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INTRODUCTION

Spectroscopy plays a key role in modern physiesstorical observations of discrete line
spectra helped motivate the idea of quantization of energy levels in atoms and molecules
and contributed to the development of quantum mechanitie topic is taght from the
introductory to the graduate level at universities amdhigh school physics and chemistry

courses

This dissertation reports on an-depth investigation of student understanding of atomic
spectra. The research was conducted at two ursiters: the University of Zagreb in Zagreb,
Croatia and the University of Washington (UW) in Seattle, WA, U.S.A. The motivation was to
ascertain the extent to which standard lecture instruction helps students understand the
formation and interpretation ofatomic spectra. More than 1000 students participated. At
the University of Zagreb, these included secgmer physics majors in introductory calculus
based physics and junior physics majors preparing to be teachers. Most of the participants
were enrolle@ in the introductory calculubased physics course at UW. A gubup of

these students were in a special honors section of this course.

In addition to identifying and analyzing specific difficulties encountered by the students, the
dissertation descries preliminary efforts to develop, implement, and assésstructional
strategiesdesigned to address the conceptual and reasoning difficulties that we identified.
The student difficulties are organized into two ovepanm general categorieg¢A) Difficlties
relating line spectra, energy levels, and transition, and (B) Difficulties elicited by the

experimental seuup used to observe line spectra.

The investigation that is the major focus of the dissertation was enriched by supplementary
research This extension provided an example of the application of classical atomic
spectroscopy methodshrough determination of the main parameters of high pressure
metal halide dischargeg temperature, atomic density, and pressure. The experiments
described involved highpressure metal halide discharge and included an analysis of the
visible and near infraed part of the spectrum. The theoretical underpinnings and the
experimental methods underlying the supplemental research were the basis for the

guestions develped for the investigation of student understanding of atomic spectra.
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Electromagnetic spectra are typically introduced in an introductory physics course after
students have studied physical optics. They must then make a transition from thinking of
light as an electromagnetic wave to developing a conceptual model in which light consists of
photons with discrete energiesin the classroomnistruction on spectroscopy often begins

by showing students that white light incident on a prism or a diffractiontiggain a
spectroscope results in a continuous spectrum of colors, and that light ¢éentain sources
yields only discrete colors or wavelengths of light. The spectra are usually observed on a
distant screen, and the experimental setup includes a lightse, a slit (used as a mask) and

a prism or optical grating (Fig 1.). Figure 1 shows an example of the experimental setup
usually shown to students in introductory physics courses. The same setup was also shown
to students during sermstructured interviavs, and it also appeared in written questions that

were a part of the research on student understanding of spectra.

Figure0-1 Simple experiment demonstrating continuous spectruntaken from Practical Rysics
(http://www.nuffieldfoundation.org/practical —physics}

The spectrum in Figure 1 comes from the light of an incandescent lamp, and is contimuous.
subsequent demonstrations, ionized gases are used to illustrate that for some sources of
light onlycertain discrete wavelengths are seen, and that these are specific to the particular
sources. The Balmer, Lymagtc. series are introduced to illustrate patterns in the line
spectra that are obtained for hydrogen. These observations help introducel¢laetihat the
atoms in the sources have discrete, quantized energy levels, and that the emitted light
results from transitions of electrons from one energy level to another. Each atom can be

uniquely described by a set of energy levels that result in aadberistic emission spectrum.

! Disclaimer: The rule for citing the images that are not the work from the author can be found on:
http://doktorski.unizg.hr/obad/upute_za_oblikovanje_doktorskog_rada
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In presenting this sequence of ideas, instructors typically assume that students understand,
or are familiar with, a number of underlying concepts. These include: (1) light can be
treated as a wave and each color of ligiats a specified frequency and wavelength, and (2)
light is refracted at different angles through a prism, depending on the wavelength, and
interference of light takes place as a result of passing through a diffraction grating. To
understand how discretarie spectra are related to atomic energy levels, students must also
know that (3) light can be treated as consisting of photons, each with an energy that
depends on the wavelengtig{ A Z)land that (4) a discrete line spectrum is produced by

% Z}S}ve SZ § & u]ss MHE]JVP o SE}v SE& ve]S]}ve EE}u }v
EtEU AZ EE=RP

Historically, the spectra were first recorded using spectrographs and ptegibi plates for

detection and recording. An example of such a spectrum is given in Figure 2.

Figure0-2 Spectrum of iron in 340t 385 nm region recorded using spectrograph

Using microdensitometer thispectrum can further be examined and a distribution of

relative line intensities obtained as in Figure 3.
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Figure0-3 Spectrum of iron in 340t 385 nm region

While only separated lines are shown in Figite as well as on the screen during
demonstration experiments in the class, in Figure 3 a distribution of atomic line intensities is
shown. Knowing the characteristic wavelengths, lines can be linked with their associated
wavelengths (Table 1). This spectru 0+} *Z}As o]v % E}(]Jo *U ]Jv AZ] Z z
geometrical line, but has a structure, i.e. shap&@oday, monochromators with optical
gratings and photomultiplier (PMT) detection are usually used to analyze and record the

spectrum. The resulsithe recorded intensity distribution (Fig. 4.).
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Table0-1 Wavelengths and intensities of spectral lines in tepectrumof iron in 340 t 385 nm region. Indexn stands for

measured values and indexfor tabular values

line channel N ml A < A intensity,  intensity;
1 330.948 5199 3440.77 3440.76 526 714
2 1312.877 4594 3565.29 3565.38 464 429
3 1347.236 6677 3569.88 3570.10 675 429
4 1434.048 7481 3581.54 3581.20 756 857
5 1634.272 4699 3608.84 3608.86 475 571
6 1705.337 5351 3618.67 3618.77 541 571
7 1796.930 5889 3631.45 3631.54 595 500
8 1916.130 4642 3648.28 3647.84 469 571
9 2135.391 1392 3679.81 3679.91 141 429
10 2186.772 2180 3687.31 3687.46 220 429
11 2309.579 2564 3705.41 3705.57 259 714
12 2333.999 3096 3709.01 3709.25 313 571
13 2408.665 4849 3720.20 3719.94 490 1000
14 2508.347 7612 3735.24 3734.87 769 857
15 2599.469 9893 3748.99 3749.49 1000 1000
16 2658.921 6152 3758.29 3758.23 622 1000
17 2695.665 4771 3763.97 3763.79 482 714
18 2716.175 3913 3767.16 3767.19 396 714
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Figure0-4 A portion of Dy-Neline spectrum recorded with a gratingpectrometerand detected by PMT

Independent of the way of recording the spectra, th®mic processes and transitiefrom
which the spectra originatare the same. The dissertation provides insight into how well
students understand the basic atomic process&bhesupplementary researctiscusses the
main theoretical ideas behind the formation of spectra and giveseaample of the

application of standard methods of spectral analysis.
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OVERVIEW

Chapter One: Introduction

Chapter Two reviews the relevant previous research, especially prior studies of student
understandingof light and quantum phenomenand also desribes instructional materials

developed previously.

Chapter Three describes the methods used, and the instructional setting in which the

research and curriculum development took place.

Chapter Four describes the research on studentlerstanding of tlb role of the various
components of the experimental seip that was used to observe spectral linesg(, light
source, entrance slit, prism, and diffraction gratin@tudent interviews are described and
the results from pretest questions, together wittescriptions of the most common student

difficulties, are presented.

Chapter Five describes the research on studenderstanding of energy levels and
transitions between them. Results from student interviews and written questions are

presented, and the st common student answers are discussed.

Chapter Six describes a new tutorial and tutorial homework that have been developed to
address student difficulties with energy levels and transitions. Written-fEsdtquestions

and results are presented. Th#extiveness of this instructional strategy is discussed.

Chapter Seven focuses on ways of addressing student difficulties with basic spectroscopic
experiments. A new tutorial that was designed for this purpose is described and written
posttest questios are presented. Posttest results and the effectiveness of the instructional

approach are discussed.

Chapter Eight: Conclusion
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1. INTRODUCTION

Physics education research has expanded rapidly over the last three decades. The most
important results of plgsics education research systematically point to low efficacy of
teaching by lecturing and suggest the need for the introduction of interactive teaching
*SE S P] e« SZ S Uuv eSUu VSe| §]A ]vd oo Sp o VP P u vs
education resarch has produced an extensive knowledge base about student conceptual
and reasoning difficulties regarding many physics topics. That knowledge has been very
important for the development of interactive teaching strategies and instructional materials

that E u S Z S} ¢Sy vS[e Jo]8] ¢« v v X

The Physics Education Group (PEG) at the University of Washington (UW) has been
conducting research on teaching and learning physics for many years. These investigations
have primarily taken place in the conteof introductory university physics courses. The
careful documentation of student difficulties has proven invaluable in the design of
instructional materials that have been shown to be effective in improving functional
understanding of physics among werdraduate and graduate students and among -pre
service and irservice teacheréMcDermott, What we teach and what is learned: Closing the
gap, 1991) In this dissertation, the ternfunctional understandingonnotes the ability @
interpret a concept or observation properly, distinguish both from others that are related,
and do the reasoning required to make the proper connections between the concepts and

phenomena to which they apply.

In Croatia, physics education researctstii a developing field of research which has,
however, produced some important results in the last decade. Several studies have been
conducted by the Physics Education Group at the University of Zagreb (Faculty of Soience) i
that period (Planinic, Ivanjek, & Susac, 20{Rlaninic M. , 2006)Planinic, Boone, Krsnik, &
Beilfuss, 2006)providing first results about teaching and learning physics in Croatia, and

comparing thee with international results.

Student understanding and interpretation of atomic spectra have not been widely
investigated either in Croatia or in the U.S., or elsewhere in the world. It was recognized,

both by the PEG at the University @&gfeb, Faculty of Science and the PEG at the University
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of Washington, as an important topic that deserved attention and deeper investigation in

both countries (Croatia and the USA).

Typically, spectroscopy is introduced to students by showing them thatewight
incident on a prism or diffraction grating in a spectroscope results in a continuous spectrum
of colors. Subsequent observations using a prism or diffraction grating demonstrate that
light from certain sources yields only discrete colors orelengths of light. The light enters
through a narrow slit and the image of that slit is a line. Line position in the spectrum
depends on the wavelength of the light. Line spectra imply that only certain discrete
frequencies of radiation are emitted byehatom. These results help motivate the idea that
electrons have only discrete, quantized energy levels in atoms and that the emitted light
results from transitions of electrons from one energy level to another. Each atom can be
uniquely described by a sef energy levels and by its characteristic emission or absorption

line spectrum.

The sequence of ideas outlined above assumes that students understand, or are familiar
with, a number of underlying concepts. These include the following: (1) lightectnedited
as a wave and each color of light has a specified frequency and wavelength and (2) light is
refracted at different angles through a prism, depending on its wavelength, and/or that
interference of light takes place as a result of passing throudramsparent diffraction
grating. To understand how discrete line spectra are related to atomic energy levels,
e3u vS8e upes o} IVIA 8Z § ~ie 0]PZ5 A]3Z A A o VR3Z I, Z
and (4) light observed in a discrete line spectrursufes from a transition from one energy

level to another.

A major goal of the research described in this dissertation is to probe the extent to which
students understand the relationship between atomic spectra and energy levels. A
particular focus is onhie ability of students to recognize the conditions under which discrete
spectra are and are not formed and to relate the wavelengths of light in discrete line spectra

to the transitions of electrons between the energy levels in an atom.

Results from thenvestigation indicate that conceptual difficulties often prevent students
from developing a functional understanding of spectra. In addition, the data suggest that

most students are not able to match observations of spectra with the formalism taught in
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standard lectures. These results have been used to develop instructional materials that help

address some of the difficulties that have been found.
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2. PREVIOUS RESEARCH

Although there is not much research that directly concerns student understanding of
spectra, there have been a number of published PER studies that document student thinking
about concepts that underlie spectroscopy, such as geometrical and physical optics concepts
(Ambrose, Shaffer, Steinberg, & McDermott, 199®osilait, Heron, Shaffer, & McDermot,
1999) (Heron & McDermott, 1998 Wosilait, Heron, Shaffer, & McDermott, 199&pme
related ideas, such as quantizatiorf energy, have also been explorgdsikainen &
Hirvonen, 2009) There have also been some studies in the context of introductory quantum
mechanics (Vokos, Ambrose, Shaffer, & McDermott, 2000he® studies have been
conducted at both the prcollege and university leveldlone of them, however, directly
addressed student understanding of atomic spectra. There are very few studies that have
been directly related to student thinking about atomic sfva¢c and these came partly from
the physics education researcfiee, 2002)and partly from the astronomy education

research communitie@Bardar, 2006)

In their physics and astronomy courses, studeate taught that light has both wasike
and particlelike behaviors.Experienced instructors recognize that students often have
difficulty in determining when to apply each mod®okos, Ambrose, Shaffer, & McDermott,
2000) A series of investigations at the University of Washington, for example, documented
the tendency of university students to use concepts from physical optics to solve problems
related to geanetrical optics and vice versl some cases, students used a hgbnodel to
account for interference effects.The difficulties persisted despite instruction in both

introductory and sophomordevel modern physics courses.

ANlvPo e«0]8 J((E S]}v Z - V Hde §} § ¢35 h&formaBsnp of J]o]SC §
light as a wave(Ambrose, Shaffer, Steinberg, & McDermott, 1999) that study 510
students were asked whether the width of the slit should be greater than, less tnagual
to the wavelength of the incident light for diffractido occur. Although 45% of the students
answered correctly, indicating that the width of the slit should be greater than the
wavelength of the incident light, only 10% of the students provided correct reasoning
(Wosilait, Heon, Shaffer, & McDermot, 1999)0f the 40% who incorrectly believed that

diffraction would occur if the slit width was less than the wavelength of the incident light,
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several based their reasoning on whether or not the light would fit through thectithing

that light has to bend in order to fit through a narrow slit.

Another study probed the ability of elementary education majors to use a diffraction
grating to observe spectra and also examined student ideas about the relationship between
the enegy and the wavelength of ligliLee, 2002) In his dissertation study of introductory

}o0 P % ZCe] ¢ ¢Sy vSe[ pv &S v JVvP }( *% SE U > }oo ¢
*SH VSe[ }Vv %S]}ive }( }o}E ondreZ Based pp thgjivolhsePvations of
incandescent lamps with colored filters, their abilities to use diffraction gratings and
spectroscopes to observe spectra, and their ideas about the relationships between energy
and light in spectra. An important fimdj was that many of these students were unable to
identify the spectrum coming from the hydrogen lamp as a line spectrum. When asked to
sketch their observations, students who had not studied spectroscopy often sketched bands
that seemed to represent a atinuous spectrum of light. Students who had studied the
topic often drew both bands and lines. The investigation also identified a student tendency
to relate the energy of light to the intensity, rather than to its color. Lee also found that
many studats incorrectly related the color mixing of light to the color mixing of paints.
They often indicated that black is the presence of all colors in light rather than the absence

of color.

Student understanding of spectral lines and of the nature of the tedatagnetic
spectrum was also tested with the Light and Spectroscopy Inver{®aydar, 2006) a
multiple-choice instrument developed to probe student understanding about the range of
topics covered in introductory astronomy wses. The test includes questions that probe
student ability to relate wavelength, frequency, energy, and speed of light, as well as
guestions about features of spectral lines and the underlying processes of emission and
absorption of light. Analysis ¢fie results suggests that many students struggle with both
types of questions, both beforand after standard instructiorSignificant student difficulties
were revealed by questions that asked students to identify the process in which an
absorption lineor emission line was formed. Only between 15% and 20% of students
answered these questions correctly prior to instruction, and only about 25% of students
answered correctly after standard lecture instruction. These results indicate that most of

the students did not understand the process of light emission and absorpteen after
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instruction. However, the difficulties associated with the ability of students to interrelate
several properties of light appear to be more readily addressed. In courses that
incorporated activities designed to engage students in their own learning, student
performance on the associated questions tended to improve significantly (from about 29%
on the pretest to 46% after standard instruction, and to between 66% and 73% after
interactive engagement). However, the questions that probe student ability to relate
spectral lines to absorption and emission of light showed much less improvement (from 19%
on those items before instruction to 24% after standard instruction, and to 46% a

interactive engagement).

By collecting student responses to different questions, Corf@wsnins, 2001¢ompiled
a list of over 1700 commonly held astronomy misconceptions, several of which are related

to light and spectraSomeof them are listed in Table-2

Table2-1 Excerpt from the list of common astronomy misconceptions. The left column in the table lists relevant topics
and the right column the related specific studebeliefs.

