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ABSTRACT 

This dissertation addresses concepts involved in the design and teaching of optical 

laboratories at the undergraduate level. Curriculum and lab manuals to carry out experiments 

for the undergraduate optical labs in the VA Optical Engineering program have been 

developed. Specific as well as general educational goals are discussed for many of the 

experiments. Innovative approaches to experiments are given, as well as ideas for future 

improvements to this lab program. The lab manuals for Sophomore courses in Geometrical 

Optics and Physical Optics appear in their entirety as Appendices to this dissertation. 
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CHAPTER! 

INTRODUCTION 

This dissertation is the result of somewhat unusual circumstances that fell into place 

in the Fall of 1989. At that time, the Optical Engineering program was just starting up, and 

Geometrical Optics (OPTI 210) was about to be taught for the first time. This author was 

approached about becoming the Teaching Assistant for the lab portion of that class. Part of 

a lab manual was in place, but new experiments and refinements were needed. None of the 

experiments had ever been performed with the new equipment in the lab. In effect, work 

began that semester on this dissertation. 

The following semester brought a more difficult and urgent challenge--develop a 

complete set of experiments with a student lab manual for Physical Optics (OPTI 226). The 

task proved challenging, difficult, yet always rewarding. By the end of that semester, this 

author realized that teaching was a desired career goal. Those goals were further reinforced 

with an award from the UA as one of the Outstanding Graduate Teaching Assistants for the 

year. 
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PROGRAM LAYOUT 

The University of Arizona's program in Optical Engineering began in the Fall of 1989. 

Administered by the Electrical and Computer Engineering (ECE) Department, the program 

leads students to obtain a B.S. degree in Optical Engineering (OE). The degree is designed 

to give students both theoretical and practical knowledge in optical and electrical engineering. 

A successful student will be prepared to enter the job market or pursue graduate studies. 

Courses for this major are taught in both the ECE Department and the Optical 

Sciences Center (OSC). Table 1.1 shows the current course requirements for the OE major. 

Of the 126 total credit hours, 26 are electrical engineering hours and 30 are optics hours. 

Furthermore, 23% of the electrical engineering credit hours are for lab, while 27% of the 

optics credit hours are for lab. 

The Freshman year of the OE major is composed of general classes to satisfy 

requirements for any of the engineering programs at the UA. In the Sophomore year, 

students commit to choosing the OE major, and begin taking optics courses at the Optical 

Sciences Center. Geometrical Optics (OPTI 210) and Physical Optics (OPTI 226) are 

studied, with associated labs. Both courses are 3 credit hours, and each of the (required) labs 

provides 1 additional credit hour. These labs are designed to be 3 hours in length, meeting 

once per week. 

Students in the Junior year of the OE major take optics courses in Radiometry, 

Sources and Detectors (OPTI 350), Optical Systems Analysis (Fourier Analysis) (OPTI 342), 

and Lasers and Electro-Optical Devices (OPTI 370). Neither of these courses has a lab 
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officially associated with them. In OPTI 350, however, students are provided with handheld 

radiometers and are expected to complete a set of self-paced field exercises by semester's end. 

In the Senior year, OE majors concentrate heavily on the optics part of their degree. 

The first semester is composed of Optical Instrumentation (OPTI 412), along with Optics 

Laboratory (OPTI 470a). The second semester is made up of Optical Design, Fabrication and 

Testing (OPTI 416) and the second portion of Optics Laboratory (OPTI 470b). Optics 

Laboratory is an optical engineering equivalent of the typical advanced lab course taught in 

the senior year of a physics program. It is a two-semester sequence .of labs, with 

approximately 12 labs per semester. Each lab is designed to be 4 hours in length, 

accompanied by a separate 1 hour lecture, held on a weekly basis. Lab topics are designed 

to interface with the concurrent OPTI 412 and 416 courses as much as possible. 
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Table 1.1. Optical Engineering Curriculum 

FRESHMAN YEAR 

First Semester Second Semester 

Course Units Course Units 
MATH 124 1125a (Calculus) ........... 5/3 MATH 125b (Calculus) ................. 3 
ENGR 102 (Intro to Eng) ................ 3 MSE 110 (Solid State Chem) ............. 4 
CHEM 103a (Fund ofChem) ............. 3 PHYS 141 (IntroMechanics) ............. 4 
CHEM 104a (Fund Tech ofChem) ......... 1 ENGL 102 (First-YearComp) ............ 3 
ENGL 101 (First-YearComp) ............ 3 Hum./Soc. Sci. Elective .................. 3 
Hum./Soc. Sci. Elective .................. 3 Total ............................... 17 
Total ............................. 18116 

SOPHOMORE YEAR 

MATH 223 (Vector Calc) ................ 4 MATH 254 (Intro Ord DiffEquat) ......... 3 
PHYS 241 (Intro Elec & Mag) ............ 4 PHYS 142 (Intro Opt & Thermo) .......... 2 
ECE 220a (Basic Circuits I) .............. 4 ECE 220b (Basic Circuits II) ............. 4 
OPTI 210 (Geometrical Optics) ........... 3 OPTI 226 (physical Optics) .............. 3 
OPTI 210L (Geometrical Optics Lab) ...... 1 OPTI 226L (physical Optics Lab) .......... 1 
Total. . .. .. . . . ... . ... . . . . ... . . .. .... 16 SIE 270 (Comp Meth for Engr) ........... 3 

Hum./Soc. Sci. Elective .................. 3 
Total .............................. 19 

JUNIOR YEAR 

MATH 322 (Math Analysis for Engrs) ...... 3 PHYS 242 (Intro Relativ & Quant Phys) .... 3 
ECE 274 (Dig Logic) ................... 3 ECE 352 (Device Elect) ................. 3 
ECE 320 (Circ Theory) .................. 3 ECE 381 (Intro Electro-Mag) ............. 3 
ECE 351a (Electronic Circuits) ............ 3 OPTI 342 (Opti Sys Analysis) ............ 3 
Opti 350 (Radiometry, Sources & Det) ..... 3 OPTI 370 (Lasers & E-O Devices) ......... 3 
Hum./Soc. Sci. Elective .................. 3 Hum./Soc. Sci. Elective .................. 3 
Total. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 18 Total. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 18 

SENIOR YEAR 

Opti 412 (Optical Instrumentation) ......... 3 OPTI 416 (Optical Design, Fab & Testing) .. 4 
Opti 470a (Optics Lab) .................. 3 OPTI 470b (Optics Lab) ................. 3 
Tech. Elective ......................... 9 Tech. Elective ......................... 6 
Total. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 15 Hum.lSoc. Sci. Elective .................. 4 

Total ............................... 17 

Total Credit Hours 136 



LAB FACILITIES 

Rooms 

The sophomore OE lab facilities at OSC consist of two lab rooms, each room 

being a mirror-copy ofthe other. The rooms are 20' x 23' in size, and each contains 3 

optical tables 3' x 6' in size. The rooms were originally laid out to accommodate two 

students working at each table, with the two rooms being used at the same time. One 

Teaching Assistant (TA) would move between the two rooms, helping the students. If a 

total of 3 lab sessions per week could be taught on the TA's time, then a maximum of 36 

students could be accommodated into the course per semester. 

The senior OE lab facility consists of one room, also 20' x 23' in size. This room 

contains 3 optical tables, each 4' x 6' in size. All three tables are floatable for use in 

vibration-free experiments. In addition, this room contains an electronics workbench, 

serving the entire OE program. 

Equipment 

17 

The sophomore labs were initially funded for equipment by the Industrial Affiliates 

Program of the Optical Sciences Center. Complete sets of optical rails, lens holders, 

translation stages, kinematic and magnetic bases, and filter holders were purchased for 

each of the tables in these two labs. In addition, a He-Ne laser and holder, and stabilized 

tungsten-halogen sources were purchased for each of the tables. 

Optical components were also included in the initial startup. Each table was 



provided with a lens kit, containing I" diameter lenses. A general supply of 

narrow-bandpass filters, ground glass screens, masks and targets, achromatic lenses, and 

prisms was assembled for each of the labs. In addition, three Michelson interferometers, 

two Abbe refractometers, and sodium and mercury light sources are part of these labs. 

