yours sincerely.

Res. Assist. Nilufer Didi

Physics Education Major, Department of Secondary
Science and Mathematics Education,

Faculty of Education,

Middle East Technical University

Office: EF A 37, Phone: 210 7509

E -mail: dnilufer@metu.edu.tr

I understand the information given to me, and agred¢o conditions of this study. |
would like to participate to this study, which is sientific investigation of

students’undestanding of quantum mechanical concegt

Name- Surname Date Signagtur
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APPENDIX L
TIME SCHEDULE OF THE DISSERTATION
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Months

1-12
1-9
10
11
12
10
11
12
1-8
10
11
12
1-8
10
11
12

1-4

Years

2007
2008
2009
2010
2011
2012




APPENDIX M

FREQUENCY OF THE CODES

M.1 Frequency and Percentage of Each Code Identifiein Students’

Explanations about Quantization

CODES f (%)
= 3_.3' MENTAL MODELS OF QUANTIZATION
Q 1 0ONLY BOUND PARTICLE OBF 125 6.16
:EJ' 2 DISCRETEMESS or-and DISCRETEMESS CHARACTERISTIC D-DC 1191 58.69
3;} IMATURAL CHARACTERISTIC MC 278 13.55
Q 4 MY WALUES AV 53 2.61
3@' 5 ARTIFICIAL CHARACTERISTIC AC B1 3.00
:@' GEINSTEIN'S RELATIMITY ER 26 1.28
3;} 7CHAMGE C 112 5.52
Q BINTEGRATIOM | X} 2.61
Q SEVERY PARTICLE EP 133 6.55
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M.2 Frequency of the Codes for Mental Structures oEach Student Over the Contexts

STUDENTS CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT TOTAL
1 2 3 4 5 6.al 6.a2 6.b1 6.b2 INDEPENDENT
FRAGMENTS*
Stl NM ShM NM AM NM NM NM NE NM
D/DC:3 D/DC:3, EP:1 D/DC:10, C:5 D/DC:1,C:6 Av:1l OBP:2 OBP:2 D/DC:2 D/DC:7 D/DC:33, AV:8
ER:1 AV:2 OBP:2 NC:1, EP:8 C:2 AC:1 C:2 AvV:1l AC:3 OBP:6, EP:10
EP:1 AC:2 AV:3 AV:1 D/DC:4 D/DC:3 C:4 NC:1, AC:6
Cci1 1:0, ER1,C:20
St2 PSM NM PSM sM NM NM sM NM sM
D/DC:6 D/DC:14 D/DC:17 D/DC:5 D/DC:2 D/DC:8 D/DC:11 OBP:1 D/DC:13 D/DC:5, EP:1 D/DC:85, AV:0
NC:1 EP:1 NC:2 OBP:3 EP:1 NC:2 OBP:3 D/DC:4 OBP:2 NC:9 OBP:9, EP:8
EP:2 EP:3 NC:2 NC:4 NC:7 1:2 NC:27, AC:0
1:2,ERQ, C0
St3 PSM PSM M sMm M sM sM NM M
D/DC:1 D/DC:10 D/DC:17, C:1 D/DC:7 D/DC:1 D/DC:10, C:1 D/DC:5 D/DC:8 D/DC:7 D/DC: 6 D/DC:72 , AV:0
NC:1 NC:4 NC:3 OBP:4 OBP:1 OBP:1 NC:1 C:1 NC:1 OBP:8, EP:2
EP:1 EP:1 OBP:2 NC:4 NC:2 NC:1 NC:17 , AC:0
I: 0,ERQ,C3
Sta M M NM M NE NM sMm NE M
1:3, AC:2 D/IDC:7 D/DC:20, C:1 D/DC:12, C:3 D/DC:1 D/DC:9 1:3, AC:4 EP:4, AC:6 D/DC:64 , AV:1
EP:3 EP:8 NC:3, AC:4 EP:3 OBP:1 EP:2,NC:3 D/DC:2 OBP: 3, EP:20
D/DC:2 AC:1 OBP:2, I:11 AV:1 NC:1 D/DC:11 1:4 NC: 7, AC:17
1:11. ER:0. C:4
St5 Y] M M M NE M sMm NE NM
D/DC:7 D/DC:2 D/DC:18, C:2 D/DC:1, C:2 1:4 D/DC:8 D/DC:18 11 D/DC:54 , AV:3
AC:1 NC:3, Av:1 EP:2,NC:1 EP:1 OBP:1 NC:1 AC:1 OBP:2, EP3:
Av:l OBP:1, I:11 AV:1, ER:3 AC:1 NC:2 AC:1 NC:7 ,AC: 4
1:16, ER3., C:4
St6 M NM sMm SM M M NM M M
D/DC:27 D/DC:5 D/DC:30, EP:1 D/DC:5 D/DC:6 D/DC:10 D/DC:6 D/DC:3 D/DC:4 EP:2 D/DC: 102, AV:0
EP:1 OBP:10 OBP:7 OBP:1 OBP:2 OBP:1 D/DC:6 OBP:22, EP:4
OBP:1 NC:4 NC:2 NC:2 NC:8, AC: 0
1:0, ERQ, C0
St7 PSM M PSM sM NM sM NM sMm NM
D/DC:9, AV:1 D/DC:11, OBP:1 D/DC:17, OBP:1 D/DC:23 D/DC:1 D/DC:11 D/DC:5 D/DC:4 D/DC:2 D/DC:11 D/DC: 94, AV:1
NC:6 NC:11 NC:6 OBP:19 OBP:2 OBP:1 OBP:2 EP:1 NC:6 OBP:26 , EP:4
EP:1 EP:1 EP:1 NC:18 NC:4 NC:3 NC:1 NC:55, AC:0
1:0. ERO. C:0
St8 M NE M NE M SM NM NM NM
D/DC:2 D/DC:22 D/DC:2 D/DC:8 C:3 D/DC:4 D/DC:1 D/DC:6 D/DC: 45, AV:1
C1 OBP:3 Av:l OBP:2 NC:2 NC:1 OBP: 5, EP:0
NC:4 NC:7 , AC:0