- The bigger the star is, the hotter it is
red stars are hottest (red = hot, blue =cold)
- stars of equal temperature all have equal brightnes:

STELLAR TEMPERATURE

STELLAR SIZES - the bigger the star is, the brighter it is
- stars amnit only one color of light
STELLAR SPECTRA - stars only give off visible light
- heat and light from stars are unrelated
STELLAR ENERGY - stellar size, color and temperature are unrelated
- longest wavelength photons carry the most energy
PHOTONS - photons behave only like paitles

- photons travel on waves
- different kinds of electromagnetic radiation travel

SPEED with different speeds
- radio waves travel at the speed of sound
GENERAL - visible light is fundamentally different from other

types of electromagnetic radiation
- all spectra are continuous
- the spectrum of light is the shape the light makes
- all electromagnetic radiation is visible
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3. CONTEXT FOR RESEARCH

The research that forms the basis of this dissertation was influenced by prior research in
physics education, in pacular by the tradition of the Physics Education Group at the

University of Washington.
Nv o §Z E&oC id6i[*U §Z WZCe] » pn S8]}v "}u% S §Z
been engaged in an iterative cycle of research, curriculum development atmndcitisn with

the goal of improving student learning in physics (Figuig.3

CURRICULUM
RESEARCH
s e Al DEVELOPEMEN

INSTRUCTIONM

Figure3-1 Schema of the iterative cycle of research, curriculum development and instruction

Variousresearch methods have been developed and used (e.terviews, informal
observationsand written questions). In addition, the group has developed a number of
instructional materialyMcDermott, Shaffer, & Physics Educati@moup, 2002)which have
proved to be effectivgMcDermott L. , 2001)Tutorials in Introductory Physics are a set of
materials intended to supplement the lectures and textbook of a standard introductory
physics course. Ehemphasis in the tutorials is on the development of important physical
concepts and scientific reasoning skills, not on solving the standard quantitative problems
found in traditional textbooks. Each tutorial consists of a pretest, the tutorial worksheet,
tutorial homework and a posttest. The tutorial sequence usually begins with a pretest, which

is usually on material already covered in a standard lecture. The pretest helps students
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identify what they do and do not understand@ihe pretests also inform thastructors about

the level of student understanding. The worksheets, which consist of carefully sequenced
tasks and questions, guide the students in the necessary reasoning. Students work together
in small groups constructing answers for themselves ugio discussion with one another

and with tutorial instructorsMany tutorials can be characterized by the strategy that begins
by eliciting conceptual and reasoning difficulties. The students are then guided through the
process ofconfrontingand resolvingtheir difficulties. The role of the Teaching Assistants is

to engage students in a semi Socratic dialogue in which they supplement the questions on
the worksheets by asking additional questions, rather than by simply providing the answers.
The purpose iso guide students through their own intellectual efforts to an understanding

of the material. The tutorial homework reinforces and extends what is covered in the
worksheets. The pogest questions examine student understanding of the concepts and
reasonng skills developed in tutorials. The tutorials are primarily designed for small class

settings but have proved to be adaptable to other instructional environments.

3.1. INSTRUCTIONAL CONTEXT

A large part of the research discussed in this dissertationthlen place in in the
context of tutorial instruction in introductory physics courses at the University of
Washington. Part of the research has taken place in introductory physics courses at the
University of Zagreb. Some preliminary data were also delierom physics students in

advanced physics courses in the Faculty of Science, University of Zagreb.
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3.1.1. RELEVANT BACKGROUND OF STUDENTS

The data presented in this dissertation was obtained from a variety of students with a
wide range of backgrounds iphysics. Some were enrolled at the Faculty of Science,
University of Zagreb, in Zagreb, Croatia. Most were students at the University of

Washington (UW), Seattle, WA, USA.

STUDENT POPULATIONS AT THE UNIVERSITY OF WASHINGTON

During their first year, sidents at the University of Washington are expected to take
three quarters of introductory calculdsased physicdhysics 12tovers mechanics; Physics
122 covers electromagnetism and oscillatory motiand Physics 128overs waves, optics,
and moden physicg as well as three quarters of calculus. The introductory physics courses
consist of three parts: lectures, laboratories and tutorials. The lectures and laboratories are
typical of those found at other institutions. There are three hours of lectpersweek and
one hour of laboratory instruction per week. Tutorials have already been described earlier in
this chapter. They take place once each week and are a required part of the course at the
University of Washington. The prerequisites for Physids 122 and 123 are one year of
high school physics and the equivalent of calculus with analytic geometry. The data were
obtained from students at the University of Washington who were all undergraduates
enrolled in the introductory calculdsased physicsesjuence. They were in the thircberse
in the sequenceAll had completed the first two courses in the sequenoemechanics and
electromagneism. Most of the students (N~9pQvere taking the standard introductory

course. The others (N=85)wereenrolled *% ] o ZZ}v}E+[ A E-]}v }( 8Z }u
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STUDENT POPULATIONS AT THE UNIVERSITY OF ZAGREB

The students at the Faculty of Science, University Zafyreb, includedtwo

populations:

(1) second year physics majors in introductory calcblsed phyg « }pEe* ~K %o (1171
(CRO INTRO; N = 92);

(2) junior physics majors, students il $emester of atdy (CRO JUNIORS; N = 62).

The second year students had completed calculus, General Phygi&s (inechanics,
electromagnetism, waves and optics),damere enrolled in General Physics 4, covering
thermal and modern physics. The General Physics course at the University of Zagreb consists
of four hours of lectures per week and three hours of recitations per week. The recitations
usually include the solwg of standard problems although some of the instructors started
recently replacing one hour of recitations by the tutorials and using cooperative group
problem solving in recitationgAll juniors had completed all general physics courses, basic

labs, andhe quantum mechanics course.

3.2. RESEARCH METHODS

Various research methods were used in the investigation described in this dissertation.
These methods include informal observations of students, individual demonstration
interviews, and written questionsThe research methods and their significance for this

investigation are describelelow.

3.2.1. INFORMAL OBSERVATIONS OF STUDENTS

Informal observations of students in the classroom have helped to guide this study,
especially in the early stages. The observatiohstudents in the labs gave the first insight
into difficulties that they have with interpreting line spectra, and motivated the research of

this dissertation.
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3.2.2. INDIVIDUAL DEMONSTRATION INTERVIEWS

Semistructured individual demonstration interviews weeenducted with nine Croatian
upper-level physics students who were intending to become physiashers.They were in
their fourth year of study at the University of Zagreb. They had each completed the
introductory physics sequence in which modern physiad been taught. They also had
taken an uppedivision optics laboratory course (Praktikum iz eksperimentalne nastave
fizike) and a course on quantum mechanics. The interviews, which lasted between 45

minutes and one hour, were recorded, transcribed, andlyzed.

The Interview questions were intended to probe student ability to apply a specific concept
studied in the course. The students were asked to make predictions about what would
happen if specific changes were made to a physical system. Genénallgystem under
consideration was shown totwdents during the interviews.The students had the
opportunity to speak openly about what they saw, and how they understood the
experimental setup. All the students were volunteers who had generally pertbraheve

the average in their coursework. Previous studies carried out by the Physics Education Group
at University of Washington have shown that difficulties prevalent among interview
volunteers are often widespread in the general student populatiglcDermott, Shaffer, &

Somers, 1994)

At the beginning of each interview, the participants were told briefly about the purpose of
the interview and its role in the study. Before and during the interviews, the students were
encoumlged to think out loud. It was made clear that the interviewer was interested in their
reasoning and not only in the specific answers. If a student made an incorrect statement, he
or she was not corrected by the interviewer. The students were told they tvould have

an opportunity to ask questions about the subject matter after the interview if they wished

to do so.
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3.2.3. WRITTEN QUESTIONS

Written questions were given to supplement the results from the interviews. Sometimes

these problems have been givaas a required component of the course, but they were not

always used for student assessmerif.given as a part of a regular course examination they
JVEE] pd 38} 8Z +3pu vSe[ JUEe PE X [( PJAV ¢ %E § 3

test their understanding of the material in advance of a tutorial on the topic.

Based on the results from the interviews, a set of five targeted questions about atomic
spectra were designed for use in introductory physics courses, both before and after
standard instrgtion. One or more of these questions were given to introductory students at
the University of Zagreb and to introductory physics students at the University of

Washington.
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4. RESEARCH ON STUDENT UNDERSTANDING OF THE ROLE OF THE
EXPERIMENTAL SETUP

Duringinformal observations of students in the laboratory course for future physics teachers
(Praktikum iz eksperimentalne nastave fizike 2), we observed that students were struggling
with trying to understand line spectra. They were often unable to explaén dhgin or
formation of a line spectrum and were attempting to connect line spectra with the
diffraction of light through a single slit. Since previous research on student understanding of
wave optics had already shown that students have many difficultréh the diffraction of

light (Ambrose, Shaffer, Steinberg, & McDermott, 1999e conducted individual

demonstration interviews to probtheir reasoning in more detail.

4.1. STUDENT INTERVIEWS ON BASIC SPECTROSCOPIC EXPERIMENTS

The interviews began by showing students an experimental setup consisting of an ordinary
incandescent light bulb, a slit-@ mm wide) and a screen. Students were asked to predict
what they would observe if the bulb were lit. After they had made theedgctions and
explained their reasoning, the bulb was turned on, and students saw a geometric image of
the slit. They were then asked to discuss how, if at all, their observations matched their

predictions. (Task 1)

In the second part of the interviewjuglents were asked to predict what they would see on
the screen if a prism were inserted between the slit and the screen. After they had made
their predictions and explained their reasoning, the experiment was performed. Students

were then asked to relattheir predictions to the spectrum visible on the screen. (Task 2)

Finally, students were asked to predict what they would see on the screen if the
incandescent light bulb were to be replaced by a mercury lamp. As before, the experiment
was conducted. Thetudents were then asked how their observation of the discrete

spectrum matched their predictions and to explain why there was a discrete, rather than a

continuous, spectrum. (Task 3)
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4.1.1. CORRECT RESPONSES

The concepts required to answer the tasks discusdsale had already been covered in the
introductory physics courses. In these courses, both at the University of Zagreb and the
University of Washington, students are introduced to geometrical and physical @utits

are shown both continuous and line spext They are also told about the conditions under
which each of the spectra is formed. The students enrolled in the interviews had also
completed a laboratory course, in which both single slit diffraction and spectra were
covered. They had also taken tiggantum mechanics course in which the mathematical

formalism and discrete energy states were introduced.

Correct prediction of geometrical image of slit (TaskWhen light falls on a 2 mm wide

slit, a geometrical image of the slit is seen on theesn. The width of 1t 2 mm slit is
sufficiently big compared to the wavelength of visible light that no diffraction pattern is
observed. Only geometrical optics needs to be applied. The purpose of this question was to
eliminate diffraction from answersrosubsequent questions and to help students to focus

on spectra and the differences between them.

Correct prediction of continuous spectrum (TaskA)en the prism is inserted between the

slit and the screen, a continuous spectrum appears on the scréba.spectrum is displaced
from the center of the screen and is due to the dispersion of the white light on the prism.
Because the source is incandescent white light, which is an almost ideal grey body, the

pattern is continuous.

Correct prediction of disete spectrum (Task 3WWhen the incandescent light bulb is
replaced by a mercury lamp, a discrete spectrum is observed on the screen. A mercury lamp
is a low pressure gas discharge source. When an electron of the excited atom returns to its

previous enegy state, it releases energy in the form of a photon.

In order to make a correct prediction, students needed only to recognize that light coming
from different sources has different properties and that atoms in ionized gases emit only
certain discrete wavengths. Even if they failed to make a correct prediction, it was

expected that they could explain the line spectrum that was shown to them after they had

made their prediction.
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4.1.2. OVERVIEW OF THE RESULTS

Many of the interviewed students failed to predicoreectly what would appear on the
screen. Even when the patterns on the screen were shown, they often could not interpret

their observations.
This section presents averview of student responses.

(Task 1)Most of the interviewed students (6 out of @ade the correct prediction that a
geometrical image of the slit is seen on the screen. Three students expected the diffraction
or interference pattern to appear on the screen. The next excerpt from an interview

provides insight into their reasoning:

~’l Here we have the light source (incandescent bulb), the slit, and the screen. Can you
estimate the width of the slit?

S: 2 mm

I: What do you expect to see on the screen when the bulb is lit?

S: Interference pattern. Now | am not sure if we would seéntterference or diffraction.

I: How many slits do you see?

S: One. Then diffraction. One central maximum and lines to the left and to the right of it
I: Can you explain your reasoning?

S: We have one slit. For interference we would need two slits

I: But why diffraction?

AW Le §Z 0]PZ% }u « 8} §Z +0]3X

The other student, who predicted an interference pattern, said:

The light comes to the slit from different direction and on the slit interference happens
superposition of waves that come ttee same place. On the places where two crests come
together constructive interference is formed and we will see the bright spot and on the places
AZ E @& 5 u S SE}UPZ SEp 3]JA JvE E( E v ]+ (}EuU

2]: Interviewer; S: Student
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(Task 2)Almost allstudents (8 of 9) correctly predicted that if the prism is inserted between
the slit and the screen, a continuous spectrum appears on the screen. Only one student
predicted a discrete spectrum and he/she based the explanation on an observation made in

the lab.

(Task 3):Four students correctly predicted that when the incandescent light bulb was
replaced by a mercury lamp, a discrete spectrum is observed on the screen. Other students
predicted that just one line (violet) would appear on the screen. Oneestudven said that

‘mercury lamp radiates in ultraviolet part of spectrum, therefore no line appears on the
screen X &]JA +3pu vse PA 3§Z JEE § AE%o0o v 3]}v (JE %%
spectrum. Other explanations were incomplete and some studeritsvds A v u v3]}v

energy levels and transitions.

4.2. WRITTEN QUESTIONS ON BASIC SPECTROSCOPIC EXPERIMENTS

Our experience during the interviews led to the design of Written Questions. Question 1EX
was administered to 660 students in the regular sectiowl &0 85 students in the honors
section of the introductory course at the University of Washington. It was also given to 36
introductory students at the University of Zagreb. Question 2EX was administered to 330
introductory students in the regular intuctory sequence at the University of Washington,

to 50 Intro students at the University of Zagreb, and also to 62 junior students at the

University of Zagreb. The groups to whom these two questions were given do not overlap.

Question 1EX was similar that used in the interviews. It contained a sketch of an
experimental seuup consisting of a light source (an incandescent bulb), a mask with a slit of
adjustable width, a prism, and a screen. The students were shown the continuous spectrum
that would resilt on the screen. (See Fig:14 From a list of possible changes, they were

asked to select all that could result in a discrete, rather than a continuous, spectrum and
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asked to explain their reasoning. The correct option is to replace the bulb bieeedtftype
of light source €.g.,a mercury lamp). In Question 2EX, students were shown a portion of a
discrete spectrum on the screen and asked what would happen if the prism was removed

(See Fig.-2.) The correct response is that the lines would lmeeanore closely spaced.

Figure4-1 The experimental setup problem: Question 1EX

The picture below showa portion of the discretespectrumthat appears on a very large screen. The colors ar
not shown in the black and white picture. The spectrumbitainedby using a setuponsising of a gaglischarge
light source, a single slitnal a glass prism.

What would happen if the prism was removed?

a) The lines would become more closely spaced.

b) The lines would remain the same.

¢) Theiheswould stay on the same locatigihut allwould have the same color

d) Theiheswould vanish ad be replaced by a single bright spot on the center of the screen.

e) The lines would vanish and would be replaced by a single bright spot that spans the region where the li
been.

Figure4-2 The experimental setup mblem: Question 2EX
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4.3. RESULTS

During the interviews at the University of Zagreb, junior physics majors were shown
arrangements of light sources, slits, prisms, and diffraction gratings, and asked about the
patterns that would be produced on the screerMost gave incorrect answers, despite
having completed a prior laboratory course in which spectroscopy was introdudée.
results from written questions BEXand ZEX which are similar to the interview questions,

demonstrate that the difficulties observed interviews are widespread.

/v 3y v8e[ veA Ee+ 3} AE]SES v <u *8]}ve 8Z «  ]((] nosd] » A E
Most of the students had serious problems with the first question. The results for this
question are shown in Tablesl4and 42. Althoughbetween 45% and 60% of students

stated that replacing the light bulb by a different type of source would result in a discrete
rather than a continuous spectrum, only between 20% and 30% recognized that this was the
only change in the saip that could poduce a discrete spectrum. Tablel4shows

separately the results for eaclass and each group of students

Table4-1 Percentages of students who selected each option in Question 1EX. Last line shows tsgesrof students
who realized that only replacing the source would result in a discrete spectrum.

CRO INTRO| UW123A UW123A UW123AC uw1i23B uw1i23B
2011 SPRING 2010] WINTER 2011 | SPRING 2011| SPRING 2010] SPRING 2011
36 127 230 300 48 (olderv.) |37

Width of the slit 35% 39% 36% 34% 25% 7%
Diffraction grating 35% 61% 56% 47% 50% 28%

Replacing the 45% 53% 60% 64% 69% 44%
source
screen
Eﬁ:ﬂo"'“g L2 15% 50% 41% 21% 0% 7%

All correct t ONLY
REPLACING TH
SOURCE

30% 6% 17% 29% 27% 30%
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Question 2EX was not so challenging, but some students still struggled with the role of the
prism in the experimental setup. The results are shown in Tabk dnd the most

interesting student explanations and specific difficulties @iseussed in the next section.