. The senior lab, as of yet, does not have its own supply of optical hardware. 
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Equipment has to be borrowed from the sophomore labs, a potential problem after future 

growth of the program. However, the senior lab does have advanced electro-optical 

equipment used in many of the experiments. The inventory now includes an argon laser, 

acousto-optic modulators, multi-axis stages, linear CCD's, a digitizing oscilloscope, 

computer-interfaced digital multimeter, wave analyzer, and a radiometer. Future efforts 

must include the acquisition of a lock-in amplifier, CCD camera, various mirrors, 

fiber-positioning equipment, and a monochromator. 

As of now, the OE program at OSC maintains two 386-class personal computers, 

with one printer. One of the computers has a data acquisition board and an IEEE 

interface card. Both computers are accessible by the students during lab hours, and 

arrangements may be made for after-hours use. The computers are used in the sophomore 

labs, and extensively in the senior labs. One of the computers contains an ethernet card 

providing Internet access. Future improvements should include the acquisition of 

Pentium-class computers, and a Macintosh computer for image processing experiments. 
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LAB DESIGN 

Development Guidelines 

The guidelines for developing this lab program were formed, in large part, by 

personal experience. Discussions with the OSC faculty involved in the OE program also 

contributed greatly. Throughout the development of these labs, the following guidelines 

were considered: 

• The labs should teach the basis and basics of optical engineering. One of the most 
guiding points in the development of the labs was the question ... "what are the most 
fundamental concepts and skills that any optical engineer graduating at this level 
must have?" Discussions were held with the Industrial Affiliates of OSC to further 
answer this question. This was done as part of one of their yearly meetings here at 
the Center. Their input was as varied as each of their own academic and industrial 
experiences. Wherever possible, their ideas were incorporated into the labs. 

• The fundamental approach to the experiments should be engineering-oriented. The 
Optical Engineering program results in an engineering degree, and it was felt that 
the labs should reflect this. Learning underlying physical principles was still the 
basis for many of the labs, even though they were cast in the form of an 
engineering task. 

• A successful lab should force the student to think about the problem at hand and 
formulate an appropriate solution. Much of science and engineering is knowing 
how to approach a problem, a concept which was stressed especially in the senior 
labs. 

• The format of the labs should allow the student their own creative input. There 
are often many solutions to anyone problem, some better than others. The labs 
provided the student with opportunities for creative problem-solving, whenever 
possible. 

• Group interaction and group problem solving should be stressed as much as 



possible. Science and engineering are not done in a vacuum, a concept not 
fostered in the typical classroom. In a class, ideas are presented with no student 
interaction, problems are solved with little interaction, and tests are taken on a 
strictly individual basis. The lab curriculum developed here encouraged group 
interaction and group learning. 

The Lab Curriculum 

The following chapters contain analyses of the lab manuals developed for the 

sophomore labs OPTI 210 and OPTI 226. An outline of each of the semester's labs is 

included in Chapters 2 and 3, respectively. 
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CHAPTER 2 

THE 210L LABS 

GEOMETRICAL OPTICS 
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This chapter contains a description, breakdown, and analysis of the lab manual 

developed for OPTI 2101.. 

BREAKDOWN OF THE LABS 

Twelve labs were developed for OPTI 210L, the Geometrical Optics lab course. 

Within these twelve labs, designed to run over twelve weeks, 54 individual experiments are 

outlined. Table 2.1 contains the titles of the labs, showing the subjects that are taught. 

TOPICS COVERED 

Each of the labs was designed to cover one or two major aspects of geometrical 

optics. A variety of experiments was used in each lab to illustrate the concepts involved. 

Summaries of the experiments are presented in the following sections, on a lab-by-Iab basis. 



Table 2.1. Outline of the 210L Labs. 

OPTI210L 

Lab 1 
Lab 2 
Lab 3 
Lab 4 
Lab 5 
Lab 6 
Lab 7 
Lab 8 
Lab 9 
Lab 10 
Lab 11 
Lab 12 

Introduction (2) 
Refractive Index and Snell's Law (4) 
Prisms (2) 
Ideal Imaging (5) 
Thin Lenses (6) 
Thick Lenses (3) 
The Eye (9) 
Refracting Telescopes (6) 
The Compound Microscope (6) 
Aberrations 1(5) 
Aberrations II (3) 
Radiometry (3) 

NOTE: numbers in ( ) indicate the number of experiments 
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LAB 1: INTRODUCTION 

Lab Objectives 
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This first lab was designed to provide an introduction to the laboratory facilities, 

precision instruments, and optical hardware. At the same time, it allows a hands-on 

introduction to data-taking and the handling optical glass. Because this is the first lab, a fair 

amount of time is spent on lecture material at the start of the lab session. 

Introduction to the Lab (lecture material) 

The introduction is basically a short welcome to the new surroundings. It serves a 

couple of purposes, however. For starters, it gives the Teaching Assistant (TA) a chance to 

write down office hours, phone numbers, grading criteria, and other "clerical" information. 

It gives the T A a chance to show the laboratory rooms and facilities to the students. In a 

sense, this is the first "hands-on" contact that the students have with the OE program. It is 

important to make the students feel like these labs are "theirs," that the material to be 

presented is for them to digest and enjoy. Experience has shown that most students at the 

Sophomore level are very grade-conscience. Advantages of a learning-oriented vs. a 

grade-oriented approach to the lab are discussed. The intent is to emphasize the importance 

of understanding fundamental concepts in optics, even at the expense of worrying about one's 

grade. Student reactions have indicated that for many, this is something of a pleasant 

surprise, almost unheard of coming from an instructor. The intent is to set a tone of open 

learning and to show excitement about what they are to experience in the semester ahead. 
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Laser Safety (lecture material) 

The section on laser safety is included at this point for two reasons. By including it 

first, an immediate message is sent as to the importance of laser safety in the lab. Students 

often "tune out" lecture material presented in a lab setting, especially in the first introductory 

session. They are eager to get their hands on the equipment and begin to experiment. 

Presenting laser safety up front commands more of their attention. Secondly, they are 

naturally very interested in the laser at this point in their optics career. Many of their first 

questions are directed towards the laser--what is it, how powerful is it, and is it harmful? 

Talking about laser safety before anything else is a natural lead-in to answering many of these 

questions. 

It is to be noted that this introduction to laser safety is not meant to be an 

all-encompassing one. The students' lack of optical knowledge in radiometry and physical 

optics simply prevents a detailed discussion at this point. However, one must still impress the 

fact that the beam must not be looked into, and that reflections can be dangerous. The 

concept of intensity can be taught by showing how all of the light remains in a beam that 

spreads out very little, even though the student has not yet learned about a solid angle. 

Mentioning that the laser beam is "brighter" than the sun creates a lasting impression in the 

students' thinking about laser safety. 

Proper Handling of Equipment (lecture material) 

A discussion of the laboratory equipment is included at this point, again for two 
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reasons. Students are eager, if not impressed, to learn about the hardware they will be 

allowed to use in these labs. Seeing the various lens holders and optical rails early on gives 

the students a sense of anticipation for what they will be doing in future experiments. 

Knowing that they will get to use the complete set of hardware seems to instill a sense of 

responsibility in the students' attitude toward the lab. In effect, this encourages them to adopt 

and take care of the lab as if it were their own. 

Secondly, it is important to note certain aspects of the hardware in order to maintain 

its good condition. The starting point is a discussion about the optical tables themselves. 

They are much more than expensive metal tables--they provide a smooth surface with a 

gridwork of precision drilled holes. Any scratches or dents in the surface may reduce their 

performance as an optical instrument. A quick review of the optical hardware is presented 

next. The problems associated with overtightening or forcing mating parts are talked about 

as if the hardware itself is an optical instrument. Experience has shown, however, that no 

discussion at this point can take the place of actual hands-on careful handling of the 

equipment during subsequent labs. 

Data Reduction and Error Analysis (lecture material) 

Procedures for handling the error analysis of an experiment are discussed next. 