1:0,ER:0,C:4
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APPENDIX M.2 (continued)

STUDENTS CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT TOTAL
1 2 3 4 5 6.al 6.a2 6.b1 6.b2 INDEPENDENT
FRAGMENTS*
St9 AM NE AM AM NE AM AM NM AM
NC:1, Av:1 NC:1, AV:1 NC:1, Av:1 NC:1, Av:1 NC:1, Av:1 D/DC:1 NC:2, AV:1 C:9, ER:2 D/DC:13, AV:10
C:2 C:6, D/DC:5 C:3, D/DC:1 C:3, D/DC:2 C:5, D/DC:1 C:4, D/DC:3 NC:4, AV:4 OBP:0, EP:13
EP:1 EP:1 EP:5 EP:1 EP:1 EP:1 EP:3 NC:11, AC:0
1:0. ER2.C:32
St10 M NE PSM SM NA SM sM NM NM
D/DC:1 D/DC:25, AV:1 D/DC:9, AC:1 D/DC:6 D/DC:5, C:1 D/DC:10 D/DC:14, OBP:1  D/DC:8 D/DC:78 , AV:2
Av:l NC:7 OBP:3 OBP:2 OBP:1 NC:2 NC:1 OBP:7 , EP:6
EP:6 NC:6 NC:1 NC:1 AC:1 NC:18 , AC:2
1.0, ER:0,C:1
St11 EM NE M NM NA NM NM NM PSM
AC:1,EP:1 D/DC:17, EP:1 D/DC:3 D/DC:8 D/DC:1 D/DC:7 D/DC:16, EP:1 EP:1 D/DC:61, AV:10
ER:1, C:2 AV:1 AV:1 AV:3 OBP:2 NC:3, AV:3 Cc:1 OBP:2 , EP:4
D/DC:9, AV:1 AV:1 Cc:1 NC:3,AC:1
1:0,ER:1,C:4
St12 M NE PSM NE NA NM NA NM NM
D/DC:1 D/DC:9 D/DC:1 D/DC: D/DC:5 D/DC:2 D/DC:21, AV:0
NC:5 EP:1 EP:1 OBP:0, EP:3
EP:1 NC:5, AC:0
I: 0, ER:0, C:0
St13 M NE NM NE NE M NE NE NM
D/DC:3 D/DC:19 D/DC:2 D/DC:11 D/DC:35, AV:0
EP:1 EP:1 OBP:0, EP:2
NC:0, AC:0
1:0. ERO. C:0
St14 M NE NM NE NE NE NE NE NE
D/DC:1 D/DC:9 ER:3, D/DC:3 D/DC:13, AV:0
OBP:1 OBP:1 EP:2,NC:3 OBP:2, EP:2
11 Cc:1 NC:3, AC:0
1:1,ER3,C:1
St15 M M sMm sM NM sM NM NE NM
D/DC:5 D/DC:1 D/DC:21 D/DC:5 D/DC:1 D/DC:6 D/DC:4 D/DC:9 D/DC:5 D/DC:57 , AV:0
OBP:4 OBP:1 OBP:1 NC:1 NC:1 OBP:6 , EP:0
NC:5 NC:1 NC:3 NC:11, AC:0
1:0, ERQ, C:0
St16 NM NE NM NM NE NM NM NE NE
D/DC:4 D/DC:23 EP:2 D/DC:5 D/DC:1 D/DC:3 D/DC:38, AV:0
NC:1 NC:5 D/DC:2 NC:2 EP:1 OBP:0, EP:3
NC:8, AC:0
1:0. ERQ. C:0
St17 PsM M NM M NE M NE NE PSM
D/DC:9 D/DC:2 D/DC:9 D/DC:2 D/DC:3 D/DC:7 D/DC:9 D/DC:41 , AV:0
NC:2 NC:2 NC:3 NC:5 OBP: 0, EP:5
EP:3 EP:2 NC:12, AC:.0