Table4-2 Results from question 2EX, in which students were asked about how a discrete spectral line pattern would
change if the prism were removed from the optical setup.

uw 123

Regular
N =330

The lines would become more closely spaced P27 36% 5%

same color
spot in the center

4.4. SPECIFIC STUDENT DIFFICULTIES

Many students had significant difficulties in answering the questions described in the
previous section.The explanations they gave provide insight into their ideas about line

spectra and the role of the optical deeis used to observe them.

The most common conceptual and reasoning difficulties are discussed below. For
convenience, they are organized according to the optical instruments that were used to elicit
them. These specific difficulties are grouped inteesal broad categories. These groupings,
however, are not mutually exclusive, and individual student responses can often be
interpreted in more than one way. Some difficulties arose when students were reasoning
about more than one optical instrument. Inddition, some of the answers indicate an

underlying lack of understanding of interference and diffraction.
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4.4.1. Difficulties associated with the prism

In Written Questions EXand ZEX students were asked about the effect of removing a
prism froman optical experiment. In QuestiofEX the spectrum was continuous before the
prism was removed; in QuestiorEX the original spectrum was discrete. In QuestidiX1
they were also asked about the impact of changing the distance from the prism to the
screen. The responses to these questions gave insight into how the students were thinking

about the two different types of spectra and the role of the prism.

a) Treating a prism as if it always yields a continuous spectrum

In their explanations for QuestiohEX many student answers suggested a belief that

light passing through a prism yields a continuous spectrum no matter what the light source.

"dZ % E]eu A]Joo *3]o0 ¢« % E § o0]PZ3 Jv§} }vS]VUIHe *% S
NdZ % SEMUU J* %o EJewU VIE $Z %W|EBZS «}pE&E X_ €ht /vSE}e.

About 40% of the students made this error. Some used this reasoning consistently
throughout Question EX which yields correct answers to parts A, B, C, artlDwith
incorrect reasoning. For example, in part Amsostudents correctly stated that the pattern
remains continuous when the width of the slit is changed but their explanations focused on
the prism. They did not seem to recognize that the source was producing a continuous

spectrum of light.

b) Treating spetral lines as if they are always visible

The most common incorrect answir Question2EXwas to state that the spectral lines
on the screen would remain visible when the prism was removed. Most stated that the lines
would become more closely spaced.on® students related the lines to diffraction, but

others seemed to think that the lines are always visible in light from an ionized source.
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AdZ %o E]eu ]+ Vv JVP §Z 0]PZ& §Z § ]+ P}]VvP SZE}uPZ §Z

differing frequency is sepated respectively to its value. With the removal of the prism,
this separation still occurs but it is less obvious with the absence of the prism as the prism

A e iped (WESZ E » % E &]vP 3Z ](( E]vP }0}E (E <pu v ] *X_

These students did natcognize that without the prism, each wavelength of light from the
source would illuminate the same part of the screen and thus the lit area would appear

somewhat white in color.

4.4.2. Difficulties associated with a single slit or diffraction grating

In Question EX two of the proposed changes to the experimental setup were: (1)
narrowing the slit through which the light passes before reaching the prism and (2) replacing
the prism by a diffraction gratingIn both cases many of the students answerthat
diffraction could be responsible for forming a discrete line spectrum from a source that has a

continuous spectrum.

a) Confusing line spectra with diffraction patterns

Some students incorrectly stated that one or both of the changes above would tinake
continuous spectrum become discrete. They did not seem to be distinguishing between
discrete spectra and diffraction patterns. Interpretation of their responses was made

1((] po8 C 8Z ( 8 8Z & «}u ] v}§ « u 8} IVvIA AE B JAE. u

v S

ZoJv [ *% SEMUU[ *%]5 3Z « § Eue Z ADitRr studerits ditEjptp v

seem to distinguish between these two phenomena.

"K%S] o PE S]vP Z e« u]velu A + Jves H( JvS]vulpe % E

"dZ }%3] o PE capseintkiference patterns that could result in a discrete
*% SEMUX_ ~ht /VSE}-

® Almost none of the students recognized that the diffrantjsatterns produced by a single slit or grating would
be complicated by the fact that the incoming light consisted of a range of wavelengths. Most seemed to be
thinking of the pattern that would result from light of a single wavelength.
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"dZ PE S]vP A}po ul 8Z 0]PZ3% 3Z 5 %o ** * ]3 ] }vS]vulpue
« E v AJoo tu ]Je & S X_ ~ht /vSE}-

These students seemed to recall that a diftian grating yields a pattern of bright and

dark regions but they incorrectlyssociated thipattern with a discrete line spectrufh.

b) Treating a continuous spectrum as if it consists of a finite series of colors

In their answers to QuestionEXabout rarrowing the slit or replacing the prism with a
grating, some students gave answers that suggested that they were thinking of a continuous
spectrum as consisting of a finite number of wavelengths. They stated that the impact of
narrowing the slit or addif® 1((E 3§]}v PE 8]vP Al}lpo §} hids] v §Z

create a discrete pattern.

"E EE}A]JvP §Z +0]5 Alpo E 3 Al E U <} 135 Alpuo %G
e E v & S8]vP ]* @ § % §S EVX_ ~ht /vE§E}e.

Ny 1%38] o P@E §]vkreAtd laodiscete %pectrum, as it acts as many multiple
*0]8°U *» % E S]vP J(( E v3 A A o vP3ZeX_ ~ht /[VEE}"

NdZ }%S8] o PE S]JvP ¢ % E S « §Z o0]PZS % v JvP }v §Z J&E ,
rdZ v EE}A E §Z +0]3U 3Z PE § Enadand madma and weA v u .

will get line spectrum. And if we make the slit wider the spectrum will remain
}JvS]vulpue XN ~ E} /VSE}

Some of these students seem to have been thinking that the original, continuous
spectrum consisted of a finite number of regiorach with a specific coloe(.,green, blue,
red, etc). Thus, widening the pattern would give a finite number of regions, each

corresponding to a specific wavelength.

* Interpretation of student responses was also complicated by the fact that a complicated pattern would
appear on the screen corresponding to diffraction of white light. Aimost no students, however, seemed to
recognize that
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c) Treating line spectra as arising only from monochromatic sources

Almost 20% of thestudents said that a discrete pattern would be formed if the new

source were monochromatic.
NZ %0 JvP $8Z o]PZ38 po A]3z ulv} ZE}lu 8] o]PZS }uCE
*% SEpuu He }voC }v A A o vP38Z }( o]PZ3 A}puo %o E * V!

rdZ]e A}luo & eposd ]Jv ]J* E 8§ *% SEpu He Clp E v}/
wavelength of light instead of a combination of wavelengt’§Z]18 o]PZ3 ]Jv 0o]PZ3 |
(UW Honors)

Although this change would produce a discrete pattern (only oreewnould be seen on

the screen). These students did not seem to recognize that they had studied other ways in

which a discrete pattern can be formed.
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5. RESEARCH ON STUDENT UNDERSTANDING OF ENERGY LEVELS
AND TRANSITIONS

Already in the first part of thenterview students failed to explain the formation of line
spectra observed on the screen. The purpose of the second part of the interview was to

probe student reasoning about energy levels and transitions in more detail.

5.1. STUDENT INTERVIEWS

The secongart of the interview started by showing students two different spectra (Figure

5-1) and asking them to account for the differences between spectra.

Figure5-1 Two different line spectra shown to students during the interview

It was expected that students would recognize that these two spectra were different
because they came from two different sources. The intention was to get the students to
start talking about energy levelsv §Z o0]PZS <}uE U ]J( 8§82 C Z v[S oG
concepts when explaining the origin of the line spectrum. Students were also asked to

connect the wavelength of each line with its energy.

The next task for the student, concerning Figure,5was to select the line which
corresponds to transition between the two closest energy levels. It was expected that

students would recognize that the transition between the two closest energy levels

40



corresponds to the smallest energye.,to the line with the geatest wavelength, which is in

the case of both spectra in Figurel3he red line.

Finally, we asked students if the lines in the spectrum extended to infinity on the left and the
right end of spectrum. This was the most demanding task, as it requiratl students
recognize that the largest possible difference in energy is between the unbound state and
the ground state, which corresponds to the smallest wavelength and thus the last (or first)
line at the left part of the spectrum. The right part of tlspectrum corresponds to large
wavelengths and small differences in energy levels. Because the energy levels become more
and more closely spaced when approaching the unbound state, arbitrarily large wavelengths

are possible and thus lines could extendrtfinity at that part of the spectrum.

At the end of theinterview, students were shown the energy level diagram and asked how
many spectral lines could possibly be obtained from just those four levels. This question was
intended to force students to star§ Z|vI]vP }us v EPC o A oeU J( 82 C Z
before. We also wanted to probe whether they realized that one line is formed as a result of

a transition between two energy levels.
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5.2. WRITTEN QUESTIONS ON ENERGY LEVELS AND TRANSITIONS

Pat of the interviews were devoted to questions that probed student thinking about
discrete line spectra and atomic energy levels, as well as the connection between them.
Two questions were used in both the interviews and the written questions. One goesti
was used only in written form. All three questions are discussed below and the results are

discussed in the following section.

&
3

oomom g

Question 1EL: Students were shown an energy level dia

consisting of the four lowest energy levels for a particutaurse

(Fig 52). They were asked to state how many spectral lines cc

possibly be obtained from just those four levels. We expected
students to recognize that the basic model presented in class and

the textbook allows for transibns between any two, &erent E
1

energy levels. Thus, there are three possible transitions fronFigure_s-z Energylevel diagram for
the highest energy level, two transitions from the se(:on(]QueStlon =

highest energy level, and one from the second lowest energy leymlding a total of 6
transitions. This question was uséd interviews and as an exam question after standard

instruction to 500 introductory UW students.

Question 2EL: Students were shown a photograph of a discrete line spectrum and asked to
identify the line (or lines) that correspond to the transition betwn the two closest energy
levels in the atoms of light source (Fig8b We expected students to recognize that lines
corresponding to the transition between the closest energy levels would have the smallest
energy and thus the largest wavelength. Tdustion, which appeared both as a question

in interviews and as a written questioproved to be very difficult.
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The diagram below shows the visible part of the spectrum of a particular gas.

Which of the line or lines above correspond(s) to a transition between the two closest energ
levels? (Consider only theergy levels involved in the formation of the lines shown above.)

Figure5-3 Lines and energy levels: Question 2EL

Question 3ELIn this question, which was used only in written form, students were shown
the visible part of a discrete spectrum and asked to identify the minimum number of energy
levels required for a source to produce this part of the spectrum (See Fig. 3.). éldtrisp

in the figure consists of 11 spectral lines, and students were expected to recognize that this

corresponds to 11 transitions, and in order to have 11 transitions 6 energy levels are needed.

The diagram below shows the visible part of the spectrum of a particular gas.

What is the minimum number of energy levels in each atom of the gas that could produce tt
given lines inhis spectrum?

Figure5-4 Lines and energy levels: Question 3EL

Questions ELand ZELwere used in the interviews with 9 junior level physics majors at
Zagreb. All three questions were used later in written form. They have been given after
lecture-type instruction on spectroscopy to 92 students at University of Zagreb, to 71 honors

students at University of Washington, and to 720 students at University of VWgehi
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5.3. RESULTS

Questions ELt3ELexplicitly probe student ability to relate discrete specto transitions
between energy levels andice versa. These questions proved to be difficult for many
students. 300 UW students answered all three questions. Other students in the study
answered only some of the questions. As can be seen in bahl@erformance was
strongest on question HL in which students were asked to determine the maximum
number of spectral lines that could result from just the four lowest energy levels for a given
source. About half of the introductory students at UW answettezl written version of the
question correctly, as did 75% of the students at the University of Zagreb during the

interviews.

Students did less well on questiong&lzand EL Only 10%20% of the introductory
students at both institutions answered bothugstions correctly. Even the juniavel
physics majors in Croatia had difficultyonly 30% answered correctly. The results are
similar to those from interviews, for which about 25% of the students answered question

2ELcorrectly.

Although thequestiors were given aftestandard instruction on formation of line spectra,
only between 5% and 20% of the students answered both QuestiBharii FELcorrectly,

thus indicating poor understanding of the process of line spectrum formation.

Table5-1 Percentages of correct answers for Questions 1EL, 2EL and 3EL

UW123AC UW123AC | UW 123A | CRO INTR{Q UW123B CRO
Spring Winter Autumn 2010, 2011 | HONORS JUNIORS
2011 2011 2009 2010, 2011 2010

Number of
students

Question 1EL
Question 2EL
Question 3EL

Question 2EL &
3EL
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The next two tables: TableBand Table5i *Z}A J¢3@E] u3]}v }( 3 vSe[ veA E-
questions 2Eland 3EL separately.

Table5-2 Distribution of student answers on Question 2EL

UW123A [ UW123AC| UW123B | UW123B | CRO
WINTER [ SPRING | SPRING SPRING JUNIORS
2011 2011 2010 2011 2010

230 300 48 37 62

1and?2

7 and 8 50% 42% 60% 52% 40% 38% 45%
10 and 11 0% 5% 7% 8% 8% 3%
11 10% 22% 13% 22% 27% 38% 35%

It can be seen from Tablebthat most of the students identify the two closest engitlgvels

with the two closest lines in spectrum. Between 40 % and 60 % of students made that
mistake. Table8 shows that just a slightly lower fraction of students identified the number

of lines in the spectrum with the number of energy levels (answieinlTable 8). The
second most frequent incorrect choice was 5 energy levels. This error reveals another

difficulty, as will be seen later.

Table5-3 Distribution of student answers on Question 3EL

UW123A | UW123AC | UW123B UW123B CRO
WINTER SPRING SPRING SPRING JUNIORS
2011 2011 2010 2011 2010

230 300 48 el 62
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5.4. |IDENTIFICATION OF SPECIFIC DIFFICULTIES

We have found the research tasks described in the previous section useful for probing
student ability to relate spectral lines and energy levels. During the interviews, we observed
that students ofte did not understand the connection between spectral lines and energy
levels, and when they did, they associated one line with one energy level, and not with the
transition between two energy levels. Only 45 % of the interviewed students even
mentioned enegy levels in their answers when they were trying to explain the origin of the

line spectrum.

The set of QuestionstBEL revealed a variety of incorrect ideas about spectral lines and
energy levels and about the relationship between thenm the following discussion, the
errors are organized into categories to make explicit the conceptual and reasoning
difficulties thatwere identified The goal was to organize the findings so that they could be
of use to instructors interested in improving instructiondain developing curriculum. Note,
however, that many of the ideas are intezlated and cannot be completely separated from

one another.

5.4.1. Associating each line in a spectrum with a single energy level in the source

The most frequent error made kstudents was to treat the lines in a discrete spectrum
as if they were in a onto-one correspondence with the energy levels in the source. About
half of the students made this error on QuestionEL2and EL On Question BL, for
example, many studentsaid that 11 energy levels are required in the source to produce the

11 lines in the discrete spectrum.

N Z v EPC o Ao Aloo E § ]3¢ }Av ul]ee]}v 0o]v X dzZ &
upe3 ii v EPC o A 0o¢X_ ~ht ,}Jv}Ee-

~d} Z O]JVe%}EE }v v EPC o A oX_ ~ E} ipuv]}E-
N Zolv JEE *%}v o §} 1(( E v %Z}8}v ]JvP E o -

a

tus

v EPC S S U SZu- Z ](( & vS o]v ]- ](( E v v EPC o /
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This error also arose on QuestiokRl2 Betveen 40% and 60% of the students associated
the two closest lines in the spectrum (lines 7 and 8) with a transition between the two

closest energy levels in the source.

AdZ ]e§ v A vV ved v 0] §Z <Z}ES +8V §Z E (}E
0}e 8§ §} }Jv  VISZ EX_ ~ht /VEE}s

5.4.2. Equating the energies of the spectral lines and those of the energy levels in the
source

A subset of the students who made the previous error seemed to think that the energy
of the photons associated with elaspectral line(h J is equal to the energy of one of the
energy levels in the source. Some were explicit in their reasoning; for others this error was

implied.

ANAZTX dZ 3 u ve }v A Ao vVvP3Z <puoelv v EPC o A oU ]X
photon with definiteenergy, i.e., wavelength. (Cro Junior)

"6 v 0 & S8z

o) ]Jv % E}E]Ju]SC §} Z}8Z ® AZ] Z u v
u}tesS ¢JujJo E v =}

Jo o3
0} 8Z ]E v EPC 0 A 0*X_ ~ht /[VEE}-

5.4.3. Focusing on the number of distinct colors in a line spectru m, not the total number of
lines

In answering QuestioBEL some students used the number of visibly distinct colors in
the spectrum, not the number of lines. They recognized that the spectrum has 11 lines, but
stated that there are only 6 distinct cokr They then used the number of colors to find the

number of energy levels.

NC }uvS]vP SZ }o0}E& PE}U%]VPe }( O]V U C}p Vv S Eu]v
%oE& * VS S} %o E} U SZ]e % SEPUX A~ht ,Jv}E-e-
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Many of these students also made the @ridescribed previously of associating each line
or color with an energy level, rather than with a transition between two levels. This
combination of errors led some students to obtain the correct answer for the number of

energy levels on question 3 (withcorrect reasoning).