Differences between systematic and random errors are outlined in detail, as are the differences 

between precision and accuracy. Statistical concepts including the Gaussian distribution, 

standard deviation, and standard deviation of the mean are presented mathematically. 
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Based on the material presented, two approaches to random error analysis are 

discussed. The first, and easiest to understand, involves taking a relatively large data set in 

order to calculate the mean and standard deviation of the mean. This approach is 

straightforward both mathematically and conceptually, and the students typically have already 

used this method in other lab classes. The second approach involves taking the derivative of 

an equation describing the experiment, and substituting measured average values for the 

variables and estimations for their uncertainties. This approach is straightforward but often 

tedious mathematically, and is somewhat more obscure conceptually. 

Both methods have their advantages and disadvantages for students at this point in 

their education. Determination of the mean and its standard deviation is easily done with a 

calculator, and provides a fast estimate of the "success" of an experiment. This gives the 

student a sense of "closure" for the lab, a feeling that the experiment either worked well or 

didn't work so well based mainly on this error analysis. However, data sets in a sophomore 

lab such as this one are usually small, often with correspondingly large errors. Because of 

time constraints, the student rarely has a chance to repeat an experiment, let alone expand the 

data set for better precision in the results. The danger is that many students judge the success 

of an experiment by the size of the errors alone, forgetting about important concepts or 

techniques learned as part of the lab. 

The second method of calculating a derivative and using estimates of experimental 

uncertainties is one that most students have not used before. It provides them with an 

immediate connection to the fundamental definition of a derivative learned in differential 
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calculus. The experimental uncertainties used in this calculation are physical examples of the 

finite step sizes used in the definition of a limit. One great advantage of this approach is that 

in having to estimate the uncertainties, the student is forced to think about the actual 

measurement process and its limitations. In principle, this could be a useful teaching tool in 

helping to eliminate the "8 decimal place answer for a 1 decimal place experiment" syndrome 

that so plagues the teaching lab. In practice, however, this approach often requires a lengthy 

and complicated derivative to be taken. The student either gets lost in the math, makes 

algebraic mistakes, or loses sight of what error is being estimated in the first place. Further 

problems arise if the experimental errors are large, as the technique is only valid for small 

errors. 

Lab Writeups (lecture material) 

An important part of this introductory lab is to review the expectations on how a lab 

writeup is to be done. It is stressed to the students that one of the most important aspects of 

science is to communicate ideas, data, and results of an experiment. The connection to good 

record keeping in the lab is also pointed out. 

The format for the writeup follows that of many other laboratory courses. Sections 

are to include a brief description of the experiment (outlining the objectives of the experiment, 

the procedures used, and the theory involved), the raw data, equations used to analyze the 

data, calculated results, graphs or plots, an error analysis (if appropriate), and a conclusion. 

The importance of writing short, concise summaries is pointed out. 
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Measurement Scales (lecture material) 

This section is included because most students at this level have had little or no 

experience in handling or reading precision measuring devices. The skills needed to read 

vernier scales must be taught and developed. As with the proper handling of optical 

equipment, these skills must ultimately be learned in hands-on laboratory situations. This 

introductory lab is an attempt to make the student at least familiar with micrometers, calipers, 

and vernier scales. At the same time, working with the various measurement scales uncovers 

a surprising number of shortcomings in metric-to-English conversion skills. 

Cleaning Optical Elements (lecture material) 

The major portion of this lab concerns the proper handling and cleaning of optical 

elements. This section is meant to be a tutorial and reference guide for cleaning various types 

of optics--coated and uncoated surfaces, with both hard and soft coatings. Sections are 

included on how to test for cleanliness, general guidelines for cleaning optics, and general 

cleaning procedures (including cleaning with air, brushes, solvents, and adhesive films). The 

tissue drag technique is covered in the section on solvent cleaning. 

Lab Exercises 

The lab exercises themselves are broken down into two parts: working with 

micrometers, and cleaning optical elements. Neither section is difficult in its scope, but both 

allow the students their first hands-on experience with precision instruments and optical glass. 
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The section on micrometers was designed to be a simple introduction to the use of a 

micrometer, the process of taking repeated measurements for data analysis, and the statistical 

analysis of that data. In the process, the student gets to see and handle optical fibers 

(probably for the first time). The experiment asks the student to measure and compare the 

relative diameters of the optical fiber with human hair. The result is a useful numerical 

comparison and a chance to handle real sections of optical fiber. While not difficult, the 

exercise permits the student to work with a precision instrument, perform a statistical analysis 

of data, and use the metric unit of microns in a meaningful context (new to most students at 

this level). 

Finally, the section on cleaning optics provides the students their first hands-on 

experience with optical glass. They are asked to handle and clean various types of elements, 

including flat surfaces (clear and reflective) and concave mirrors. These shapes were chosen 

to illustrate the relative difficulties in checking for and removing contamination from curved 

vs. flat surfaces. The surface contamination is made up before the lab starts, and includes dust, 

fingerprints, and oil containing silicones (the unknown). One or two samples include 

fingerprints that have etched into a surface, as well as calcium deposits left on a surface after 

tap water has evaporated. It is an interesting lesson to learn that neither of these common 

contaminants can be removed. 



LAB 2: REFRACTIVE INDEX AND SNELL'S LAW 

Lab Objectives 
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This lab was designed to teach the concepts of index of refraction, Snell's Law, 

reduced thickness, the critical angle, and total internal reflection (TIR). Four experiments are 

outlined, each resulting in a measurement of the index of refraction of a piece of glass. The 

other concepts must be well understood, as they are the underlying principles behind the four 

experiments. In a sense, measuring the refractive index is used as a unifYing theme to teach 

these other concepts. 

The four experiments chosen allow for a high degree of intercom paris on of the same 

physical quantity measured using different methods. Three of the four experiments result in 

a measurement of the refractive index of the same piece of glass, and two of the experiments 

result in a measurement of the refractive index of water. In this way, the relative accuracies 

of various measurements of the same quantity may be compared. 

There is a powerful advantage in using more than one approach to teach an underlying 

concept. If a student has trouble in understanding a particular experiment, then the other 

experiments can act as a safety net. An example of this is found in the microscope method. 

Experience has shown that students have particular trouble understanding the concept of 

reduced thickness. However, this lab provides three other opportunities to measure the index 

of refraction. This gives the student a greater level of success in feeling that he has mastered 
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the concept of refractive index. At the same time, this reduces the pressure of feeling that the 

success of the entire lab rests on being able to understand one concept, namely reduced 

thickness. By looking at the same principle in different ways, the student has a better chance 

of overcoming a mental block to an experiment they find difficult to understand. Also, using 

different approaches to measuring the same parameter teaches the diversity of thinking 

required of a good engineer. 

Pfund's Method 

This is a simple, yet elegant experiment to measure the refractive index of a glass or 

it liquid. Although not very accurate, the method is inexpensive and easy to use. A laser 

beam strikes a glass plate at normal incidence, and scatters off of the back surface which is 

painted white. Rays that scatter to the upper surface at an angle of incidence less than the 

critical angle are transmitted out of the plate as diffuse light. Those rays that strike the upper 

surface just at the critical angle are totally internally reflected back down to the rear surface, 

and define the sharp onset ofa bright ring. By measuring the thickness of the plate and the 

diameter of this ring, the refractive index of the glass may be calculated. A thicker plate of 

the same glass is then substituted, giving a ring of larger diameter, but having the same 

calculated index. Finally, a pool of water is put on the top surface of the glass, and two rings 

are seen, one coming from the glass/water interface, the other from the water/air interface. 

As the thickness of the water layer is changed, the ring formed by TIR at the water/air 

interface changes diameter. By measuring the diameter of the stationary ring, the refractive 
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index of the water may be calculated. 

Microscope Method 

In this experiment, the concept of reduced thickness is used to measure the refractive 

index of the same glass plate used with the Pfund Method. The glass plate is mounted 

vertically, and a microscope on a travelling stage is used to alternately focus on the front and 

rear surfaces of the glass. The microscope travel is equal to the reduced thickness of the 

plate. By measuring the microscope travel and the plate thickness, the refractive index may 

be calculated and compared to the value obtained with the Pfund Method. 