I: 0, ER:0, C:0
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APPENDIX M.2 (continued)

STUDENTS CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT TOTAL
1 2 3 4 5 6.al 6.a2 6.b1 6.b2 INDEPENDENT
FRAGMENTS*
St18 SM NM SM SM NA NM SM NM NM
D/DC:10 D/DC:3, NC:1 D/DC:7 D/DC:1 D/DC:2 D/DC:5 D/DC:4 D/DC:1 D/DC:5 D/DC:38 , AV:0
OBP:2 1:2 OBP:1 OBP:3 NC:2 OBP:1 NC:1 ER:1 OBP:7, EP:0
NC:4 AC:1 NC:4 NC:4 NC:2 NC: 18, AC:1
1:2,ER1.C:0
St19 M NE PSM M NA M NM NM NE
D/DC:4 D/DC:6 D/DC:1 D/DC:3 D/DC:2 D/DC:2 D/DC:7, OBP:1 D/DC:25, AV:0
NC:1 NC:1 C:2 AC:1 NC:2 OBP:1, EP:1
EP:1 NC:1 1:2 NC:5,AC:1
I1: 2, ERQ, C:2
St20 NE NE PSM M NA M NE M NM
D/DC:18 D/DC:1 D/DC:5 D/DC:3 D/DC:5 D/DC:5, AC:2 D/DC: 37, AV:0
NC:1 NC:3 NC:1 ER:1, EP:3 OBP: 0, EP:5
EP:2 NC:4 NC:9, AC:2
1:0,ER1,C:0
St21 EM NE M AM NA NE NE NE NE
AC:1, EP:1 D/DC: 11 NC:1, EP:2 D/DC:1, ER:7 D/DC:12 , AV:1
ER:1, NC:1 NC:1 AV:1 NC:1, EP:2 OBP:0, EP:5
Cc:2 C1 Cs5 NC:4, AC:1
1:0.ER:8.C8
St22 SM NM NM AM NA NE NE NM PSM
D/DC:4 D/DC:8 D/DC:8 NC:3, EP:4 D/DC:1 D/DC:3, NC:2 D/DC:8 D/DC:32, AV:1
OBP:1 NC:1 C5 AV:1 EP:1 OBP:1 OBP:4 , EP:5
NC:1 OBP:2 C5 C:3 NC:2 NC: 9, AC:0
1:0, ERQ, C:13
St23 M M NE AM NA NE NA NE NE
D/DC:4 D/DC:4 NC:2, EP:1 D/DC:3 D/DC:12 , AV:1
AV:l,C:2 OBP:0, EP:1
D/DC:1 NC:2, AC:0
1:0, ERQ, C:2
St24 NA M AM NA NA NE NA NE M
D/DC:1 NC:1, EP:1 D/DC:2 D/DC:1, C:1 D/DC:4 , AV:2
AV:2 EP:1 EP:1, I:2 OBP:0, EP:3
C:2 NC:3 NC:1 NC:5, AC:0
1:2 . ER:(. C:3
St25 PSM NE sM SM NA M NM NM sMm
D/DC:8 D/DC:11 D/DC:1 D/DC:1 D/DC:4 D/DC:1 D/DC:9 D/DC:8 D/DC:43 , AV:0
NC:2 OBP:5 OBP:4 OBP:1 OBP:1 OBP:2 AC:3 OBP:13, EP:1
EP:1 NC:6 NC:1 NC:4 NC:1 NC:14 , AC:3
1:0,ERQ, C:0
St26 NE NE NM M NA NE NA NE NA
D/DC:5 EP:1 D/DC:1, C:1 D/DC:6 , AV:1
AV:1 NC:1 OBP:0, EP:1
1:2 NC:1, AC:0