"dZ vpu E }( }o}E-e €0 ] 3Z vpu E }( v EPC o A o0+ €0°+X

"dZ }o}Ee $Z S & *% ](] ooC ]J(( & vS8 }EE *%}v §} ](-
Intro)

5.4.4. Not treating the ground energy level as an energy lev el

On Question 3, about 15% of the students incorrectly stated that the minimum number
of energy levels needed to produce 11 spectral lines is 5, rather than 6. Many began their
explanations correctly: they counted the number of spectral lines resultog transitions
from the first excited energy level to the ground level (1), the number resulting from
transitions from the second excited energy level to the first and groundef2), They
recognized that having four excited energy levels would onk gi0 (=1 + 2 + 3 + 4)
transitions so five excited energy levels are needed. However, they then answered that only
i v EPC o Aoe E €& <p]JE X [8 ] Vv}S o u e SZ}uPZ u}e3 -
count the ground energy level. Some stated eiyi that the ground energy level should

not be counted.

ALEZIVE §Z (JEe3 }v Je §Z PEIPV & & o} ]& )} ev[E IuVEX_ -
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5.4.5. Treating atomic transitions as always involving the ground energy level

About 10% of the students who answered Questi&iihcorrectly
stated that four energy levels would result in 3 spectral lines (not 6). Many
of these students seemed to think that only traimens to the ground level
are possible.The following explanation and Figuses illustrate this error.

Figure5-5 Diagram drawn
by student for

ANdZE o]ve E (JEU (E}IU %lee]ln®BXu v BJFOVLHE U
(UWIntro)

5.4.6. Using incorrect models for emission of photons

In Question H, about half of the students correctly recognized that 4 energy levels yield
a total of 6 possible transitions. However, only about 15% gave explanations in which they
correctly described the emission of light as resulting from an electron changingdnem
energy level to another (lower) energy level. Most explanations were incomplete. Some
students failed to identify the object that was changing from one energy level to another.
Others incorrectly identified the object as the photon itself or statiealt it was the spectral
O]v « J@E 8Z +8 8§ ¢« 3Z us 0A « 3Z 3 AE Z VP]VP }E Z E}% % ]VP
"dZ u AEAJupu vpu E }( *% SE o0 o]v e ]* 0 pe SZ %Z}S}v
o Ao 8§ SJu Y_ ~ht /vEE}-

"dZ E <Z}po 0 € v EPC o AonecanGip td Zadl other. Btates
V }voC ipu% }Anrd) ~ht
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5.4.7. Confusing related concepts

As is evident in some of the previous student responses, students often used the terms
spectral ling photon energy energy level, etcinappropiately. Many of the explanations
suggested an overall failure to distinguish between these related concepts. For example,

*SH VvSe o (E] SE ve]S]}ve Z SA Vv «% SE o0 o]v o[ E §Z E §Z
is interesting to note that these rpsnses were often accompanied by incorrect answers,

suggesting that the students had several concurrent difficulties.

"dZ o]Jved6 v 6 E o0} +3 3}P 3Z EU +} 8Z EE ve+]3]}ve S3A
0} *SX_ ~ht /VEE}e.

rdzZ C €%and 8" spectral lines] are closest together, so it requires less energy to

UulA (E}u 6 8} 6 v 0 8} 6X_ ~ht /vEE}.

NdZ E E i Vv ee}ioee]eSZ vpu E }( v EPC o A o 3 u
E}% (}E Z AAovVvP3ZX_ ~ht /[VEE}-

In order to tryand determine the extent to which : : :
Which of the following best describes the process

these student responses reflected genuir| formation of spectral lines?

confusion between related concepts, w| SPectrallines are formed when:

] ) . a. An atom emitsan electron to become more
developed a new written question. (See Fig. stable

b. An electron jumps between energy levels in a
atom and emits a photon

c. A photon drops between energy levels emittin
different wavelengths of light

best describes the process by which a lif d- Anatom absorbs a photon

e. One energy level drops to the energy level

spectrum is formed. The choices were dray directly below it and emits a photon

6.) In Question 4EL, students were asked to p

from among several choices the explanatibat

from some of the written responses we had SeFFTgureS-G Question 4EL Additional question asked of

for Questions 13EL

students

The question was administered to 77udents in the standard introductory calculus
based sequence at the UW. About 65% of the students chose the correct answer (b) that
spectral emission lines are formed when an electron changes energy levels in an atom and
emits a photon. The rest were ntbsdivided between (c) @hotondrops between energy

levels emitting a wavelength of light (20%) and (e) energy levetirops to the energy level
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directly below it and emits a photon (10%]Jhe results are consistent with about ottard

of the studens failing to distinguish between related concepts.

5.5. GENERAL FAILURE TO ASSOCIATE DISCRETE SPECTRA WITH
TRANSITIONS BETWEEN ENERGY LEVELS

The specific difficulties described in Chapters 4 and 5 are symptomatic of more general
problems. The errors nai by the students indicate that many fail to recognize that discrete
emission spectra are associated with light composed of only a finite number of wavelengths.
Even though discrete spectra are typically introduced to help motivate the idea of energy
levels and transitions of electrons between them, few students seemed to understand the

connection between these ideas.

5.5.1. Belief that line spectra can be observed for any light source

As illustrated in the Chapter 4, many students thought that contirsuand discrete
emission spectra can be transformed eiméo-the-other by making changes to the optical
instruments that are used to observe therkach of the changes to the experiment that are
proposed in Question 1EX in chapter 4 (changing the slithwidiplacing the prism by a
diffraction grating, changing the prisstreen distance, and removing the prism) was
considered by some fraction of the students as a way to produce a discrete spectrum from
white light. The responses suggested a wide varidtdifficulties associated with the optical
instruments themselves. At a more general level, however, they indicated a failure of
students to understand that a discrete spectrum is associated with light that has a finite set

of wavelengths.
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5.5.2. Failure to associate line spectra with atomic transitions

During the interviews with junior physics majors, fewer than half raised the idea of
energy levels on their own to account for a discrete line spectrum from an ionized gas.
Instead, they attributed tbk lines to the optical instruments in the experimental setuphe
written questions revealed the extent to which students, after instruction, faihgeociate
the lines in a discrete spectrum with transitions of electrons in the atoms of the source. The
results from the interviews demonstrate that thiproblem is not confined to the

introductory level.
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6. ADDRESSING DIFFICULTIES WITH ENERGY LEVELS AND
TRANSITIONS

Research results presented in previous chapters of this dissertation indicate that many
students have difficulties imelating spectral lines with electron transitions between energy
levels. Almost 50% of introductory students reldtene line ina spectrum to one energy
level inan energy level diagram. They failto associate dine in speatum with transitions

of an electronbetween two energy levels. This chapter descrilties development of a
tutorial and the methods used to assess its effectiven#iss.results are also presentechd
instructional context in which the curriculum wassigned and tested is described in Section

6.1.

6.1. CONTEXT FOR DEVELOPMENT OF CURRICULUM

The instructional materials described below amtended to be compatible witintroductory
physics courses. Different universities haviéedeént courses formatsbut inmost cases each
introductory physics course consists of lectures and recitation sections (or other activities in
a smaller group settings) that supplemethie lectures. Some introductory physics courses
also have laboratories as an integpalrt of the cairse (asat the University of Washington),
while at other universities laboratories are separate courses that come after the

introductory physics coursa$ at theUniversity of Zagreb).

Tutorials in Introductory Physjoshich has been developed Ilitye Physics Education Group

at the University of Washington, serves as a model for the curriculum development
described in this dissertation. As already mentioned in Chapter 3.1, tutorials have been used
at the University of Washington for manyears. The mostommon format is insmall
sections in which 2@ 30 students work in a group of three or four fone class period of 50
minutes perweek. Regardless of the specific format used, tutorials are usually preceded by a
pretest that focuses student attention omhe conceptual problems similar to those
addressed irthe tutorial. On the exaraconceptual questiossimilar to the problems ithe

tutorialsare given to assess the effectiveness of the curriculum {Esstquestiors).
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As already been discusseith previous chapters, two different aspects of student
understanding of atomic spectra were investigated. One dealt with the role of optical
systems in the formation of a line speatn and the other dealt withenergy levels and
transitions. A whole range of diffent student difficulties was found, and a need for two
different tutorials was noted: one focusing on optical systems and the other focusing on

energy levels and transitions.

The introductory physics sequencethé Uniwersity of Washington includesne 50 - minute
period tutorial per week. Each week, a different topic is coveredhia tutorial sections.
Thus, only one utorial - the one that addresse®nergy levels and transitions was
administered to students ahe University of Washington. The tutal that addressesptical

systems was incorporated in the tutorial homework.

At the University of Zagreb, the general physics course includes thremitite periods 6
recitations per week. This schedwdeabled instructors to spend more time on th&orials.
As a result, both tutorials were administered to introductory physics studentshat
University of Zagreb. But in Zagreb tiworial homework was not used. In the next sections
tutorials and tutorial homework will be described, as well as fusttest results from

different student groups.

6.2. SPECTRA TUTORIAL ENERGY LEVELS AND TRANSITIONS

6.2.1. REVIEW OF STUDENT DIFFICULTIES

Ashas beerreported in Chapter5, we found that students often fa@ld to associatea line in

a spectrum witha transition of electronsbetween two energy levels. The most common
student error, made by almost 50% of all student&s associating onspectralline with
one energy level Other mistakes includedbelievingthat the groundstate s not an energy
level, associatig the number ofdistinct colors ina spectrum withthe number of energy
levels,believingthat transitions always take gte to the ground energy levednd using an
incorrect model forthe emission of photons from atom3he instructional strategies thate

designed tried to address these difficulties. After having completed the tutorial and the
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tutorial homework, students were expected to lbdle to associate one line in tlgpectrum

of hydrogenwith a transitionof electrons between two energy levels cato sketch the
energy level diagram for hydrogen based on its spectrum. Students were also expected to
recognize that the highest energy of tledectron t proton systemequals zero and that
energy levels become closer together when approaching that.liiéy were also expected

to associate a particular line in the spectrum with the respective transition between two

energy levels.

6.2.2. DESCRIPTION OF INSTRUCTIONAL STRATEGIES

The instructional materials described below are intended to be compatible wittetttares
in the introductory physics course. Tutorials have been used in small group settings, but also

as interactive tutorial lecturgin a class with 250 students.

At the beginning of the tutorial, students are presentsih a hypotheticalstudent dalogue
(Figure €1), in which one student expresses the idea that the line at the far right
corresponds tahe highest energyevel. The reply from the second student expresses the

frequently held idea that the line at the far right corresponds to theum energy level

Figure6-1 Curriculum segment with use of student dialogue
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The goal of thigart of the tutorialis to focus student attention othe problem of energy
levels and transitions and to fazdhem to agree or disagree with the studenBtudents are
encouraged to write down their answers and reasoning and to formulate their ideas, even if
they are wrong. After having completed the second part of the tutorial, students are asked

to return to this question, and to reflect on their previous answers.

The next two problems guide students in finditige algebraicrelationship between the
wavelengths of the observed lines atiee energy levels ithe diagram First, they arasked

to calculate the aergy of the photonsttat form the lines shown iRigure 62.

Figure6-2 Curriculum segment designed to help students to relate lines in spectrum with transition between energy
levels in atom

After they have calculated the photon energies, students are asked in the next question to
find the formula connecting photon energies with the energies in the energy level diagram
(Figure 73). Afterwards based on the formula theliavefound, they need to describe hat

happensn ahydrogen atom when a photon is emitted
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Figure6-3 Curriculum segment designed to help students to relate lines in spectrum with transition between energy
levels in atom

It is expectedhat students will realize tha¢achline is formed as theesult of the transition

of electrons between two energy level$his curriculum segmenwas designed to help
studentsassociate one line ithe spectrum with a transition between two energy levels in
the atom. After completion of this segmergtudents are expected to be able to apply the
formula for the transitbn between two energy level$or a simplified case of hydrogdike
atoms. At this point students are asked t@turn again tothe discussio between two
students presentedat the beginning of the tutorial, to state if they agree with their previous
answer and if they disagree with the students to identify what is incorrect in their

statements.

During the tutorial sessionst was observedhat about 50 % of the students agreed with
student 2 & the beginning of the tutorial. Howevealmost allof the students recognized
that this statement wa incorrect after completingarts B and C of the tutorial. Most of the
e3u vse ] v[3 Zblamin fieiin)the formula that connects numbers in the table in
part B (photon energies) with the energies in the energy level diagram. Most of them
remembered from the lecture that they needed to subtract two numbelogainedfrom the

energy level diagim. They had more problems with the interpretation of what happens to
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the hydrogen atom when a photon is emitteAdditional discussion developed in the groups

on that matter.

The gcond part of the tutorial focuses on the pattern of linesdiscrete spetra. Students
calculaked the ratio betweenthe ground energy level and the excited levels in order to
recognize thats : E = n”. This shoulchavehelped themrealize that there is a limit to the
highest energy of the electrom proton systemand to laker sketch the energy level diagram
with qualitatively correct spacing between energy levels for a spectrum consisting of 6
spectral lines Finally students were asked if they would expedbased on the ideas
developed in the tutoriglspectral lines to eend to infinity on the left andhe right part of

spectrum.

Most of the students were able to come to the equatiBit E, = n? without additional help,

but some guidance was necessary on the question that asked which transition corresponded
to the linewith photon energy 3,4 e\Students were expecteth recognize that this line is
formed whenan electron jumps from energy levél, = 0 eV tog =-3,4 eV.When sketching

the energy level diagram for a spectrum consisting of 6 spectral lines, students easily
recognized that they needed to sketch 4 energy levels, but they had more problems in
sketching the qualitatively correct spaginbetween energy levels. Tutorial instructors
encouraged the discussion about the spacing between energy levels and about the influence
of the ratio ofE; to E, on the distance between energy levels. This curriculum segnvast
designed to help studentecognize that the highest energy of tleéectron t proton system
equals zero and to recognize that energy levels become closer and closer together when
approaching that limit. The question that asked studenthiéyt would expect spectral lines

to extend toinfinity on the left andthe right part of spectruntried to help them to think
about the smallest possible wavelength, i.e. the greatest possible spacing between two
energy levels, and about the largest possible wavelength, and thus the smallest possible
spacing between two energy levels. This question, together with the question about the
transition that corresponds to the line at the far right in the spectrum with 6 spectral lines,
tried to help students to associate spectral lines with the respectiaasitions ofelectrons
between energy levelsThe whole tutorial on energy levels and transitions is given in

Appendix At1.
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In tutorial lectures,similar worksheets were used (Appendix tA2), but nstead of the
discussions igroups of three or fousstudents, the whole class was stopped for the class
discussion at the denoted checkpoints. Clicker questions were used to probe student

understanding after each padf the tutorialand to motivate the class discussion.

Homework was designed to @@mpanythe tutorials. As haalreadybeen discussedhe first

part of the homework focused on the experimental setups and on different patterns
observed on the screen. The other part of the homework focused on the energy levels and
transitions. Two different vesions of the homework were developed (Appendix 3 and A

t4).

Both homework versions asked students to predict whether the corresponding lines in the
spectrum of singly ionized helium would be at the same places as the lines in the spectrum

of hydrogenor further to the left/ further to the right (Figure-4).

Figure6-4 Curriculum segment from tutorial homework

This homework segment was designed to make students think albeuspacing between
energy évels as well as about transitions between energy levels. In order to answer this
question correctly students needed to recognize that for singly ionized hefign?, and
thus the ground energy level of helium is four times lower than the ground enevgy &
hydrogen. If they continue to compare energy levels of helium and hydrogen, students can

recognize that the first excited energy level of helium has the same energy as the ground
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energy level of hydrogen. In this way they can compare values fenatgy levels. Theext
step that students need toake is to look at transitions between energy levels for hydrogen
and the transitions between the corresponding energy levels for helium. Because ffithe
formula for E, the energy levels for helium h& alower value than tlke corresponding
energy levels for hydrogen.hlis the difference between the two corresponding energy
levels is greater, and the helium lines are further to the leftthe spectrum than the

hydrogen lines.

The second homework questi focused onhe absorption spectrum (Figure3). Students

were shown the experimental setup consisting of an incandescent light source, a slit, a
container of hydrogen gas at room temperature, a prism and a screen. They were asked to
account for the obsrvation that some wavelengths are not visible in the spectrum on the
screen. In the second part of the question, the wavelengths of the missing lines were given

and students were asked to calculate the energieh&energy level diagranof hydrogen.

Figure6-5 Curriculum segment from tutorial homework
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Students were expected to recognize that the hydrogen gaoidied missing wavelengths
and that these wavelengths correspond to transitions between theugdolevel and lie
upper energy levels. Frorthese conclusionsstudents were expected to calculate the
energies of energy levels. This question tended to ireimstudents ofthe transitions

between energy levels in a slightly different context.