Deviation by a Plane Parallel Plate 

This experiment uses Snell's Law at the two surfaces of a plane parallel glass plate to 

measure the index of refraction of the glass. A laser beam is sent through the plate, and the 

transmitted beam is seen to be parallel but displaced from the input beam. By measuring this 

displacement for known input angles of incidence, the refractive index of the glass may be 

calculated. The same glass plate is used for this experiment as for the previous two methods, 

so yet another comparison of the refractive index may be made. 

In addition to the experimental setup, a computer program was written which 

demonstrates the experiment in action. The students run this before performing the actual 

experiment. The program sends a laser beam through a rotating plane parallel plate and 

simultaneously plots the deviation as a function of the input angle of incidence. The student 
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is asked to input the plate thickness and its refractive index. The lab asks the student to study 

how the deviation varies with refractive index (for a fixed plate thickness), and vice versa. 

Abbe Refractometer 

A commercial Abbe refractometer is used to measure the refractive index of various 

samples. The side panel of the refractometer has been replaced with a Plexiglass panel, 

allowing the students to view the internal optics. Before the instrument is used to make 

measurements, the students must answer a series of questions about the optical principles 

used in the design of the instrument. They are provided with a scale drawing of what is seen 

looking into the instrument, which identifies and labels the various components. The students 

are then asked to describe the light path, (both when the sample and reticle are illuminated), 

the optical function of a deviating prism, how the scale appears as illuminated in the eyepiece, 

and how a mirror is used to adjust the calibration. 

Once these questions are answered, the student is asked to measure the refractive 

index of water. This is an easy and safe sample which provides a comparison to the results 

in the Pfund method, and also a calibration point. Next, two unknown glass samples are 

provided that are listed in the Schott Optical Glass Catalog [Schott, 1993]. The students are 

asked to measure the refractive indices using the I-Bromonaphthalene index matching fluid 

and identifY the glass types. 
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Teaching Notes 

The lecture material introducing this lab is minimal. A quick review of the definitions 

of refractive index and Snell's Law may be given, followed by an explanation of reduced 

thickness, critical angle, and total internal reflection. At this stage in the student's career, an 

explanation of diffuse scattering is needed for the pfund method. This may be described by 

saying that a rough scattering surface breaks up the infinite number of rays in the incident 

beam into an infinite number of rays that are reflected in every direction. No mention should 

be made of scattering functions, ideal vs. non-ideal scattering surfaces, or other complicated 

aspects of scattering. 

The hardware required for this lab should be set up before the lab on three tables, by 

combining the Abbe refractometer and the microscope method on one table. This is a safety 

measure to prevent a laser beam from being used directly adjacent to the microscope. A 90° 

turning mirror is used with the Pfund setup to direct the laser beam down onto the glass plate, 

and at the same time to prevent direct viewing into the beam. The students should be 

reminded to control and avoid the specular reflection from the glass plates as they are moved 

into and out of the beam. The microscope method uses a microscope mounted on a calibrated 

travelling stage. It is useful to remind the students to start with the micrometer in a position 

such that.they don't run out of travel before the measurement is. completed. Focusing the 

microscope on each surface is made easiest by dusting a very small amount of talcum powder 

on the surface and illuminating it with a small penlight. This works best if the room is 

darkened. Teach the concept of backlash and remind the students to only move the 
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microscope in one continuous direction of travel. The experiment to measure the deviation 

by a plane parallel plate should be set up with a protractor affixed to the rotary motion of the 

plate to make measuring angles easy. The alignment of the plate normal to the laser beam 

should be left to the student. It has been found useful to attenuate the beam so that the 

deviated spot is not so bright. This leads to a more accurate measurement, if the spot can 

viewed comfortably for a longer period of time. With the Abbe refractometer, precautions 

for handling the I-Bromonaphthalene index matching fluid are discussed in the lab manual. 

LAB 3: PRISMS 

Lab Objectives 

This lab has been designed to teach the dispersive and deviating properties of prisms, 

and is broken down into two sections for these two topics. The section on dispersion teaches 

the student how to use a simple spectrometer. The index of refraction of a prism is measured 

as a function of wavelength, making use of the concept of minimum deviation. The use of the 

spectrometer is stressed, with the details of alignment left for a lab in OPTI 226. The second 

section on deviation provides the students with prisms of various shapes, and asks them to 

investigate their optical behavior. Object-image relationships are studied, teaching the 

concept of optical parity, or handedness. 

The subject of dispersion is a natural follow-on to the previous lab on refractive index. 

It has been observed that first teaching the concept of refractive index using specific numerical 

examples (i.e.--glass has an index of about 1.517, water an index of 1.333) tends to mask 
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students' appreciation for the fact that refractive index in fact is a function of wavelength. 

This lab often uncovers this confusion, and provides a chance to measure refractive index vs. 

wavelength and compare to results calculated using a dispersion curve for the actual prism. 

In both parts of this lab, interactive computer graphic programs are used as a teaching 

tool. To more effectively teach the concept of minimum deviation, a computer program was 

written to enhance the students' understanding of this important idea. The program asks for 

the prism refractive index as an input, and proceeds to rotate a priSql while drawing input and 

deviated rays. At the same time, the program plots the deviation angle as a function of the 

input angle of incidence. The point at which the deviation angle passes through a minimum 

is clearly observed. In addition, the relatively slow change in the slope of the curve around 

the point of minimum deviation is noted. For a given change in input angle, this slow change 

in deviation angle minimizes experimental errors, and is in fact the basis for using the 

technique. At any time, the user may temporarily stop the program and take a more careful 

look at what is happening. This program is run before the students actually adjust the 

spectrometer for minimum angle of deviation. 

In the section on deviation, a commercial computer program entitled 3DV [Lavroff, 

1992] is used to show 3-dimensional views of the same prisms studied in the lab. The 

program draws 3-d color wire-frame pictures of the prisms, along with an object and its image 

seen looking through the prism [Shack, 1992]. Rays connecting object and image points 

through the prism are also drawn. The entire picture may be rotated in 3-d space using the 

computer mouse. This program is used at the same time the students are looking at the actual 
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glass prisms. Immediate verification of their observations and conclusions about object/image 

parity is provided. The program has proven especially useful in demonstrating the function 

of the roof surface in the Amici prism. 

Dispersion 

In this experiment, a spectrometer is used to measure index of refraction vs. 

wavelength for a flint prism. The spectrometer is of the classical arrangement, having a slit 

source, collimator, divided prism table, telescope, and an illuminated Gaussian eyepiece. The 

prism, collimator, and telescope are pre-aligned for the students, although they are asked to 

focus the eyepiece onto the illuminated crosshairs and must learn how to auto reflect the 

telescope from the faces of the prism. The students first measure the apex angle of the prism 

using the divided stage and autoreflection. Argon and mercury discharge sources are used 

to provide various spectral lines, spanning 405-696 nm. After using the computer program 

that illustrates minimum angle of deviation, the students must put the concept into practice 

by adjust the prism and spectrometer for this condition. The minimum angle of deviation is 

found and measured for each of the spectral lines, and the refractive indices are then 

calculated and plotted vs. wavelength. A dispersion formula is used to calculate the expected 

value of index at the same wavelengths, and the results are plotted with the other data. 

Deviation 

This part of the lab requires more observation than experimentation. A right angle 
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prism, porro prism combination, Amici prism, penta prism, dove prism, and comer cube are 

provided. The students are asked to learn how each prism functions optically, by studying 

object/image relationships and any changes in parity. The computer program 3DV is used 

simultaneously as each prism is studied to verify their observations. 

Teaching Notes 

Lecture material to introduce this lab should consist of a review of the concepts of 

index of refraction and Snell's Law. The principle of minimum angle of deviation should be 

taught, with the deviation angle clearly described as measured from the input ray. Mention 

should be made of the symmetry of the beam with respect to the prism at this condition. A 

detailed tutorial on how the spectrometer works must be included. It is important to point 

out which knobs control which movements, and that the focus of the collimator and telescope 

must not be changed if the spectrometer is to remain in alignment. The action of the 

collimator to produce parallel rays should be reviewed, as this is a new concept. Experience 

has shown that this is a difficult idea to understand, particularly because of the height of the 

slit. It must be explained that the beam is only collimated in the horizontal plane, and the 

effect of slit width on collimation must be discussed. The function of the Gaussian eyepiece 

with its illuminated crosshairs must be covered, as well as the concept of autoreflection from 

the faces ofthe prism. Proper reading of the angular vernier scale on the prism table must be 

taught. For the second part of the lab, the concept ofimage parity is discussed. The use of 

the two computer programs is demonstrated as well. To minimize confusion, each program 
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is run on the computer by the instructor. 