1:2,ER:0,C:1
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APPENDIX M.2 (continued)

STUDENTS CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT TOTAL
1 2 3 4 5 6.al 6.a2 6.b1 6.b2 INDEPENDENT
FRAGMENTS*
St27 Shm ShM NE NM NA NE NA NE NM
D/DC:4, EP:1 D/DC:5, EP:1 C3 D/DC:5 D/DC:5 D/DC:19, AV:4
AvV:l AV:2 Av:l EP:3 OBP:0, EP:5
AC:1 AC:1 AC:4 NC:0, AC:6
1:0. ERO.C:3
St28 M NE NE M NE NE NE NE NM
1:2 1:5, OBP:1 D/DC:4 D/DC:2, C:3 D/DC:6 , AV:0
AC:2 AC:5, C:2 AC:1 ER:5, AC:2 OBP:1, EP:5
EP:1 EP:2 EP:2, 117 NC:0, AC:10
1:14, ER5, C5
St29 shm NE shm shu NA NE NE NE NE
D/DC:2, EP:1 D/DC:4, EP:2 D/DC:1, EP:2 D/DC:1, I:2 D/DC:8, AV:3
AvV:1 AV:1 AV:1 EP:2, AC:1 OBP:0 , EP:7
AC:2 AC:1 AC:1 NC:2 NC:2, AC:5
1:2, ER:0,C:0
St30 NE NE M M Shm M NE NM M
D/DC:1 D/DC:3 D/DC:2, EP:1 D/DC:1 1:1 C:1 D/DC:1 D/DC:17 , AV:1
c:1 AV:1 OBP:0, EP:1
AC:1 NC:0, AC:1
1:1,ERQ. C:2
St31 M NE SM NM M NM NM NM NM
AV:2 D/DC:8 EP:1 EP:2 D/DC:6 D/DC: D/DC: D/DC:10 EP:1 D/DC:26 , AV:3
ER:1 OBP:1 NC:1 NC:1 AC:1 OBP: 1, EP: 4
NC:4 Av:1l NC: 6, AC:1
1:0,ER1,C:0
D/DC:126, AV:9 D/DC:76, AV:4 D/DC:376, AV:10  D/DC:85, AV:11 D/DC:15 , AV:3 D/DC:103, AV:1 D/DC:71, AV:4  D/DC:56, AV:1  D/DC:162, AV:5 D/DC:121, AV:5 D/DC:1191, AV:53
TOTAL OBP:5, EP:20 OBP:1, EP:13 OBP:35, EP:21 OBP:45, EP:33 OBP:1, EP:4 OBP:13, EP:3 OBP:12, EP:1 OBP:6, EP:0 OBP:5, EP:9 OBP:2, EP:29 OBP:125, EP:133
NC:21, AC:10 NC:17, AC:5 NC:64, AC:5 NC:51, AC:7 NC:0, AC:1 NC:23, AC:2 NC:15, AC:0 NC:7, AC:1 NC:31, AC: 7 NC:46 , AC:23 NC: 275, AC: 61
1:6, ER:4, C:7 1:2, ER:0, C:0 1:2, ER:0, C:23 1:5, ER:3, C:29 1:0, ER:0, C:2 1:4, ER:0, C:5 1.0, ER:0, C:11  I:0, ER:0, C:0 1:3, ER:0, C:14 1:30, ER:19, C:21 1:53 , ER:26,
C:112
NOTES:

1. The unit of analysis should be considered inrterpretation of the Table.
2. Coherently used elements were showinoital.
* Students’ context independent explanations abimitjuantization of physical observables.