6.3. ASSESSMENOF INSTRUCTIONAL STRATEGIES

In order to assess the effectiveness of the curricylwa administered several written post
tests. These tasks were giveas exam questions. The tasks were designed to probe the
extent to which students had developed fanctional understanding of the material. The
criterion for achievement oé functional understanding athe material is that students are
able to apply the concepts addressed in the curriculum in a somewhat different context from
the one in which the conceptsere learned. Thereforghe posttest questions are designed

in such a way that student are not able to answer them by simply memorizing the answers

to questions posed ithe instructional materials.

6.3.1. POSTTEST QUESTIONS AND THE RESULTS

The posttest questions were designed to check if the tutorial helped students to develop a
functional understanding of the material. The tutorial on energy levels and spectra was used
with 100 introductory students ahe University of Zagreb, 530 introductory studemtisthe
University of Washington in regular sections and 87 Honor studentheatJniversity of
Washington. The interactiveutorial lecture was used with aadditional 250 introductory

students atthe University of Washington.

Three slightly different velisns of the same pogest questionwere developed.
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In the first part of all three questionstudents were asked to sketch the energy level
diagram with the minimum number of energy levels required to produce the number of

spectral lines given on the djeam.

A summary of student responses to each pteit problem after tutorial instruction is
presented in Section 6.3.1.1 These results are compared to those obtained before

instruction.

6.3.1.1. Post-test question one

Posttest question 1 was administered asrt of the third courseexam atthe University of
Washingtonand also on the exam at the University of Zagré the time of the exam
students at the University of Zagreb have completed the tutorial on energy levels and
transitions and students at the Umksity of Washington have completed both the tutorial

andthe tutorial homeworkon energy levels and transitions.

Review of Bsttest question one This question probes student ability to relate lines in
spectrum to transitions between energy levels. ®tedents were shown a part of the line
spectrum for hydrogen, consisting of 10 spectral lines. They were asked to sketch the
minimum number of energy levels required to produce the given spectrum (i). In the second
part of the question students were askedhow many new lines would be formeah ithe
spectrum if one additional energy level were added. They were also asked to sketch the
position of the two leftmost lines on the spectrum diagram (ii). The wording of the tasks

and the diagram presented te students are reproducediFigure 76.
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Figure6-6 Posttest question 1

Correctresponse (i) The spectrum irFigure 76 has 10 lines, which correspond to 10
transitions. Two eergy levels give one transitiorgdding a third level adds attter 2
transitions;adding a fourth energy level gives another 3 transitions and adding a fifth gives
another 4 transitions. Thus, for 10 transitions 5 energy levels are nee@Bw distance

between energy levels decreases with)

(i) The next energy level (the sixth), in conjunction with the original 5 energy levels, gives

rise to 5 new lines in the spectrum (5 transitions, one to each of the other energy levels).

Positions of the newly fored lines can be determined by looking at the specific transitions
between energy levels. The transition frdfato E has a larger energy difference than any

of the original transitions. Thidransition corresponds to a photon of the smallest

® Students were not expected to raise the is@feselection rules that might prevent transitions between some
of the levels. If they had, their answers would have been counted as correct.
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wavelength, ad so the corresponding line on the spectrum is to the left of all the original
lines. The next new line on the left corresponds to the transition figo E. The energy of
that transition is smaller than the energies of all transitionsBo but large than all the
other transitions. Hence, the line corresponding to that transition is to the right of all the
lines resulting from transitions to the ground level. Thus, it is to the right of the first four

lines that were originally on the diagram.

Resuls: After completing the tutorial, about 90% of the students sketched the correct
number of energy levels (with correct reasoning) needed for the spectrum consisting of 10
lines. This is a considerably higher fraction than on the similar pretest qusstesearch
questions 2 and 3 in Chapter §iven inthe introductory physics course after the standard
lecture on spectroscopy (30%) and also a higher fraction than the one obtained from junior
students at University of Zagreb (50%). The results from thike (asom Posttest quemn 1

are summarized in Table®

Table6-1Results from task (i) after tutoal instruction comparedwith the pretest

CRO Intro | UW Honors | CRO Intro| UW Honors | CRO JUNIOR
N =100 N =52 N =62

AFTER AFTER PRETEST| PRETEST
TUTORIAL [ TUTORIA

Task (i) Energy leve
diagram consists of JF:1F73 95 % 10 % 30 % 50 %

energy levels

In task (ii), about 80% of the students correctly concluded that 5 new lines in the spectrum
are formed when one new energy level is added. The fraction of students who correctly
sketched the position of theew lines was somewhat smalland varied between 15% and

45%. The results from tlgii) are summarized in Table26
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Table6-2Results from task (ii) after tutorial instruction

CRO Intro UW Honors
N =100 N =52

AFTER TUTORIAL [ AFTER TUTORIAL

Task (ii): one new energy
_ _ _ 65 % 90 %
level gives rise to 5 new lineg

Task (ii): correct position of
_ 15 % 45 %
the two leftmost new lines

Task (ii): correct position of
0% 85 %

only one line

6.3.1.2.  Post-test questionstwo and three

In order to prevent students from answering questions by just memorizing answers to
previously given questions, the same exaation question was not administered more than
once in the same course. The second and tpiodt-test questions were developed and
administered to 388 introductory students who had completid tutorial on energy levels

and transitions.

Review of Bst-test question 2The students were again shown a part of the line spectrum
for hydrogen consisting of 10 spectral lines. They were asked to sketch the minimum
number of energy levels required to produce thi@en spectrum. The space intendfed the
energylevel diagram included a line representing O te\Vprobe if studens recognize that

the energy of the energy levels is negative (i). In the second part of the questigents

were asked irhow many ofthe spectral lines is energy levB} involved. Theywere also
asked to circle those lines in the spectrum diagram (ii). The wording of the taskhend

diagram presented totte students are reproduced Figure €7.
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Figure6-7 Posttest question 2

Correct response (i) The spectrum in Figure-® has 10 lines that correspond to 10
transitions. Two energy levels give one transition. Adding a third level adds another 2
transitions. Adding a fourth gives another 3 transitionsd adding a fifth gives another 4
transitions. Thus, for 10 transitions, 5 energy levels are needed. &ifie= If, the
distance between energy levels decreases wifh Since the energies are negative, all

energy levels are below the line represemio eV.

(i) The first four lines on the left have the smallest wavelengths and thus the largest
energies. ey are due to transitions to the ground energy level from higher energy levels
(5to B, EEto B, BEto  and R to E.) Transition Eto E has the smallest energy
difference, so this is the fourth line from the lefThe next group of three lines from the left
correspond to transitions to the first excited energy levelg(, to ). Thusk is involved in

the formation of all three lins in the second groupnd in the formation of four spectral

lines. The diagram with correct lirgecircled is shown in Figure86

Figure6-8 Correct response on Posést question 2, task (ii)
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Review of Bst-test question 3:Sudents were shown a part of the line spectrum for
hydrogenconsisting of 15pectral lines. They were asked to sketch the minimum number of
energy levels required to produce the given spectrum.the spacedesignatedfor the
energy ével diagramaline representing 0 eWas drawnto probe if studens recognizel that

the energesof the bound states ar@egative (i). In the second part of the question students
were askechow many lines would disappear from the spectrum if the highesrgy level

were removed from the energy level diagram. They were also asked to circle the line(s) that
would disappear from the spectrum. The wording of the tasks and the diagram presented to

the students are reproduced in Figure®%

Figure6-9 Posttest question 3

Correctresponse (i) The diagram has 15 lines, which correspond to 15 transitions. If there
were two energy levels, there would be 1 transition. Adding a tkindrgy level adds 2
transitions;adding a fourthenergy level adds 3 transitionagding a fifthenergy level adds 4

transitions;and adding a sixth energy level adds 5 transitions. Thus, 15 transitions require 6
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energy levels. Sinca/E, = I, the distancebetween energy levels decreases with Mote:

All E are negative.

(i) Removing the highest energy level (n = 6) would remove 5 lines from the spectrum, since

that energy level gives 5 possible transitiermse to each of the lower energy levels.

Thefirst five lines on the left have the smallest wavelengths and thus the largest energies.
So they are due to transitions to the ground energy level from higher energy leyéts EE

Eto B, Bto B, Bto & and R to E.) Transition Eto E has the greatest energy difference,

so this is the first line on the left. The next group of four lines from the left correspond to
transitions to & Transition Eto B has the greatest energy difference in that group,itsis
again the first line from theeft in this group. The next group of three lines corresponds to
transitions to i, and the transition Eto Esis the first line from the left in that group. The
next two lines correspond to transitions ta Bndthe left line is againg&o E. The lasline

is due to the transition from E£to E (the smallest energy difference and the largest

wavelength). The diagram withe correct lines circled is shown in Figurel®.

Figure6-10 Correct answer orPosttest question 3, task (ii)

Results After completing the tutorial, about 90% of the students sketched the correct
number of energy levels (with correct reasoning) for the spectrum consisting of 10 lines and
also about 90% dthe students sketched theorrect number of energy levels (with correct
reasoning) for the spectrum consisting of 15 lines. This is again a significant improvement
compared to the pretest results on the similar question. Some students (about 25%) had
problemswith negative energiesPercentages of correct answdrem task (i) are pesented

in Tables 6 and 64.
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Table6-3 Results from Postest question 2, task (i)

UW Regular UW Honors UW Regular | UW Honors
N=177 N =37 N=177 N =37
AFTER AFTER PRETEST | PRETEST
TUTORIAL TUTORIAL

Task (i) Energy level

diagram consists of 5
energy levels
Problem with negative

energies

Table6-4 Results from Pst-test question 3, task (i)
UW Regular UW Regular
N =174 N =177
AFTER TUTORIAL| PRETEST

Task (i) Energy level diagra

consists of 6 energy levels

Problem with negative

energies

Task (ii) was again moreffitult for students. Asable 65 shows, about 80% of the students
recognized the correct number of lines that would disappear from the spectrum if the
highest energy level were removed. In a parallel question, given to students in the other
section, about 60% of the students mgmized that energy levél, from Posttest question 2

is involved irthe formation of 4 lines. The summary thie results is given in Table5%
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Table6-5 Results from task (ii) from Posttest questions 2 a8d

UW Regular UW Regular
N=177 N=174
AFTER TUTORIAl AFTER TUTORIAL

Posttest question 2energy levek is
' y . . 60 %
involved in formation of 4 lines

Posttest question 2correct lines circled 35 %

Posttest question 35 lines would
disappear from pectrum

Posttest question 3correct lines circled 35 %

A dightly smaller fraction of students gave the correct answer to festquestion 2 than to

80 %

Posttest question 3. One of the possible reasons is that some students forgot to tdoeint
transition from energy levekE, to energy levelg (10%), and the additional 10% of the
students forgot to look at transitions going to energy letl In this question students
needed to take into account transitions from and to energy lelZglwhile in Pst-test

guestion 3, they only needed to look for the transitions from energy |IEyel

6.3.1.3.  Additional P ost-test question

Exam questiospresented in previous subhapters contained an additional part, which was
mostly focused on tutorial homework. In someaen versions students were asked the
guestion about the role of experimental setup in specweniation (presented in Chapten),7

and in other versions the question about energy levels for singly ionized helium gas.

Review of postest question on singlpnized helium:®or hydrogen, there are three energy
levels with energygs nydrogenOr l€SS. For singly ionized helium gas, is the number of energy

levels with energydE; nydarogen greater than less thanor equal tothree? Explain.

Correct respaose: For hydrogen, there are three energy levelg @, and k) with energy G

Es hydrogen L€t EEbe the ground state energy for hydrogen. ThBfhydrogen=E1/9.
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lonized helium has two protonso the energy of the energy levels can be written as
. The ground state energy for helium is thiks, the cond isg, the third is4

E/9, the fourth isE/4, the fifth is4E/25, the sixth i€/25, etc. Note, these are all negative;

§ZusU 8Z & €& +*]&£ v EPC 0 A 0* B 0lu P » A1SZ v EPC
, vV USZ vpu & }( v EPC 0 Bhpeehdridhized EIRQ iyreater than

§Z vpu €& }( v EPC o A Bmadylsa hydra@eR.C G

ResultsThis question was posed to 174 studentdha regular sections athe University of
Washington and to 52 students the honors section at the same institution. The results
varied from 15 % of correct answerstire regular section to 40 % ithe honors section. The
main problemthat students had was reasoning with the negative sign, which is best

illustrated with the next student rgponse:

NS eZ}uo 0, whefé \Z is th number of photons and equals ®here g is the
ground state othydrogen. Due to thjghe helium energy states are larger, so their number

with energy less thangls *u 0o EX_~ht ,Jv}E-e-

This student, asnost of the other students, obviously forgot thtte energy of the ground
level of hydrogenk, is negative and thathe energy of the ground level of helium is thus

smaller.

6.2.1.4 Posttest questions after interactive tutorial lecture s

About 350 students at the University of Washingtoparticipated in interactive tutorial
lectures On the third exam, they were given two multigthoice question that addressed
the same ideas as the freesponse questions discussed above. Two sets of two multiple
choice questions were administered, each for one section. Altogether, there were four

questions, to which we will refer as Question 1, 2, 3 and 4.
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Review of Question: The studeis wereshown a part of the line spectrugonsisting of 14
spectral lines. Téy were askedabout the minimum number of energy levels required to

produce the given spectrunThe task is reproduced in Figurel@.

Correct responsd hediagram has 14 lines, which correspond totdshsitions. If there were

two energy leved, there wauld be 1 transitionAdding a third energy level adds 2 transitions,
adding a fourth energy level adds 3 transitions, adding a fifth energy level adds 4 transitions,
which gives 10 transitions.déling a sixth energy level addsn¥ore transitions. Thus, 14

transitions require 6 energy levels and this corresponds to answer B.

Figure6-11 Posttest question 1

Results This question was given tt30 introductory students in aegular sectionof the
introductory physics coursat the University of Washington. About 70% géate correct
response and only 10 %hought that the correct response is E¢. that each line irthe

spectrum corresponds to one energy level.

Review of Questio: The same students we gven another question, in whicthey were
shown 6 spectral lines, and asked about the number of lines in the spectrum in whose
formation energy leveE, was involved. The task is reproduced in Figu27This question

was similar to task (ii) in Pestst question 2.

72



Figure6-12 Posttest question 2

Correct responsélhe energy level Hs nvolved in the formation of threspectral linesThe
diagram has 6 lines, which correspond tdrénsitions and thiscorresponds to 4 energy

levels. Energy levéb is involved in three transition§ to &, Esto EEandE to B

Results About 50% of students recognized that the energy ldgeis involved inthe

formation of three spectral lines.

Question 3 and Qudésn 4 were administered to 120 introductory studentsthre regular
sectiors at the University of Washington after interactive tutorial lecturde questions

and the results are presented below.

Review of QuestioB: In the third question students wershown an energy level diagram
consisting of 5 energy levels. They were asked how many additional spectral lines are
accounted for by the addition of these two energy levels. The whoéston is presented in

figure 613. This question was similar to ta@l in Posttest question 1.
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Figure6-13 Posttest question 3

Correct responselhe next energy level (the sixth), in conjunction with the original 5 energy
levels, gives rise to 5 new lines in the spewtr(5 transitions, one to each of the other
energy levels). The seventh energy level, in conjunction with six other levels, gives rise to 6
new lines in the spectrum (6 transitions, one to each of the other energy levels). Thus, these

two levels account fioll additional spectral lines.
Results About 65% of the students answered Question 3 correctly.

Review of Questiod: In the last multiplechoice question students were asked about the
greatest photon energy. This question probed the ability of studemtsthink about

transitions and not just the energies. Question 4 is given in Figtiré.6

Figure6-14 Posttest question 4

Correct responseThe greatest photon energy corresponds to the greatest trasitand

this isthe transition from the unbound statew{ith energy 0 eYto the ground energy level
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with energyk, wherek has anegative value. For thatase, the photon energy equal$,

and this is the greatest photon energy.

Results About 35%0f the students recognized that , is the greatest photon energy in the

line spectrum.

6.2.2 DISCUSSION OF THE POSEST RESULTS

As can be notedrom the results presented, student performance after reseaoesed
instruction was considerably Higr than after standard lectures. The pdsst results were
slightly better afterthe tutorial than afterthe tutorial lecture. Posttest results for students
that completed tutorials were also higher than the results obtained from junior students
who had completed allthe introductory physics courses, optics labs and modern physics

courses including a quantum mechanics course.

Task (i) in all three freeesponse postest questions probedhe same issue just in a slightly
different context. Question 1 fim the multiple choice series of questi®also addressed the
same issue. That question probed if students recognized that spectral lines are formed as a
result of transitions between energy levels. The results from all groups of students, together
with the pretest results from the similar questispare summarized in Table66 These

results suggest that students made a significant improvement after tutorial instruction.