The spectrometer needs to be aligned by the instructor prior to the lab. This involves 

properly focusing the collimator and telescope, as well as aligning the rotation axis of the 

prism table to be normal to the optical axis of the instrument. Make sure the students 

understand the potential dangers of using a mercury source, and have them use black cloth 

to cover it when in use. Much confusion arises as to how to properly read the angular vernier 

scale on the prism table. This is made easier by providing penlights and small magnifiers to 

better see the finely-marked divisions. 

For the second part of the lab, the prisms should be provided on heavy felt pads, to 

prevent chipping in handling. The students should be reminded to handle the prisms only by 

their edges. Any fingerprints put on the prisms should be cleaned by the students, as this is 

an excellent follow-up to the first lab. The same cleaning supplies should still be in the 

laboratory. 

LAB 4: IDEAL IMAGING 

Lab Objectives 

The objectives for this lab are simple in theory, extremely important to the 

understanding of geometrical optics, yet somewhat difficult for the beginning optics student 

to understand. Together, the experiments in this lab provide the foundation for understanding 

geometrical optics and ideal imaging. The lab covers the concepts of a diffuse source, the 

spatial transfer of rays to a nearby surface with nothing in-between, the same transfer of rays 



40 

using a pinhole to form an image, the same transfer of rays using a lens to form an image, 

image orientation, the lens maker's formula, transverse magnification, image quality, F

number, and depth of focus. 

The order of the experiments in this lab corresponds directly with the order of thinking 

needed to understand imaging. A diffuse source is described as a collection of point 

scatterers. The source may first be thought of as a diffusely reflecting surface (with 

connections made to the Pfund experiment in the previous lab), and then as a diffusely 

transmitting surface (which is what is actually used in the lab). The transfer of rays to another 

surface is then considered, first without and then with a pinhole. The experiment on pinhole 

imaging is used to teach image formation, transverse magnification, and the effect of pinhole 

size on image quality. Imaging with a thin lens is then studied, repeating the measurements 

of transverse magnification. In addition, the idea oflocating an image (finding focus) and the 

lens maker's formula are introduced. A short experiment on image quality is done by 

randomly obscuring portions of a lens and describing both image quality and brightness. The 

concept ofF-number is then studied by using a lens to create and measure the F-number of 

various beams. Finally, a short experiment is done to measure depth offocus as the F-number 

of a beam is varied. 

A secondary but important objective of this lab is to teach proper use of the lab's 

optical hardware. Optical rails, lens holders, and carriers are used in each of the following 

experiments. Knowledge gained about their proper use gives the student his or her first 

degree of confidence in being able to function as an optical engineer. 



41 

Pinhole Imaging 

This experiment begins by placing a screen adjacent to an iHuminated object (an open 

hole), and observing the screen as it is moved away from the source. Next, a diffuser is 

placed over the hole and the observations repeated. Then, a pinhole is introduced between 

the diffuse source and screen, and the experiment is repeated, this time measuring the image 

height as a function of various object and image distances. It is important to note these 

distances are not specified, giving the student the freedom to experiment. The transverse 

magnification is calculated both as the ratio of image height to object height, and image 

distance to object distance, and comparisons made. The experiment is repeated, keeping the 

object distance fixed, measuring image distance and transverse magnification. A graph of 

image distance vs. magnification is made yielding a straight line, the slope being the object 

distance. 

Lens Imaging 

The pinhole is replaced with a thin positive biconvex lens. To begin, the student must 

discover where the image is formed, and what is meant by focus (concepts which are often 

confusing to students, until they actually IIsee
ll a projected image come into focus for the first 

time). Depth offocus is observed qualitatively at this point. In effect, the same experiments 

are repeated as were done using a pinhole. Transverse magnification is measured for various 

combinations of object and image distances. As before, these distances are not specified to 

allow for experimentation. From the lens maker's formula, the data are graphed as inverse 
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object distance vs. inverse image distance, yielding a straight line with a y-intercept as the 

inverse of the focal length. The intercept is found, and the focal length calculated and 

compared to the known value. 

Image Quality 

A cheap, large diameter lens is used for this experiment. The lens is used to form an 

image of the same diffuse object used previously. Then, small pieces of black tape are placed 

at random spots on the surface of the lens. Any changes in image sharpness, brightness, and 

size are noted. 

F-Number 

For this experiment, a 100 mm focal length lens is used, along with a diffuse small hole 

source. At a specified object distance, the image beam F-number is measured and compared 

to the calculated value. The image brightness is noted. The lens is moved until a specified 

image beam F-number is created. Again, the image beam F-number is measured, and changes 

in image brightness are noted. 

Depth of Focus 

A large diameter, high-quality copy lens is used for this experiment. The object is the 

diffuse source used earlier. The lens is used at its designed conjugate ratio of nominally 1: 1 

to form a high-quality image. The depth of focus is qualitatively measured as various sized 



43 

apertures are used to stop down the diameter of the lens, increasing the image beam F-

number. 

Teaching Notes 

Lecture material introducing this lab should begin with a review of the concept of 

diffuse scattering, introduced in Lab 2. The extension to an illuminated diffusely transmitting 

surface can then be made. However, this should not be assumed to be obvious to students 

at this level. Next, consider the spatial transfer of rays from this diffuse source object to an 

adjacent surface. Point out that rays from one object point reach many points on the adjacent 

surface, and conversely, that rays falling on anyone point on the adjacent surface come from 

many points on the object surface. In other words, there is no unique relationship connecting 

rays between points on the object and adjacent surface, and no image is formed. 

It is at this point that the concept of image formation should be introduced as some 

process that transfers light rays from anyone object point to only a unique, corresponding 

point on another surface. Because an object can be considered to be a collection of an infinite 

number of point scatterers, an infinite number of rays get transferred between an infinite 

number of corresponding points on the object and adjacent surfaces. In other words, because 

light rays from each point on the object get transferred to separate, unique points on the 

adjacent surface, the spatial pattern of bright and dark areas on the object is preserved. If this 

is the case, the pattern on the adjacent surface will look just like the object, but may be larger 

or smaller. This similar pattern is said to be an image of the object. The location of this 
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image is in a plane in space known as the image plane. 

This lab is especially important in that it is the student's introduction to image 

formation. Conveying the fundamental concepts of how an image is formed should be the 

most important teaching goal for this lab. Concepts such as magnification and F-number will 

mean little to the student if his or her understanding of image formation is in question. It is 

also important not to let the mathematics and graphical application of the imaging equation 

shadow the student's qualitative understanding of transverse magnification and object/image 

relationships. 

LAB 5: THIN LENSES 

Lab Objectives 

In a sense, the objectives of this lab are a continuation of those from the previous lab. 

A common theme for this lab is learning how to measure the focal length of thin lenses. In 

studying six different methods, the student has extensive opportunities to review and 

assimilate information learned in Lab 4. All but one of the experiments involves image 

formation and locating the image plane by various methods, thereby re-enforcing concepts 

previously learned. 

The focal lengths of various thin lenses are measured in a series of six experiments. 

Practical, useful optical skills are learned as a result. In the first two experiments, students 

visually locate the image of an extended object, learning even more about depth of focus in 

the process. The third experiment teaches the use of a spherometer and skills of handling a 
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precision instrument. The final three experiments use point sources and introduce techniques 

to aid in the visual location of the image plane. The Double Pinhole Method is especially 

useful in understanding how a lens works. Two small ray bundles are physically isolated, 

passed through the lens at different points, yet come together at the same point in the image 

plane. The increased sensitivity in locating the image plane is quickly appreciated by the 

students. The same is true for the Foucault Knife Edge Method. In this method, 

understanding the shadow patterns (for the edge grossly in front of or behind focus) definitely 

re-enforces the concepts of rays and how they are directed by the lens to form an image. 