M.3 Frequency of the Codes Expitang the Quantization of Physical Observables in th Textbooks

NO CODE CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT TOTAL
ABBR. 1 2 3 4 5 6.a 6.b

vZe

TT T2 T T2 TI T2 T1L T2 T1L T2 T1 T2 TI T2 T1I T2
1 OBP 12 13 4 8 4 0 24 11 1 3 2 23 29 19 86 77
2 DIDC 31 52 15 11 84 39 38 24 32 9 24 82 91 126 315 343
3 NC 8 5 6 5 18 3 15 12 2 2 3 15 21 37 73 79
4 AV 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o0
5 AC 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o0
6 ER 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o0
7 C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o0
8 | 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o0
9 EP 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0
TOTAL 51 70 25 24 117 42 77 47 35 14 29 120 141 182 475 499
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M.4 Frequency of the Codes about the Methotligy of the Textbooks while Explaining the Quantizion Phenomenon

NO CODE CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT  TOTAL
ABBR. 1 2 3 4 5 6.a 6.b

TT T2 T T2 T T2 T1 T2 T T2 T1 T2 T1 T2 T1I T2

1  mthd-P 4 1 1 0 6 3 4 2 4 1 2 3 9 15 30 25

mthd- ()RS 18 17 15 8 62 22 46 32 11 4 12 61 92 128 256 272

mthd- (T)C&Q O 1 0 0 2 0 4 3 1 0 0 9 4 6 11 29

mthd- (T)HOS 13 15 5 13 0 1 1 0 0 0 6 0 0 0 25 29

2 mthd- (TA 0 0 0 0 3 0 0 0 0 0 0 0 0 0 30

mthd- (T)N/T 1 1 0 0 8 1 2 2 4 1 0 12 2 3 17 20

mthd- (T)R 0 0 0 0 0 0 0 0 5 0 0 0 2 0 70

mthd- (M)MR 8 10 2 3 17 2 7 2 4 3 9 18 18 10 65 48

3 mthd- (M)E 7 15 2 0 19 13 13 6 6 5 0 17 14 20 61 76

TOTAL 51 70 25 24 117 42 77 47 35 14 29 120 141 182 475 499
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M.5 Frequency of the Codes Explang the Quantization of Physical Observables in th Modern Physics Classes

NO CODE CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT TOTAL

ABBR. 1 2 3 4 5 6.a 6.b
1 OBP 1 4 17 17 2 15 20 76
2 DIDC 18 35 69 56 18 40 190 426
3 NC 4 16 11 9 2 12 17 71
I\ 0 0 0 0 0 0 0 0
‘5 AC 0 0 0 0 0 0 0 0
6 ER 0 0 0 0 0 0 0 0
7 C 0 0 0 0 0 0 1 1
8 | 0 0 0 0 0 0 0 0
9 EP 0 0 0 0 0 0 0 0
“TOTAL 23 55 97 82 22 67 228 574
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M.6 Frequency of the Codes about thedthodology in Modern Physics Classes while Explaing the Quantization Phenomenon

NO CODE CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT CONTEXT TOTAL
ABBR. 1 2 3 4 5 6.a 6.b
mthd-(V)RS 9 19 52 28 11 28 101 248
mthd-(V)C&Q 0 0 0 1 1 1 0 3
mthd-(V)HOS 3 17 0 0 0 3 24
mthd-(V)S 0 1 0 0 0 0 1

1 mthd-(V)A 0 6 0 5 0 1 16
mthd-(V)N/T 0 0 5 8 0 6 26 45
mthd-(V)R 3 3 1 3 0 0 8 18
mthd-(V)M 2 2 8 11 2 6 17 48
mthd-(OB)P 1 0 10 7 1 5 13 37
mthd-(OB)MR 2 2 5 6 2 6 29 52

2 mthd-(OB)E 0 0 3 9 0 3 2 17
mthd-(OB)RS 3 4 8 1 5 4 17 45
mthd-(OB)N/T 0 0 1 0 0 0 1 2
mthd-(OB)R 0 0 1 0 0 0 1

3 mthd-BL 0 1 3 3 0 4 17

TOTAL 23 55 97 82 22 67 228 574
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