Table6-6 Summary of correct answers aask (i) given in various forms and to various groups of students together with
pretest results

UW Honors CRO Intro UW Regular UW Honors UW Regular UW Regular ALL INTRC Cro

N =52 N =100 N=177 N =37 N=174 N=174 STUDENT.: Juniors

AFTER AFTER AFTER AFTER AFER AFTER N =700

TUTORIAL TUTORIAL TUTORIAL TUTORIAL TUTORIAL TUTORIAL

PRETEST
LECTURE

Question  Posttest Posttest Posttest Posttest Posttest Question 1 Pretest Pretest
asked: question 1 question 1 question 2 question 2 question 3
Percentge
of correct 95 9 85 % 90 % 95 % 85 % 70 % 30 % 50 %
answers
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Task (ii) in all free response questions also probed the same isue extent to which
students developed functional understanding of transitions arle formation of lines in a
spectrum. This task probed the same idea, but in a slightly different context from that used
in the pretest andthe tutorial. In addition, students were asked to identifywhich line
corresponded to which transition. In Questions 2 and hamultiple-chaice questions that
were given aftethe tutorial lecture, students were also askéa do the same. Results from

all questions are summarized in Table’6

Table6-7 Summary of correct answers on task (iiygh in various forms and to various groups of students

UW Honors CRO Intro  UW Regular UW Honors UW Regular UW Regular UW Regular
N =52 N = 100 N =177 N =37 N=174 N =130 N =120

AFTER AFTER AFTER AFTER AFTER AFTER AFTER
TUTORIAL TUTORIAL TUTORIAL TUTORIAL TUTORIAL TUTORIAL  TUTORIAL
LECTURE LECTRUE

Question  Posttest Posttest Posttest Posttest Posttest Question 2 Question 3

asked: question 1 question1 question2 question 2 question 3

Percentage

of correct 90 % 65 % 60 % 90 % 80 % 65 % 50 %
answers
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7. ADDRESSING STUDENT DIFFICULTIES WITH BASIC
SPECTROSCOPIC EXPERIMENTS

Results from our investigations of student understanding of spectra have been used to
develop instructional materials for introductory physics courses that are designaddress
student difficulties with basic spectroscopic experimentSection 7.1describes elevant

parts of this tutorial. The results froposttest are summarized.

7.1. SPECTRA TUTORIALOPTICAL SYSTEMS

7.2.1. REVIEW OF STUDENT DIFFICULTIES

As hasbeen described in Chapter 4tudents oftendid not associate line spectra with a
particular type of sourceThis error includes several types of mistakeslufe to distinguish
between diffraction patters and a line spectrum the belief that a prism dways givesa
continuous spectrumthe belief that anonochromatic source givesdiscretespectrumand
the belief that a prism only makeshe spectrum wider Instructional strategies were

designed toaddress these difficulties.

7.2.2. DESCRIPTION OF INBRUCTIONAL STRATEGIES
In its most recent version, the tutorial catomic spectraoptical systems consists of two
main parts. In the first part a student dialogue is presented in which students discuss the

possible changes to the optical system that colddd from a continuous to a discrete

spectrum (Figure-1).

77



Figure7-1 The first part of the tutorial t the student dialog

The goal of this part of the tutorial is to focus attention on the experimerg&up and to
initiate discussions among the students. They can proceed to the second part of the tutorial
even if they have not found the correct answers because the tutorial brings students back to
that discussion at the end of the worksheet. At thaimipthe students need to reflect on

their previous answers and resolve any inconsistencies.

The second page of the current version of this tutorial (Appendix5Aand A- 6) guides

students through different experiments with different light sources, gliism, and optical
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grating. Students predict what they would observe on the screen in different experimental
setups. The first set of predictions includes questions with green and white light and
involves different slit widths After the students have made their predictionand explained
their reasoningthey are shown dandout (Appendix At 8) with photographs that illustrate

the patterns that appear on a digta screen Students are asked to makesacond sé of
predictions is also based ongegeen and white light source. Howevehjs time a prism ora
diffraction gratingare also includedA diagram of lighincident on a 2 mmvide slit is shown

to the students Theyare askedo predict what would appear on the screen if@@ism ora
diffraction gratingwere inserted betweerthe slit andthe screen. Again, after studentbave
made their predictions and explained their reasonim@ndouts with photographs that
illustrate the patternsare shown Students are then asked to refer again to thisadission
amongthe three students in the first part othe tutorial, and to check if they agree with
their previousanswer. The main goal of this totial is to remindstudents d diffraction on

the single slit both for monochromatic and for white lighive hoped that they would
recognizethat the diffraction patternsof white light produced by a single slit or grating
would be complicated by the fact that the incoming ligbhtained a range of wavelengths,
but that the spectrum would still be continusuand not discrete as most of the students

seemed to think.

After completing this part of the tutorial, students are expected to differentiate conditions
under whichcontinuous and discrete spectrare formed. More precisely, they should
recognize the dierence between a diffraction pattern and a discrete spectrum and to
recognize the role of the different parts of the experimental-apt(the slit, the prism and

the optical grating) in formation of the spectrum. This version of the tutorial was used in

introductory physics courses at the University of Zagreb.

There was not enough time for the same version of the spectra tutonaiptical systemso

be used at the University of Washington. Therefore, a tutorial homework assignment was
designed for thepurpose of completing the shorter version of the tutorial. Two different
versions of homework were developed. In each, the experimentalgetonstituted just

one part of the homework. The other part focused on energy levels and transitions. Both
verdons of the homewdk are presented irthe Appendix. Only the part dealing with the

experimental seup is described here.
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In the first version of the homework, an experimental-sgtconsisting of a hydrogen lamp,

a slit, a prism, and a screen were pret. The students were asked how different changes
in the experimental setup would affect thappearanceon the screen (Figure-2). This
question tried to introduce the role of the prism in the formation af spectrum.
Furthermore, the question was iehded to remind sidents of the refraction ofight by a
prism and of the diffraction of light by a narrow slit. The goal of the homework was to help
students recognize the difference between a diffraction pattern and a discrete spectrum.
Unfortunately, dter analyzing the posttest data that are presented in the next paragraph,
we found that the homework was not successful in addressing the problems that students

had in understanding the role of the experimental-sgt. Some changes have been made.
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Figure 7-2 A problem froma homework assignment

The second version of the homework also consisted of one problem addressing the role of
the experimental setup. On the first page, the 12 different experimese¢alips are shown
(Figure €3). The second page consists of 12 different patterns observed on the screen
(Figure &4). Students were asked to indicate which of the experimental setups would result
in each pattern on the screen. The role of this problem wasemind students of the

conditions under which a diffraction pattern is observed, to help them recognize the
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difference between the pattern produced by a wide and by a narrow slit, by a prism and an
optical grating, and by different types of light souscdn this tutorial homework two
monochromatic sources of light are introduced in order to remind students that different
colors of light are refracted at different angles by the prism, and that their diffraction

patterns also differ, more precisely, thdiffraction minima occur at different angles.

Figure7-3 The homework assignement
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We were hoping that the homework assignment would help students understéued
diffraction of white light by a single skind recognize the difference between a diffraction

pattern and a discrete spectrum.

Figure7-4 Homework assignment, continued
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This version of the homework was given to 350 students at the University shivi(ion,
but unfortunately it was the last homework in the tutorial sequence and not graded.
Therefore, it was impossible to estimate how many students solved the problems. The

results from a postest question given to 177 students are discussed artbxt section.

7.2. ASSESSMENT OF INSTRUCTIONAL STRATEGIES

In order to assess the effectiveness of the curricylume administered one posttest
qguestion This question was given as exam question to studentstaJniversity of Zagreb,

who hadcompleted the utorial on experimental setups and to different groups of students
at University of Washington. The task was designed to probe the extent to which students
have improved their understanding of the role of the experimental setupétormation of

a discree spectrum.

The exam questiorescribesan experimental setuphat containsa prism The continuous
spectrum that resultss similar to the one shown in the tutorial and the tutorial homework.
The exam question is shown in Figure57 Students were askedhat they would expect to

see on the screen if the prism were rapéd by a diffraction grating.

Figure7-5 The exam question
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Students were expected to recognize that if the sourcéheflight remainedthe same, the
continuous spectrum would remain on the screen, but due to the optical grating, more
patterns would be visiblevith a white maximum in the middle of the scre€tudentswere
expected to recognizehat the diffraction patterns produced yb a single slit wouldbe
complicated by the fact that the incoming light consisted of a range of wavelengths
VeA E A« v}S }J((E &8} §8Z 3pu vseU v 8Zpe “viv }( §Z JA
This question probed the ability of students to digfuish between a discrete spectrum and
a diffraction pattern, and also to recognize the role of the optical grating in the experimental

setup.

Thisexamquestion was give to 50 introductory students at th&niversity of Zagreb, to 89
students in honas sections atthe University of Washington and to 350 students in regular
sections atthe University of Washington. 270 students m@egiven the multiplechoice
version of the question anénother 220 students were also asked fan explanation.

Results are msented in table 1.

Table7-1 Results of exam question after students completed tutorial or tutorial homework

uUw 123 uw123 Uw 123
Regular (2010)| Regular (2011)| HONORS
N =170 N =180 N =90

NO Tutorial, NO Tutorial, NO Tutorial,
HW1 HW2 HW1

Discrete spectrum would appear on thg
screen

Black and white diffraction pattern
would appear on the screen
CORRECT: none of the above

In 2010170 UW ragular studentsas well as 90 honor studentsompleted the atomic
spectratutorial on energy levels and transitions and the first version of the homework. 180
students fromthe regular sectionn 2011 completed the atomic specttatorial on energy
levels and transitions and the second version of the homewarkd 50 introductory
students fromthe University of Zagreb completdtie tutorial on atomic spectra anaptical

systems.
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As table 71 shows, the percentage cbrrect answers on the exam questi varies between

5% for students who completed the old version of the homework, 20% for those who
completed the new version of the homework, and 50% for students who completed the
tutorial on optical systems. The results on the similar pretest questioieddetween 5%
and 30%, which means that there was no improvement after completingthestutorial
homework. The only improvemennoticed was with 50 Croatian introductory students,
whose results rose from 30% on the pretest to 50% on the posttest afigrpleting the

tutorial.

"Su vSe[ Adbis oprovislgd a deeper insight to thdifficulties remaining after
completing the tutorial homework. Results indicate that most of the students still struggled
with the distinction between a discrete spectrum aaddiffraction pattern. The following

student explanations demonstrate this difficulty:

Ny eve U SZ J((E& S8]}v PE S§]vP Se o]l % E]euU }voC |
the discrete line spectrum (containing the colors of the rainboW)&ion either side of the
white central maxima. The diffraction grating causes the incandescent light to strike on the
screen at different phase difference, which is the reason why the different colors are

% E} p(UWKIntro)

This student most probapldoes not understand the meaning of the word discrete and
confuses discrete spectrum and diffraction. This studerkstalbout colors of the rainbow.
He/she probably understands that continuous spectrum will beeen on the screen, but
talks about adisaete spet¢rum. In the next student responsthis problem is even more

pronounced:

NS Aloo | % 3Z ]« @ § o0]v <% SEpuU us A]8Z 8Z PE 3]vP
u £Ju Alpo v 8Z u] o YUWhto) E vX A

dZ]e *Spu v # willlkeep the discrete line spectrumoSZ}uPZ SZ <<y shgv ] A

the bulb is lit a continuous spectrum of wavelengths appears on the scpéen, |¢Z
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recognized that if the prism were replaced widm optical grating, the same type of
spectrum waild appear on the screen, but stated that this spectrum is discrete. This

indicated that the student does not understand the meaning of the word discrete.

Theother group of students seemed to belietlegat a discrete spectrum would appear on

~

the screenif the prism were replaced witAn }%S] o P& S]JvPX dZ v AS *Sp VS

demonstrates this difficulty:

NdZ % E]eu ¢ % E § » 5Z AZ]5 o0]PZ3 }( 8Z ]Jv v e+ V3 0 u%o
ul]jvk AE Jv A }v §Z « E vX t]plehphesch wéidErjot wcEE.|By

adding the grating, interference is created. Thus, a discrete-¢patinuous) pattern is

created. A and D must be wrong. | think C is too far too simplistic to be correct. | think B
accurately describes the interference gatEve A Z A ¢BW IftroX _

This student talks about interference pattern and associates it with discrete - (non
continuous) pattern. Other student explanations contain the similar mist&ame were

explicit in their reasoning; for others this erraas implied.

Ahe]VP % E]*u 00}Ae pe 8} Je% E+ 3Z o0]PZ5 pue]vP Jvilvu
place a diffraction grating in the place of the prism, we would have one white line to
represent the central maxima and discrete line spectrums tdetthend right of it, because

§Z o0]PZ3% A}lpo v[$ ]*% CE- VCU}E ]38 A «(WZIntroh A & p-

The prism bends the light thus cangit to appear on the left side of the screen. \Wliee

prism is replaced with a diffraction girag there is no long a means to bend the light so it
will have a white center in the middle of the screen. Diffoscfrom the mask will cause the
spectrum and the grating will cause it to be discrete line spectrum as some of lines will be
allowed.  ~ hritro)

A1((E §]}v PE 3]vP AlJoo nHe 3$zZ AZ]s8 o]PZ3 3} J((E 8Y
diffraction is the same as B.
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The last student response stresses once more the student difficulty already discussed
confusion between a diffraction patte and a discrete spectrum. Unfortunately, the tutorial
homework did not properly address this difficulty.

The following students do not only have the problem understanding discrete spectra, but
also understanding diffraction of white light:

Yhe incande v3 0]PZ8 Z + 00 Ilv e« }( , }( 0]PZE v AZ v 18 %o s o
PE §]vP §Z J(( & v , Aloo "e % E & _ u 8} 8Z 1(( & v§ ¢
*]Jv:Au,~ht /vE§E}-

The diffraction grating acts like a small slit and wadluse an interference pattern on the
screen. Since it is white light being passed through, the spectrum will be formed on either
side because the different wavelengths of the visible spectrum will be separated during the
interference because they havefdient wavelengths so the maxinwd each color will be at
different position. ~ht /vS@E}-e

The third group of the students obviously did not understand the diffraction of the white
light on the optical grating. They believed that diffraction pattern cdamsgsof black and
white lines is formed on the screen. This implies that they did not understand the role of
optical grating properly, or that thegeemed to be thinking of the pattern that would result

from light of a single wavelength

"t)SZ P (EatBgivtRan@a prism, no colors would appear on the screen. The prism has a
different index of refraction, so different wavelengths of light (different colors) have different
angles of refraction, which is why colors are separated. With a grating, thecedlsamge in
index of refraction, but the grating pattern still appears on the screen. However, a single slit

} oo % E S SZ }o}E-U ps $Z]e ] UWMInMO)vS SZ v @ PE S]vPX_

There would just be a diffraction grating pattern with white lightcaese all the light is
PYJVP 8Z e u <% X /8§ } ov[8 Z A % E]eu 3} c0}Ale% E Jus
(UW Intro)
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This is because a diffraction grating creates patterns of interference and it does not
separate light of different wavelengtlike a prism does. ~ht /vSE}e

Students who completed the tutorial on the role of the experimental setup in formation of
the spectrum did significantly better than students who completed just the homework, but
they still struggled with discrete spectrunensus diffraction pattern and with diffraction of

white light on optical grating. 50 % of student still struggled with the role of the prism and

diffraction grating in the formation of the spectrum.

The results have the implication for further developmefttutorial and tutorial homework.

The questions what the word discreteeansand why something is discrete need to be
discussed more. It is important that students develop the functional understanding that line
in spectrum is formed by electron transitidretween energy levels, but students should also
be able to understand the process of the formation of the spectrum they observed. Even
more concerning is the fact that students who think that a discrete spectrum is formed when
the prism is replaced by theptical grating miss the main point and still do not recognize

that the source of light plays the key role in the type of spectrum that is observed.

The resuls presented in this chaptedemonstrate a need forimproved instructional
materials There is B0 a need to create laboratofyased, instructional materials on
spectroscopy for prospective and practicing precollégachers with afocus on how the

spectra are formed.
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8. CONCLUSION

A major goal of theesearch described in this dissertatisrasto probe the extent to which
students understand the relationship between atomic spectra and gynelevels. A
particular focus wa on the ability of students to recognize the conditions under which
discrete spectra are and are not formed and to relate thevelangths ofspectrallinesto

the transitions of electrons between the energy levels in an atom.

We found that many students doot developa functional understanding oftomic spectra
through standard lecturet based instruction. &ne serious conceptlaand reasoning
difficulties persisted even after lectures atine topic. Many studentsdid not understand
how line spectraare produced andlid notassociate them witlonly certaintypes of sources.
Some seemedo believe that linespectra are the resulbf light passinghrough optical

instruments.

During the investiggon, it became clear thastudentsoften had an incomplete or incorrect
understanding of how energy levels and transitions of electrons between them are related
to discrete line spectra.During the interviews, laout half of the studentsdid not even
mention energy levels when discussing discrete line spectra. When asked about the
connection between energy levels é@rspectral lines, many did naecognize that each
spectral line is a resubf a transition of an electrobetween two energy levels. Often they
associated each speatrline with one energy level. Sonstudents who recognized that
each spectral line is associated withadifferent energy leveldid not have a correct model

for the emission of light. Mangtudentsfailed to consider the ground energy level as an
energy level or thought that all transitions involve the ground energy level. Similar
difficulties were observedat the University of Zagreb and the University of hgton.
Moreover, the errors were not comfed to the introductory levebut persisted throughout

instruction in upper division courses and laboratories.