Finally, the method of autocolIimation is the student's first hands-on experience with 

collimated rays of light. Understanding that the mirror's position along the optical axis doesn't 

affect image size or location is a challenge for many students. 

Object-Image Relationships 

This experiment is a repeat of the Lens Imaging experiment done in Lab 4. The skills 

and concepts behind this experiment are so fundamental that the experiment deserves a 

second look. As before, image distances are measured for 5 different object distances. In this 

lab, more attention is given to calculating the error in focal length, in two ways. The first 

approach is to simply take the average and standard deviation for the 5 values of focal length. 

The second approach is to estimate the slope errors (and therefore intercept errors) on a 

graph ofinverse object distance vs. inverse image distance. In this case, the student is asked 

to perform an error analysis using differentials. 
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Method of Conjugates 

This experiment is a variation of the previous one. The same lens and source are used 

to form a real image on a screen. Without changing the overall object-image distance, the 

lens is moved to the position at which the other image forms. (This will work as long as the 

overall object-image distance is greater than four times the focal length of the lens.) An 

equation containing the object-image distance and the distance the lens was moved is used 

to calculate focal length. This equation is derived from the imaging equation, but is perhaps 

not as intuitive. The most important result of this experiment is for the student to realize that 

for a fixed object-image distance, there are two locations of the lens for which a real image 

forms. 

The Spherometer 

In this experiment, the student is asked to use a small ring spherometer to measure the 

sag of the surfaces of a positive and negative lens. Knowing the sag for each surface and 

refractive index of the lenses, the focal lengths may be calculated. Comparison is made to the 

known values. 

The Double Pinhole 

This experiment is similar to the one on object-image relationships. A lens is used to 

form an image of a diffuse small-hole source. An aperture containing two small holes is 

placed adjacent to the lens. (This is, in effect, a two-hole Hartman screen, terminology which 



47 

need not be introduced at this level. However, it would be useful to note that this screen 

isolates two marginal rays through the lens.) The image plane is found to be the location 

where the two pinhole images overlap. By locating the aperture holes at opposite ends of a 

diameter of the lens, maximum sensitivity is achieved in locating the image plane. 

Autocollimation 

This experiment is at once simple, elegant, and easy to use. A diffuse small-hole 

source is placed near the front focal point of a positive lens. A plane mirror is then placed 

close to, but at an arbitrary point behind the lens. The mirror is adjusted until the return beam 

is seen and located next to the source aperture. The lens is then adjusted until the source is 

located at its front focal point. At this location the return image will be sharpest, and its size 

will match the size of the source aperture. The focal length is the distance measured between 

the source and lens. 

The Foucault Knife Edge Test 

This technique is usually used as a geometrical test for aberrations. In this experiment, 

the technique will be introduced as a means oflocating focus. A positive lens is used to form 

an image of a diffuse small-hole source. The knife edge is cut into the beam in the region of 

focus. If the knife edge is inside of focus, the shadow pattern moves opposite to the motion 

of the blade. If the knife edge is outside of focus, the shadow pattern moves in the same 
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direction as the blade. Right at focus, the pattern goes dark uniformly. The focal length is 

calculated by measuring object and image distances as in the first experiment. 

Teaching Notes 

The lecture material to introduce this lab should begin with a review of the imaging 

equation. It can be pointed out that for a thin lens, object and image distances are measured 

from the center of the lens. For purposes of this lab, this will coincide with the marker at the 

center of the carrier containing the lens holder. The location of the image plane is found in 

the same manner, as the image is formed on a white card held at the center of a similar carrier. 

The source is somewhat more difficult to locate, as it is located some arbitrary distance in 

front of the carrier center. The students can measure this distance by locating the source 

plane relative to the scale along the optical rail. One elegant approach is to use a machinist's 

square. The simple approach is to use a plastic square or ruler stood on end. This distance 

can also be measured by the instructor before the lab, and the number given to the students. 

Each of the methods of measuring focal length should be discussed and the 

appropriate experimental techniques reviewed. It is recommended that as a take-home 

exercise, the students derive the equation for the Method of Conjugates experiment. Another 

approach is to show the derivation in lab, but this takes away from the hands-on nature of the 

time spent in lab. In either case, the connection between the imaging equation and this 

equation should be made. Most importantly, however, is that the students qualitatively 

understand the relationship between the overall object-image distance and the magnification 
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of the two images, and the fact that two images can be formed. 

The autocollimation method should be given attention, as this is the first time the 

students will work with collimated light. A good indication of a student's understanding of 

the concepts involved is if he or she can explain why the mirror may be located arbitrarily 

behind the lens. The most difficult part of this experiment is to initially locate the lens and 

adjust the mirror so that a return beam is seen adjacent to the source aperture. At this point, 

the beam will be out offocus, much larger than the source size, and therefore difficult to see. 

However, this is very much part of the learning curve for doing experimental optics, and as 

such should be left to the students to master. 

In using the Foucault knife edge, students are required to think about the rays passing 

through focus. The purpose is to introduce the student to the knife edge and shadow pattern 

as a means of locating the image point, and not as a method of geometrical testing. However, 

even a small thin lens will have some aberration, as evidenced by a more complex pattern at 

focus than is simply described for purposes of this lab. This reasons for this should be 

mentioned to the students, and that interpreting such patterns will be left for an advanced lab 

course. 

LAB 6: THICK LENSES 

Lab Objectives 

The main objective of this lab is to provide the student with a thorough understanding 

of the cardinal points of a lens. In doing so, the concepts of thick and thin lenses should 



50 

become clear. 

The approach to this consists of three experiments: measuring the focal length of a 

lens using the Newtonian Distance method, measuring the cardinal points of a lens with a 

Nodal Slide, and measuring the focal length ofa lens using a Focometer. In the Newtonian 

Distance method, the autocollimation technique from the previous lab is used to locate the 

front and back focal points ofa thick lens. The Newtonian form of the imaging equation is 

used to calculate focal length. The nodal slide is used to locate the cardinal points of a plano

convex and bi-convex lens. The results are compared with the manufacturer's specifications. 

Finally, a focometer is constructed and used to measure the focal length of a thin lens. A 

complete understanding of the principal planes for a two-lens system is learned from this 

experiment. 

Traditionally, students study the properties of a thick lens by learning how to use a 

nodal slide. This approach has all the necessary elements-the cardinal points are located with 

respect to the surface vertices, and the front and back focal lengths and focal distances can 

be calculated. The technique, once learned, is a powerful one providing all the information 

about a thick lens. 

However, experience has shown that the learning curve for using the nodal slide can 

be quite steep for many students. It is easy to lose track of the reference axis when translating 

and rotating a lens in free space. In addition, sliding a microscope along the optical rail as an 

"optical ruler" has been found to puzzle many students (the notion that the object plane of the 

microscope moves with the mechanical body seems to be the problem). Finally, the 
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conversion of micrometer readings to location of cardinal points can be tedious and 

confusing. As a result, this lab was designed to contain three experiments, each one designed 

to complement the other. In this way, some misunderstanding about the nodal slide may be 

picked up and corrected by one of the other experiments, or vice versa. 

Focal Length by Newtonian Distance 

This experiment uses the technique of autocollimation to first place the front principal 

plane of a thick lens a focal length away from a pinhole source. (This produces a collimated 

beam of light, although that is not the point of this step.) A microscope is used as an "optical 

ruler" to measure the distance between the source and front vertex of the lens. This is the 

front focal distance. The lens is then moved an arbitrary distance x until an image is formed 

on a card at the opposite end of the rail. Next, the card is replaced with the pinhole source 

and again auto collimation is used to position the lens so that its back focal point is coincident 

with this source. The distance the lens was moved is measured as x'. The microscope is used 

again to measure the distance between the source and rear vertex of the lens. This is the back 

focal distance. At this point, the experimental procedure is complete. The focal length is 

calculated from Newton's form of the imaging equation, using x and x'. Then, the location 

of the principal points (and coincident nodal points) can be calculated from the focal length 

and front and back focal distances. The cardinal points are then known. 
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Nodal Slide 

The experiment using the nodal slide requires that the student locate and measure the 

cardinal points for a plano-convex and bi-convex lens. Upon completion, the measurements 

are checked against the manufacturer's specifications. This gives the student a feeling that he 

or she has used a "real-world" optical technique to measure actual specifications for a thick 

lens. 