It might be expected that studenisho had completed a course on quantum mechanics or a
junior-leved laboratory on optics would have no problem in associaspgctral lineswith
transitions between energy levels. However, the tasks used in this study were challenging

even for those students. The resultof the investigation demonstrate a need for
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instructional materials: (1) that address the specific difficulties identified in our research and
(2) that can help students connect the formalism taught in their courses with their

observations of spectra in the laboratory.

We designed a tutorial to help ddess the conceptual and reasoning difficulties that were
identified in our research. In order to assess the effectiveness of the curriculum, we
administered postests that ask students to apply the concepts and ideas that they have
studied in situationghat are different from those in which the concepts were introduced.
We found that students made significant improvement in understanding atomic transitions
after working though theatomic spectratutorial. However, problems withhe role d
optical systems that are used to observe spectra géegi That portion of the curriculum

still needs further development.
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SUPPLEMENTARY RESEARCH

92



OVERVIEW

Chapter One: Introduction to the Supplement.

Chapter Two describes different types of light sources that are used while demonstrating
simple spectra experiments, as welllaboratory research.

Chapter Three describes the mechanisms of broadening spectral lines. eRsener
broadening is described more detail. This chapter also describes the principles for the
determination of tre density of mercury atoms and of the temperature of the discharge

Chapter Four describes the characteristics of fpgissure metal halide dischargers, with
particular focus on discharge containing mercury and indium atoms.

Chapter Five describes tiexperimental seup. The emphasis is on the determination of
the instrumental function of the monochromator. Results for the atomic density of mercury
particles and temperature of discharge are given,

Chapter Six presents the discussion of the results.
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1. INTRODUCTION

Spectroscopic methods are frequently used to investigate thep@rties of elements,
compoundsandionized gasesThis supplement to the dissertation describes the application
of spectroscopic techniques to determine the parameters ofgh Ipressure indium mercury

gas discharge.

The advantage of spectroscopic technigee®r other methods of investigation is that they

make it possible to analyze the light emitted without interfering with the source.

Investigation of the width and shibf atomic spectral lines emitted from the plasma gives
the information about basic plasma parameters such as temperature, pressure and
concentration of the particles. Also, the shape of lines provides the information about
interactions between particles the dischargeln this researclparameters of investigated
plasmas araletermined by measuring absolute lateral intensit{esdiance)of opticdly thin
mercury lines. Uaral intensities are transformedh localized radial emission coeffictsn

Line intensitiesof high pressure gas discharge are compared with radiation of caliblated
pressure mercury discharg@adiometric standard) with known irradiances of 14 most
prominent lines in visible and near infrad. Mercury atom densityis determined umg

resonant line broadeningf two lines in visible and neanfra-red spectrum.
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2. LIGHT SOURCES

When the light is passed through a dispersing element to produce a spectrum, the type of
spectrum seen depends on what kind of object is producihigtd, i.e. on the type of light
source. Light sources may be divided into brthd or continuum sources and narrew

band or line sources.

2.1. SOURCES OF CONTINUOUS SPECTRA

2.1.1 INCANDESCENT LAMP

Most ontinuous spectra are formed from hot dense etis (stars, plasma discharge,
incandescent lamp, etc.Any solid, liquid and densgas at a temperature above absolute
zero Wil produce a thermal spectrum that is also caletlackbody spectrum. ét, dense
objects will emit electromagnetic radiationt @ll wavelengths or colorsA widely used
example of a source @ continuous spectrum ianincandescent lamp (Fig-2). It is used
for class demonstration of a continuous spectrum and it is still frequently used in

households.

For class demonstratiopurposesthe tungsten lamp filament can be regarded as an almost

black body radiator.
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Figure2-1 An example of incandescent lamRicture taken from:
http://lwww.superiorlampinc.com/product_line/incandescent.htm

2.1.2. BLACK BODY

A black body is an idealized physical body that absorbs all incident electromagnetic radiation
and reflectsnone of it, hence, it appears blackhe black body is a perfect absorber and
therefore also a perfect emitter. Thexperimental construction consists @ small hole in

the side of a large bothat is thermally isolated fronthe surroundings. Such a bas an
excellent absorber, since akldiation that goes througlhe hole bounces around inside. A

lot is getting absorbd on each bounce, and has littlhance of ever getting outAnd also

reversedthe radation coming oubf the hole is a goodepresentation of a perfect emitter

For a solid or a gas in thermipnamic equilibrium, thelensity of the radiation between,
and +#4,]* PIAv C Wo v I[ (}Eupo W

6:5%6,0 i —— ®5— @M@, (2-1)
@OA?5

where é:8é; is the energy density per unit wavelength interval. Expressed in terms of

frequency this formula becomes:
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®—— @[adm?]. (2-2)
Bos

The flx of radiationin the waveband ¢ escaping from a small hol&f unit area into unit

solid angle defines the luminance or brightness of a black body source:

4. aéb; @ ®—5|— @ [msr]. (2-3)
gOA?5
Expressed as a function of frequenitys:
a%; @ &— ®—— @ [ms]. (2-4)

@/505

Figure 22 shows the Planck siribution (Equation 21) as a fumtion of wavelength for
different temperatureslt is noticeable that for increasing temperature the absolute value of
energy density increases and the maximum of the distribution move towards shorter

wavelengths.

Figure2-2 "% SE o0 JvS ve]SC ]*SE] pHdHy rddiato as Flimctian of wavelength for different
temperatures Picture taken from: https://www.phy.questu.ca/rknop/classes/enma/2010
10/wiki/index.php/Blackbody Radiation
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Wien shoved that the product of the wavelength at maximum of energy density function

and the temperature is constant:
5 6Ltazvar’'[mK]. (2-5)

Since the blackbody is a source of radiation with maximal brightness at any wavelength, the

brightness of ay other body can be expressed as:
$:886; L 0 $,:46;, (2-6)

Where 6 shows how a real body compares to black baahyl is called emissivitylt is the

ratio of the radiant power emitted per area to the radiant power emitted by blackyboer

area and thus 6 O s The emissivity6 is the function of wavelength, but if it is almost
constant the source is known as a grey body. Tungsten ribbon (strip) is usually very nearly

grey body and this makes it the most useful radiation d&d in spectroscopy.

RADIATION STANDARDS

A primary radiation standard is a source for which the radiated power is known theoretically
as a function of wavelength. The only practical such source is black bodywaclb£an be
seen from Figure-2 that a black body is a feasible laboratory standard in the irdchand
visible, but the sharp drop of intensity on the short wavelengths make it inconvenient for the
violet and ultraviolet regions. In the regions with wavelength smaller than 300 nm deoter

lamp is used as radiation standard.

Secondary standards, which must be calibrated against the primary standard, are therefore
essential. The most useful secondary standards are the tungsten and tudustsgen strip

lamps.
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2.2. SOURCES OF LINE SPERA

Most important types of traditional light sources for classroom demonstrationflames

and spectral lamps.

2.2.1. FLAMES

Most flames have temperature of the order of 2000 K. Because of low excitation energy the
strongest atomic lines excited atee resonanc@lines. The main field of use of flame is in

the study of the molecules and radicals formed in the combustion process and in atomic
absorption spectroscopy as well as in spectrochemical analysis. Flames are also used as
demonstration tool inclassroom for introducing the line spectra and showing that different

elements have different and unique line spectrum.

Figure2-3 Flame test for Sodium (from NacCl), Potassium (From KCI) and boric ldgB@ contained in eve wash) Picture
taken from Journal of Chemical EducatiarClassroom activity Sanger, Michael J. Chem. Edu200481 1776A.

® Resonance line isspectral line caused by an electron jumping between the érsiitedand the ground stag
Jv v 8}u }&E J}vX /8 ]e 8Z o}vP «3rA A o VPSZ o]v % E} pu C ipu% 3§} 87

99



2.2.2. SPECTRAL LAMPS

A gas spectrdamp (gas discharge lampg a light source that generates lighy breating an
electrical discharge through an ionized gagpically, these lamps use ble gases such as
argon, neon, krypton and xenon, or a mixture of these gasses. Many lamps are also filled
with alkali ormercury, while some others have metal halidéddives.

When power is applied to the lamp, an electlideeld is generated between tips of
electrodes This field acceleratgwimary free electrons in thgas. The electrons collide with
the gas and metahtoms producing excited atoms and ionized agnas well as new
secondary electronswWhen the electron of the excited atom returns to its previous energy
state, it releaes energy in the form of lighThis light can be anything beten IR, visible or
UV radiation There are many different types of gaischarge lamps. These types of lamps,
especially mercury lamps, are used for class demonstration of line spectrum.

Commonly, we separate them in twasic categorieslow pressure discharge lamsd

high pressure discharge lamps

LOW PRESSURE DISCHAR LAMPS

Lowpressuredischargdamps have working pressure much less than atmospheric pressure.

For examplecommon|fluorescent lampoperate at a pressure of about 3 mhaThey all

have \ery good efficiency.&liumlow pressurdamps which arestill used for street lighting,
are the most efficientamong all gas discharge lamps. The mercury pencil lamp used in this

research as a standard of radiation belongs to this graiugources (Fig.-2).
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Figure2-4 Low pressuremercury pencil lamp with Power Supply http://www.newport.com/Pencibtyle-Calibration
Lamps

HIGH PRESSURE DISCHARGE LAMPS

Highpressuredischargelampshave a discharge that takes place in gasnetal vaporsat

atmospheric or even higher pressures.

dC%] o A u%o & -F¥S wqdSCrQpPZ EHID lamps$), & type of electric

discharge which produces light by means of an electric arc dmhft/ungsten electrodes

housed inside a translucent (fuslaﬂjmina or transparent|{fused quarty arc tube (Figure).

This tube is filled with botlgagand|metal salts. The gas facilitates the arc's initial strike.

Once the arc is started, it heats and evaporates the metal salts, fofplagma which

greatly increases the intensity of light produced by the arc and reduces its power

consumption.
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Figure2-5 The diagram of a high pressure lamp with its source of curteRicture taken fom:
http://en.wikipedia.org/wiki/High -intensity _discharge_lamp

Metal halide gas discharge lamps are increasingly being used in all kinds of application areas
such as accent lighting in shops, indoor and outdoor sports, studio, theater, and disco

lighting, motor car headights, and for projection purposes

2.2.3. RADIATION

The intensity of radiation of frequencyi, emitted by an atom in flame or electrical
discharge, as a result of radiative transition between two discrete states (2) and (1) is
determined by the probability of finding the atom or molecule in the initial state (2) as well

as by the probability of the particular transition\ s

First we will briefly look for distribution of atoms over the various excited states. For a
system in equilibum at temperatureT the ratio of the number of atoms occupying the two

energy states, andE; ]+ PJA v C }o8iu vv[e (}EUpo W

g 1.71-
% Lo Ao 2-7)
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where g is statistical weight of the state and is equatsalegeneracy, that is, to the number

of distinct substates having the same energy.

The other factor determining the intensity of given spectral line is intrinsic probability of the

particular transition and it is defined by Einstein coefficients @&))

a) b) C)
S )y
ht E B.E
S USSP SV N A
Elv Nl \ 4

Figure2-6 Two energy leveldss, and E; populated byN, and N, atoms per crir. a) spontaneous emissiold) absorption
c¢)induced transition

There are three possible radige processes connecting these two levels. First, the atom in
level (2) may undergo spontaneously a transition to level (1) with emission of a photon of
energy h 1. The probability of this process is denoted by the coefficidnt Second, in
presence ofradiation field of density@l,) and appropriate frequencyt, an atom in level

(1) is excited to level (2) with absorption of a photon with endrdy. The probability of this
process is denoted by the coefficieBi,. Finally, the atom in state (2) ipresence of
radiation field Ef,) may undergo an induced transition to level (1) with emission of a
photon with energyh 1.. The probability for this process is denotedBy. CoefficientsAy,,

B, and By, are called Einstein coefficientg particular the rate of radiative transitions
upward into (2) from (1) must equal the rate downward form (2) to (1) according to principle

of detailed balancing. Therefore:
$5605€:& 6 L #5506 E $6505€: 46, (2-8)

The equation above, t8 $Z & A]3Z }os8lu vv[e v Wo v I[* (}Eupo

between Einstein coefficients:
G$s6L G%ss (2-9)

n !
#os L—— $ss (2-10)
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The Einstein coefficients are related to the intrinsic atomic propertres@n be calculated
from the wave functions. Although derived from thermodynamic equilibrium, they must still

hold in any other conditions (at any temperature).

2.3. THERMODYNAMIC EQUILIBRIUM IN PLASMA

Strictly speaking, plasma is an assembly of iars electronswhich is electrically neutral,
the total ionic charge being equal to the total number of electrons. However, very often, the
world plasma is used for an ionized gas/vapor which is an assembly of atoms, ions and

electrons.

Plasma in gas disclges can be in state of complete thermodynamic equilibrium (TE), local

thermodynamic (LTE) or partial locattmodynamic equilibrium (PLTE).

THERMODYNAMIC EQUILIBRIUM (TE)

The equilibrium distribution of energy among the different states of an assemipgrtitles

is determined by the temperature as the parameter, defining the temperatliydor that
particular form of energy. Complete thermodynamic equilibrium exists when all forms of
energy distribution are described with same temperature. The priaajbldetailed balance

or microscopic reversibility must then operate: each energy exchange process must be
balanced by its exact inverse. For each photon emitted, a photon of same frequency must be
absorbed, for every excitation by electron collision themast be deexcitation be electron
collision, etc. In practice this situation cannot be fully realized, because for each

temperature, there are unavdable energy losses in plasma.
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LOCAL THERMODYNAMIQUILIBRIUM (LYE

If the thermodynamic equilibriumandition is valid only in some parts of inhomogeneous
plasma, the plasma is in state of local thermodynamic equilibrium. Many types of plasma in

laboratory conditions can be described by local thermodynamic equilibrium.

Local thermodynamic equilibrium asses that kinetic temperature of atoms and ions is
equal to electron temperature in plasma. The criterion for LTE is that collisional processes
must be much more important than radiative, so that shortfall of the radiative energy does
not matter. In the cas of stationary plasma, for complete LTE down to the ground state, the
collision excitation rate must have much larger probability than the radiative excitation or

de-excitation rate, even for the first excited state.

Plasmas can be thermal (where LTEaitisfied) and nosthermal plasmas (where LTE is not
satisfied). This distinction is governed by plasma parameters, especially by the pressure in
plasma. High pressure indicates that the probability for collision between plasma particles is
large enough tht the particles exchange energy effectively, and thus have the same
temperature. That kind of plasma is in LTE. On the other side, if the pressure in plasma is
low, the collisions between particles are rare and the plasma particles have different
temperature. That kind of plasma is not in LTE. It is supposed that plasma Hpriesgure
metalhalide discharges, where the pressure ist BOO bar is in LTE and plasma in 4ow

pressure discharges (pressure much lower than 1 bar) is not in LTE.

For optically tin plasma, where the collision processes dominate, the assumption about LTE

can be applied if the electron density satisfies the condition ():

Oyl { &5 §%’ :%‘;7, (2-11)

where Ogis electron density (ci), zis the electron temperature,¢' is the largest
difference between two energy states in an atom ahgis the ionization energy of hydrogen

atom (13,6 eV).

The condition above requires rather high electron densities, but can be reduceciby of
magnitude if the product of the ground state atom densils, and the discharge
dimensionsd, is large enough:
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o%’

- p?5 x?
0s @R v & rB a3 (2-12)
where f1, denotes the resonance line oscillator strength, is the wavelength of the line,
and A represents the relative atomic mass number. If the equatit@ B satisfied, equation

2-11 may be relaxed by an order of magnitude, to the relation:

OglL sr §'33—"D LhT (2-13)

% Y

To prove the validity of LTE, one must additionally check whether the kinetic temperature of

atoms and ions are equal to the electron temperature. This condition is given as:

V6 @ (2560 7 62 }
WaAVRs r 0@;, e (2-14)

where E is the applied electric field, and the other symbols have the same meaning as

before. In high pressure gas discharges this condition is satisfied and temperature of atoms

and ions in plasma is equal to electron temperature witkn™ .

Figure2-7 Electronic temperature and the temperature of the atoms and ions in plasma as a function of plasma pressure

Metal halide discharges are generally assumed to exhibit local thermodynamic equilibrium
(Dakin)
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PARTIALOCAL THERMODYNAMIQUILIBRIUNPLTE

Partial local thermodynamic equilibrium supposes that thermodynamic equilibrium is valid

only for upper energy states that are closer to ionization continuum.
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3. MAIN FEATURES 6 PLASMA RADIATION

The investigation of width and shift of spectral lines radiated from plasma can give the
information about the main plasma parameters, such as temperature, concentration of
neutral particles in plasma, concentration of electron, etsoAthe shape of lines provides

the information about interaction between particles in the discharge.

The most widely used methods for investigation of plasma parameters are spectroscopic

methods. These methods are based on analysis of shape of spewtsl |

3.1. WIDTH AND SHAPE OF SPECTRAL LINEEhorne, 1975)

Any atomic or molecular transition is associated with finite spread of energy, thus the
spectral lines in discrete spectra are never strictly monochron{B@mtroeder, 1998)Even

with the very high resolution of the monochromators one observes the spectral distribution
| ~ dfsthe intensity around the central frequency = (E t E)/h corresponding to an atomic
transition with the enegy difference EE =E t K between upper and lower levels (Fi1)

Width and shape of a spectral line is influenced by several parameters: natural broadening,
Doppler broadening and collisional broadeniddie complete line shape depends on the
particular broadening mechanism. Figurel 3howsline profile. Width of the line is usually
measured by its full width at half maximum (FWHM) and this is ftequency interval

between two frequencest and tfor which / v & A ,~Ail)~ T
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Figure3-1 Emission line profile and its full width at half maximunk¥{VHM. FWHMcan be expressed in units of
frequency 4 funits ofwavelength 4 , or in units of wavenumber4 [ Picture is taken from Demtroeder, Laser
Fectroscopy 1998.

3.1.1. PRESSURE BROADENING

Atomsinteract with other partcles in plasma: atomsons and electrons. These interactions
cause shifting and mixing of energy levels and thus broadening and shift of spectral lines (Fig.

3-2)

Figure3-2 lllustration of collisional line broadening and shift explained with the potential curves of the collision p&r A
Picture is taken from Demtider, Laser Spectroscop{998.
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One may classify pressure ldening effects either by the type of the interaction, i.e.
perturber (charged particles, neutral atoms), or by the approximations made in treating the

perturbation (impact or quasistatic approximation).

The perturbation shifts each energy levglof the atom by an amount4s which depends
both oni and on the distance between two particles (Fig.-3). The change of interaction

energy based on their mutual distance can be expressed as:
¢ es-N L es:N\ »  F'ggiN (31)

Compared to the unperturbed frequew figs:N\ »; L fiy, the observed spectral line is

shifted to frequencyfigs: N, and this shift is equal to:

(Yaa &,
Y,

esiN gy FilgsiN LS @ gINF ¢ sIN?L (3-2)

The equation implies that that kinetic energydonserved and the collision is elastic, which
means that the perturber does not induce any transitions in the emitting atom. This

assumption is known as the adiabatic approximation.

For large distances between two particles interaction between pareéd is negligible:
"65-N\ »; \ r. Any interaction which is a function ofand tends to zero for largemay

be expressed as a power seriedin:

L X .76

¢hes N L Aggg (3-3)
If only the first noavanishing term in the series is kept, we have:

L Yo

SN L 20 (3-4)

where the value of n and the interaction consta®g depend on the type of interaction

considered.
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TYPES OF INTERACTION

Three different types of perturber may be distinguished: a) charged particles, b) identical

particles andc) neutral particles.

a)

b)

Charged patrticles

An emitting atom at distance from an ion or electron is perturbed by an electric

1 z
field * L~

>
!al

and the interaction between the atom and the field is described by

the Stark effect andhis type of broadening is called Stark broadening. Perturbation
proportional toEexists only in the case of the hydrogen atom. For hydredenions

we haven = 2 and constanG; is determined by the linear Stark coefficients, which
are calculable fromhe hydrogen wave functions. For all other atoms the first-non
vanishing interaction is quadratic Stark effect, proportionaEtand hence tal/r*.

For these atoms = 4 ConstantG can also be calculated from the relevant wave
functions, but it is mordikely to be found from the experimental determination of
the quadratic Stark effect coefficients in a static external electric field.

While the linear Stark effect splits the energy levels symmetrically, resulting in a
unshifted and symmetrically broaded line, the quadratic effect, on the other hand,
splits the levels asymmetrically and also shifts their center of gravity. A line
broadened by the quadratic effect therefore tends to be asymmetric and shifted to

longer wavelengths.

Identical particles

Resonance interaction occurs only between identical species and is confined to lines
with the upper or lower level having an electric dipole transition (resonance line) to

the ground state. They take the form of dipotelipole interaction, for which tha in
the equation ¢i:N L%/fj is 3. An atom in a stationary state has no permanent

electric dipole moment, so to understand how this is possible, we consider the-quasi
molecule formed by and excited atom A and a nearby identical atom B in the ground
state. Beause of the identity of the atoms this system is degenerate with the atom A

in the ground state and atom B in the excited state. From these two states a non
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degenerate wave function is formed as a linear combination of the two degenerate
functions, implyilg that both atoms A and B are partly in ground state and partly
excited. Interaction constanG is proportional to oscillator strengtif,; which is
determined by the Einstein coefficients for a given transition. Resonance interactions
give symmetrically tmadened, unshifted lines and this type of broadening isstiyo

the focus of our research.

c) Neutral particles
Van der Waals forces appear between any two atoms or molecules, but they have a
smaller range then either of the other two types considered so Tdrey take the

form of a fixed dipolenduced dipole interaction. This type of interaction is described

with then = 6in ¢A:N L l:JWhiCh leads to potential proportional ta/r®. Energy

Y
a
of the Van der Waals interaction is always negative which corresponds to an
attractive force. It is generally larger for the highest excited levels and for the

heaviest atoms.

METHODS OF APPROACH

We start with the assumption that the perturbation takes the form of quenching collision,
cutting of the wave front abruptly and that the collision involves only one perturtitée so

called binary interaction approximation.

IMPACT THEORYLochte-Holtgreven, 1968)

To introduce the impact theory, three assumptions, known as binary, classical path and
adiabatic approximation, are necessary. The binary approximation assumes that only one
perturber at time interacts with the exciting atom; the approximation of classical path

assumes the perturber to move along a classical path, i.e. along a straight line; and adiabatic
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approximation assumes that thperturbers do not induce transitions between different

closelying states of the emitting atom.

Collisions in impact theory are assumed to cause phase changes in the radiated wave train,
but not to cut it short by knocking the radiating atom out of its excited state. The main cause
of broadening of the spectrdines according to impact theory is cutting off the coherent

oscillations of atom oscillator during the collision.

Intensity of spectral line on the frequency ™ that corresponds to frequency4 7, from

equation 32 is determined with the radiation radiatein the time interval4 3
5
<

that corresponds to the time, between two collisions. This time is compared with the

duration of the perturbatiort,:

RL (3-6)

K
where @S the impact parameter and= the mearvelocity of the perturber. If the duration

of the perturbation is small compared to time between the collisioRs( R, the radiation
during the collision can be neglected and the assumption of the discrete, separated collision

is valid. The imraction during the collision changes only the phase of the oscillation. The

total phase changé (t) is thus the function of impact parameteie
The change of phase, caused by the perturbatibhover the duration of the collision is:
T:é;Limﬂ (AN@P (37)

where the change in the limits of the integration alters nothing becadsSés zero outside of

perturbation period tp.

The phase change approximately equals to the product of the frequency change and the

collision duration:
1:6; ¢h:é; (% (3-8)

Writing the intelaction in the form of equation-&:
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GRIN LY (3-9)

wherer is the distance between an emitting atom and perturber (Fig) and NL Eéethe
phase change equals:

6 vy A%
?2 6 U7- @

c@ a -V (3-10)

I :é; L 0T g

where =;is a numerical constant of order unity, depending on the power n.

For1:é; L s N = e appropriate impact parameter is:

& L ZQJ;/Q v (3-11)

where &y is known as Weisskopf radius.

The number of collisions per second for whiéhQ éyis €é8 R8, where N is the number

density of the perturber.

A

emitting
atom

Figure3-3 Geometry for calculating phase change

If the perturber moves in a straight line with the mean velodg§and impact parameter is

equal to Weisskopf radius, tim% represents the duration of perturbatioty.

Sectral line in impact approximation has Lorenz profile:
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L e.x. 005
2Uél(ln1 L 6 O 5 ;.>:¢ Oﬂ,-’ (3_12)
where 4 5, is the width of the spectral line and it equals:
¢figal tORS, (3-13)

and w 7is the #ift of the spectral line from the position of the unperturbed spectral line:
Ui, L OREs. (3-14)
« and < are the real and imaginary part of the effective impact cresstion :

&Ltel 'SF?KQé@¢E &L tel OEI®@é (315

Thus, according to Weisskopf theory, the width of the spectral line equals:

~ L~ Y0y —
cNgal teO: “’?;ur @RS (3-16)

By looking equations-33 and 314 qualitatively, one can deduce that theeak collisions
(large GBmall 1) are responsible for line shift, and the strong collisions (sr@dlrge 1) are

responsible for the most of the broadening. Collisions for whiché,, are responsible for
the most of the line broadening, while dslbns for whiché ( éy cause the most of the

shift.

Wiesskopf theory gives the good description of the impact of the neutral atoms on the
broadening of the spectral lines, while for the electrons the results are not satisfactory.

Using this theory, écause of assumption of the impact of only strong collisionsé( R 9,

8Z Z](5 }( *% S3E o o]Jve } e EA ]Jv "3 El v sV E t ofs
calculated. Thus, it is necessary to take into account the weak collisiong; Q s; and

phaseshifts during strong collisions. Theory of the phase changes due to different perturber

is introduced by hidholm and Foley and AndersqhochteHoltgreven, 1968)Calculated

values for width and shift of spectral lines forjes vS§U ~§ EI| v s vintef&ction o[

are given in Table-3.
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Table3-1 Calculated values for widtlf ¢O. ) and shift (¥0O.. ¢ }( «% SE o o]v » (}E E }v vi8U ~§ EIl v
interaction accordning to Lindholriroley impact theory

Type of
interaction

Resonant

L t&59%0
interaction
Stark effect 4 2 L s s Y®/96 "R&70 L A ORI
t
E t . 9 . ~
6 348 N z& x®F °R& °0 N ré x@ fig

interaction

The main contribution to the broadening of the spectral lines comes from strong collisions,
for which is valid:T R sand é Q &y, while the mail contribution to the shift of spectral

lines comes from the weak collisions for whiéhR €.

As already said before, the impact theory works for discrete, separated collisions, and these

are tenable only over the fregncy range defined by:
cAL AFA W — (3-17)

The impact theory becomes unrealistic in the following conditions:

a) If the perturber is slowmoving, and the smalRfeads to large value of collision time
tp
b) If the density of the pertusers is hight this leads to small time between collisions
c) Atthe line wings, wheresiiis large
d) In the field of longrange forces, where the Wiesskopf radius is large and the collision

time is also large.

From these considerations, the impact approximma may be expected to break down
with increasing pressure (b), in the wings of the line (c), for charged perturbers before

neutrals (d) and for ions before electrons (a).
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QUASISTATIC THEORSobel'man, 1972)

This theory stag from the assumption that the perturbers are almost stationary and the
perturbation is nearly constant over the whole time that the emitting atom is radiating.
There are two steps to be taken: first, to calculate the effect of a single perturber on the

emitter, and secondly, to perform a statistical average over all perturbers.

If the external field, that is due to the perturber, varies sufficiently slowly (if it is quasy
static), it is possible to assume that the intensity distribution in some frequenterval,
I(")d™, is simply proportional to the statistical weight of the configuration of the
configuration of perturbing particles for which the frequency of the atomic oscillator is
included in the interval’, © + 4~ Xhe simplest static theory assumes the frequeshift 4~

as being due only to the nearest neighbdio calculatel(™ ¢ it is necessary to find the
probability W(r)dr of the nearest particle being within the range of distanc& U (Erom 4 E
the atom. Forr much larger than the atomic dimensions th&draction potential can be
neglected and this probability is:

& .7

o Y.
! E’ll

0 o LY
9:N@NVeNATY @ N AE (3-18)

whereRy is the mean distance around emitting atom with one perturber in it:
12057
44 L 3 e0;° " (3-19)
According to quasstatic approximation, frequency shift of emitting atom written as:
P Y
NN L 0 (3-20)

where G, is constant characteristic for particular interaction, is considered as the shift of

energy states.

Substitutingr (E}u <p S]}vY Jv <p S]}vYU §Z % E} ]o]S5C ]*SCE] us]}
of an atomic oscillator is obtained. In accordance with the basic assumption of the quasi

static approximation, the shape of the spectral line is also determinyethis distribution:
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~ 8 T~ ~ SIS 40 4 : ; ~
#i,@n— 0% F g7 > ap” 7 @A (321
1/~
where Er‘ff’ L E%
Distribution above is valid only for sufficiently large valuesidf fi,for which

NL :TU ;5@ "' 4, ForNR 4, the binary approximation id not valid. Thus, the

<t 8]}v Y ]* A o] }voC (JE& §Z (E <pv]e]vszZ o]lv AJvPe ~( &
line). The conditionN' 4;means that$f®' # F fi, Thus the exponential fear in

equation 321 can be omitted, after which it is obtained:

A F A" 4 2@ (3-22)

) ~

ﬁm@n%o

3.1.2. NATURAL BROADENING

Electromagnetic radiation emitted by a single atom during transition from one to another
energystate is not completely monochromatic and every emittegklhas some finite width.
Natural width of the line can be explainedither from classical ofrom the quantum

mechanical point of view.

The classicapicture used to explain natural broadening tiwian electron performing

damped simple harmonic motion at characteristic frequency:
TE UEARSTL r (3-23)

where "¢ is the characteristic angular frequency ani$ damping constant which represents

radiation loss of energy:

~ o -
UL ﬁ (3-24)
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For small damping the solution of the equation &bas T: P, L T4A?._f3 ® KMQP

Figure3-4 Damped oscillation with amplitude decaying as?ﬁzia) and corresponding line profile

The damped oscillations have the form showrFigure 24, with the amplitude decaying as
Ao Thus, the oscillations can be thought of as having a lifetime-. Only an infinite

wave train of constant amplitude is truly monochromatic. A pulse of finite duration can be
formed only by sperposing waves with a spread of frequency aroudThis spread can be

found by Fourier analysis, which effectively determinates the amplitude of each frequency

componentA(”) required to build up the pulseTl:P, L T4A?._rs ®& KM PA(") is a complex
function andAA gives the intensity(~) as a function of frequency. The result of the Fourier
transform fort=0tot=L ] 8Z >}@E Vv3I] v }( ~ ]*% E-e+]}ve ]J¢SE] pus]}vw

+ﬁ,L‘h®,)_—>_L'hﬁFﬁ4,, (3-25)

wherelp is central intensity.

Normalized Lorentz function is equal to:

A F Ay L?S &——— (3-26)

? > =
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Natural line width (FWHM) described by Lorentz distribution equaishile the maximum

intensityis (Figure):
r; L—. (3-27)

Natural width of the spectral line can also be looked from quantum mechanical point of
view. Absorption and emission consists of transitions between two discrete energy levels.
But, because of the uncertainty pdiple, these levels cannot be infinitely narrow.
Uncertainty principle ¢' ®& PL¥requires the energy spread,’ 1% ¢ PR where ¢Pis the
uncertainty in time associated with finding the atom in that particular state and is measured

by the mean lifetime « of the state. From energy spread the frequency spread is equal

A & PLs The frequency spread for the stagiean thus be written ¢ Ay N—5~ ® fiyand is
(0]

negligible for the ground and metastable state. Upper states of allowed optical transitions

have lifetimes of order 16to 10°s.

Figure 35 shows the situation when both levels are broadened. The width of the line is then

given by ¢isg L ¢iig E ¢iig

Figure3-5 lllustration of uncertainty principle which relates the natural line width to the energy uncertainties of upper
and lower level

The lifetime of excited state, in absence of collisions, is related to transition probability for
spontaneous emissiofp; by ig L s #g5, and if nore than one transition from level 2 is

possible, byig L s Ag#gy Because the transition probability is proportional f natural
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line width decreases rapidly in the infrad (micrewave) regions, but is appreciable in the

far ultra-violet.

3.2.1. DOPPLER BROADENING

In previous chapter, when describing natural broadening it was assumed that atoms, that
emit or absorb the radiation, are isolated and at rest. This chapter describes how thermal

movement of isolated atoms and molecules influenceshdth of spectral lines.

Doppler broadening is the result of thermal movement of atoms in random directions with a

velocity distribution given by the Maxwell distribution.

Consider the atom with velocityRL :R& & ; in the filed of the monochromatic

electromagnetic radiation of frequency, and wave vector&L :G &G & .
In the system of moving atom the electromagnetic radiation will have the frequency:
Aol fi; F (3-28)

which means that the frequency observed by moving atom will be raised if the radiation

approaches to the atom, while in that case vectdsnd Rhave opposite directions.

An atom will absorb the radiation only if the observirdquency of the radiationfig ¢ is

equal to the frequency of its atomic transitiofry. From this it can be written:
Ay L figcl A F (3-29)
and the frequency that an atom will absorb can be determined:

L fAyE (3-30)

-1}

A L

If we suppose that the vector of electromagnetic radiation is in thexis, the above

expression can be written as:
LM, EGER L fiyisE= (3-31)
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The number of atomsJ, on the energy levek with the velocitycomponent betweenv, and
Vi+tdy is determined with Maxwell distribution:
o .44,

BbiRI@RLZZ AW @R (332)

where v, is the most probable velocity ard is the number of all atoms on the erwpr level
=%

R L §% (3-33)
Op 