The details of using a nodal slide can be somewhat tedious in practice, but may be 

summarized as follows. A collimated pinhole source is used as the light source for all of the 

following measurements. The lens under test is mounted in the nodal slide, and the 

microscope placed at the end of the optical rail opposite the source. The entire nodal slide 

is moved along the optical axis until an image of the source is seen looking through the 

microscope. The slide portion of the nodal slide is then rotated and translated until the image 

appears stationary looking through the microscope. (The microscope will have to be moved 

to maintain image focus while the nodal slide is adjusted.) At this point, the back principal 

point and back nodal point are coincidentally located directly over the axis of rotation of the 

nodal slide assembly. The position of the nodal slide is noted. Next, the microscope is moved 

until it focuses on the rear vertex of the lens. The distance the microscope is moved is the 

back focal distance. Finally, the nodal slide is rotated and translated until the image of the 

rear vertex appears stationary looking through the microscope. (Again, the microscope will 

have to be moved to maintain focus on the rear vertex.) The distance the nodal slide was 

moved is the distance of the back principal and nodal points from the rear vertex. The focal 
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length is then calculated as the algebraic sum of the principal point/vertex separation and the 

back focal distance. The nodal slide is then rotated 1800 and the other side of the lens is 

measured in a similar fashion. 

The Focometer 

In this experiment, the student constructs a focometer using thin lenses to measure the 

focal length of a test lens. Even though thin lenses are used, the student is forced to 

understand the location of the principal planes for a two-lens system. 

Autocollimation is used to place a pinhole source at the front focal point of a thin lens. 

The focal length of this lens is known and used as a convenient starting point. This first step 

is identical to the first step in the Newtonian Distance method. Next, another lens is used 

farther down the optical rail to bring the collimated beam to focus. The focal length of this 

lens is not important to the experiment, although its position and that of the card in the image 

plane must not be changed. Now, the lens under test is placed at the back focal point of the 

first lens. This may be done using autocollimation, or for thin lenses, the scale along the rail 

may simply be used to place this lens a focal length away. At this point, the separation of the 

first lens and the lens under test is equal to the known focal length of the first lens. It should 

be shown by the student that the combined power of this two-lens system has not changed. 

However, the front principal plane of the two-lens system no longer coincides with the first 

lens, and therefore the source is no longer imaged on the screen. By moving the source a 

distance equal to the separation of the system first principal plane and the first lens, the image 
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will once again be in focus. (At this point, the distance of the source from the first principal 

plane of the two-lens system is again equal to the focal length of the first lens.) The focal 

length of the second lens (the lens under test) may be calculated by measuring the distance 

the source was moved, and knowing the focal length of the first lens. 

Teaching Notes 

This lab is one of the more demanding of this course. It requires an understanding of 

difficult concepts and an aptitude for precision measurement skills. The data reduction can 

become tedious to impossible if the student's notebook keeping skills are not good. 

Nevertheless, it is a lab which culminates in a set of "real-world" measurements for thick 

lenses. 

The lab should begin with a quick review of the cardinal points ~f a thick lens. This 

must be done quickly, though, as the lab itself takes every bit of available time. A quick 

introduction to the hardware used in each experiment is recommended, especially the nodal 

slide. The construction, operation, and reading of the nodal slide should be reviewed. In 

addition, the use of the microscope as an "optical ruler" should be explained and 

demonstrated. 

LAB 7: THE EYE 

Lab Objectives 

The main objective of this lab is to provide students with a better appreciation for how 
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the human eye functions as an optical device. It is meant to instill in the students a sense of 

respect for what is a very complex and elegant optical system. This is accomplished by 

lecturing on the anatomy, physiology, and optical properties of the human eye. In addition, 

several psycho-physiological properties of the eye/brajo system are discussed. Experience has 

shown that this is one of the more interesting labs of the entire semester. 

Anatomy 

This section is comprised of a lecture covering the anatomy, physiology, and optical 

properties of the human eye. Upon completion, students have a much more in-depth 

understanding of how the eye functions as an imaging system. In addition, this section 

includes an exercise in the dissection of a cow's eye. The eyes are obtained from the 

University of Arizona's Meat Laboratory in the Department of Animal Sciences. Depending 

on how many animals have been processed, we usually have enough eyes for students 

working in groups of three to dissect. The dissection is done using scissors and scalpels, 

following the outline in a standard medical lab notebook [Sauerland, 1994]. Students should 

be able to find the major parts of the eye, including the optic nerve and retina. With some 

care, the lens can be dissected out and used to form a crude image. The image quality 

depends on how fresh the eye is. The lens itself can be dissected to show the various "onion

skin" layers that make up its structure. 
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Light Response 

This is a quick experiment done in groups of two to demonstrate the human eye's 

ability to adapt to changing light conditions. Penlights are used to shine varying amounts of 

light into a subject's eyes, and changes in their pupil diameter are noted. 

Accommodation 

The eye's ability to change its power is called accommodation. This is a quick 

demonstration that allows the students to locate their own near point. An object is brought 

towards one's eye until it can no longer be focused. The distance from the eye to this near 

point is measured. 

The Blind Spot 

This simple exercise to find one's blind spot is useful to demonstrate that there are no 

photoreceptors located where the optic nerve enters the eye. Students locate the blind spot 

with respect to the optical axis in each eye, using a simple target. By considering the 

geometry involved in imaging, it is proven that the optic nerves both enter the eye medially 

to the optical axis. 

Fusion 

A thin-wedged prism is used to demonstrate the fact that although we have two eyes, 

we see single images because of fusion. This is easily demonstrated using the prism to deviate 
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an image horizontally. The eye looking through the prism will rotate to form a single, fused 

image. The prism is removed and again this eye rotates to fuse both images into one. 

Stereopsis 

This is a simple demonstration of binocular depth perception. A student looks at two 

images on a flat piece of paper. By relaxing the eyes to allow the images to overlap (fuse), 

the effect is to see the single image in "3-D." 

Blue Field Entoptic Phenomenon 

In this demonstration, one is able to see white blood cells traverse the capillaries in 

their retina. By looking at a blue background (the sky, for example), small black circles 

appear to move in a random manner everywhere except in the center of your field of view. 

These are actually shadows of the capillaries cast upon the retinal photo receptors. With some 

care, the dots may be seen to pulse in step with your own heart rate. 

Physiological Zoom and the Moon lliusion 

This is a demonstration of the classic moon illusion, the apparent change in size of the 

moon as it rises and then moves clear of the horizon. The actual size of the moon's image on 

the retina is known to be constant, yet the moon appears much larger when close to the 

horizon. The explanation is that our eyelbrain system scales the apparent size of the moon 
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to make it look "correct," which causes it to appear larger when it is close to objects on the 

horizon. 

The demonstration consists of placing a transparency of some scene at the rear focal 

point ofa positive lens. The image of the scene is thus formed at infinity. The observer then 

looks at the scene through the lens, first up close, then farther away. Even though the image 

size remains constant on the retina, the apparent size of the scene changes dramatically, 

decreasing as the observer moves away from the lens. 

Image Stabilization 

This is a demonstration of how image doubling may be used to make measurements 

on a moving object. It is relevant in this lab because of a problem that is encountered in 

trying to make measurements on the eye. The eye is constantly moving, even while fixating 

an object "perfectly" (Le.--staring at an object fixed in space). If the eye is being examined 

through an optical imaging system, the image of the eye is also moving and hard to measure 

directly. By creating two images (image doubling) and using an adjustable biprism, the two 

images may be made tangent to each other with relative ease. This is so because the distance 

between the two images is constant, regardless of their overall motion. Movement of the 

biprism may be calibrated in terms of image size. This technique is useful any time 

measurements need to be made on a moving object. A simple demonstration is set up to 

show how this technique works. 
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Teaching Notes 

The nature of this lab is quite different from the other labs of this semester. The 

majority of time is spent on the first section, learning about the anatomy, physiology, and 

optical properties of the eye. Lecture material is covered first, to give students a better idea 

of what they will see and uncover during the dissection. The dissection of the cows eyes 

follows a general outline, yet at the same time is somewhat free-form in nature. This allows 

the students to investigate and explore on their own, while ensuring they will learn the basic 

anatomy. 

Ideally, each student would have an eye to dissect. In practice, we have only enough 

eyes for students to work in groups of three. They are provided with gloves, scalpels, 

scissors, and a tray to work in. It has been found that scissors work better than the scalpels 

to initially remov~ the fatty tissue and muscles that usually surround the eyes. The procedure 

generally follows that outlined in the medical lab notebook cited earlier, and takes about an 

hour or so. It works best if the instructor leads the students through the dissection at a more 

or less constant pace, demonstrating a few simple techniques of how to best use the scalpel 

in the process. Upon completion, the groups should have been able to dissect out the cornea, 

lens, retina, and optic nerve. 

It is useful to keep in mind that the main goal for this lab is to give the students an 

appreciation for how complex and delicate the eye is as an optical system. Learning about 

the optical properties forms a basis for understanding and comparing optical systems they will 

study later on in their careers. 
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This is the first of two labs on aberrations. The five monochromatic third-order Seidel 

aberrations plus chromatic aberration are treated qualitatively. Upon completion of these 

exercises, the student should have a working understanding of what the aberrations look like, 

at least in their extreme form. The subtleties of how small aberrations affect and alter an 

image, and the origin of these aberrations are left for more advanced study. Nonetheless, the 

ability to recognize and understand the differences between these aberrations is extremely 

important to an introductory class on geometrical optics. 

In this lab, spherical aberration and chromatic aberration are studied qualitatively. The 

section on chromatic aberration provides a simple yet colorful look at both the lateral and 

longitudinal components. Visual study of through-focus patterns shows the order of colors 

for a simple positive lens. The student is then asked to explain the reason for the order of the 

colors, using information on refractive index learned in Lab 2. This provides an excellent 

connection with material from the first part of the course. 

The major portion of this lab deals with spherical aberration. Upon completion, the 

student should be able to explain the various aspects of a caustic and why it forms, how shape 

factor affects this aberration, the shape factor for minimum spherical at infinite conjugate and 

2f-2f conjugate imaging, and the proper way to use a plano-convex lens to focus or collimate 

a beam. 

To aid in understanding spherical aberration, the lens design program ZEMAX is 
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used. The computer exercise on shape factor asks the student to sequentially import two 

existing sets of lens files. The first set contains positive lenses made ofBK-7 having different 

shape factors. The second set contains positive lenses made of Ge having different shape 

factors. Using ZEMAX as an analysis tool, the student finds the geometrical spot size at 

paraxial focus for each lens, and then plots spot size vs. shape factor. The minimum of each 

curve is compared to the theoretical prediction. Although ZEMAX is a sophisticated lens 

design package, its spreadsheet format, fast graphics for layout and spot sizes, and simple 

keystroke commands are ideally suited for this study. This exercise provides students even 

at this beginning level with a feeling of being able to use a "real-world" optical analysis tool. 

The Caustic: Graphical Exercise 

The student is provided with a picture of real rays traced through a meridional plane 

for a plano-convex lens (shape factor of -1). The student is then asked to locate the paraxial 

and marginal foci, the circle of least confusion, and to trace the outline of the caustic. Using 

a simple ruler, measurements are taken to calculate the ratios of beam diameters at the circle 

of least confusion to paraxial focus. The answer is compared to the theoretical prediction. 

Also, the distances from marginal focus to the circle of least confusion and to paraxial focus 

are measured. Their ratio is also calculated and compared to theory. 

As an aid in visualizing the caustic, the computer program 3DV is used. The same 

lens and ray set used for the paper study have been entered into 3DV. The result is a 3-

dimensional wire frame model showing rays in various zones in different colors. A student 
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can then rotate the entire model in three dimensions using the mouse. In this manner, the 

caustic may be viewed at any angle, from orthogonal to or directly along the optical axis, in 

a full 3-dimensional sense. The circle of least confusion now looks like a circle, instead of a 

line in the 2-dimensional drawing. 

Shape Factor: Computer Exercise 

In this exercise, the lens design program ZEMAX is used as an analysis tool to study 

the effect shape factor has on spherical aberration. Two sets oflens files have been previously 

created, each containing a positive lens of differing shape factors. One set contains a lens 

made ofBK-7 glass, the other made ofGe. Using ZEMAX, the shape of each lens is first 

looked at, then the geometrical spot size is calculated and a spot diagram drawn. After 

analysis of both sets of files, the spot size vs. shape factor is plotted for each lens. The 

minimum in each curve is found and compared to what is calculated theoretically. 

Shape Factor: Experiment 

In the first part of this exercise, a large positive lens (nearly plano-convex) is used to 

focus a collimated beam. A simple zone plate is used to isolate the paraxial and marginal foci. 

Observations are made of the nature of the caustic, using the lens in both orientations. 

In the second part of this exercise, a simple knife edge test is used to measure the 

longitudinal spherical aberration for a spherical mirror and a parabola. Both mirrors are 

tested on-axis using a beamsplitter. Importance is placed more on understanding this exercise 
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as one to investigate spherical aberration, and not so much as an exercise in geometrical 

testing. 

Chromatic Aberration 

This is a qualitative experiment to observe chromatic aberration for a positive lens. 

A white-light pinhole source is focused with the lens. A microscope and ground glass screen 

are used to view the patterns through focus. The arrangement is set up so the microscope and 

ground glass screen move together along the rail, while the microscope maintains focus on 

the screen. 

Teaching Notes 

The emphasis for this lab is on spherical and chromatic aberration, saving the other 

Seidel aberrations for the next lab. This was done in part because it was felt that these two 

aberrations are fundamentally more important than the other ones, in part because their 

origins and hence their behaviors are more easily understood, in part because they can be 

readily isolated from the other aberrations, and also because the topic of aberrations deserves 

a two-week study. Of these two weeks of labs, this one is probably more intuitive to students 

at this level. 

The sections on spherical aberration should be supplemented with a review of how 

and why the aberration arises. It is important to point out that this aberration exists 

regardless of how well a particular lens or mirror is made, or how well they can be aligned. 
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In other words, make a point to note the differences between manufacturing errors and the 

origins of optical aberrations. Included in this part should be a review of how to use the 

programs ZEMAX and 3DV. 

For the section on chromatic aberration, it is useful to point out how the apparatus 

is set up and how it is to be used. Stress the importance of making careful drawings of what 

is observed, as this is becoming something of a lost art. A review of refractive index and 

dispersion CUIVes may be given, although it is probably better for the student to be forced to 

remember this information when explaining the observed patterns. 

LAB 9: ABERRATIONS n 

Lab Objectives 

This is the second of two labs on aberrations. In this lab, the remaining third-order 

monochromatic Seidel aberrations are treated qualitatively; namely, coma, astigmatism, field 

curvature, and distortion. As in Lab 10, upon completion the student will have a working 

understanding of what the aberrations look like, at least in their extreme form. 

In demonstrating spherical aberration, it was easy to isolate it from the other Seidel 

aberrations for a single element (aside from the presence of chromatic aberration). However, 

for a single element, these remaining aberrations inherently occur in various combinations. 

It is more difficult, although not impossible, to isolate the various Seidel aberrations in their 

pure forms. To do so requires an optical system of more than one element [Shack, 1994]. 

For purposes of this lab, it has been sufficient to show these remaining Seidel aberrations in 
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combination with each other, including spherical aberration. A large lens used off-axis, for 

example, produces a pattern that looks predominately like coma. A spherical mirror used off

axis, for example, produces a pattern that looks predominately like astigmatism. 

When this lab is completed, the student will have observed coma as a function of field 

angle and through-focus positions, will have observed astigmatism and with the aid of a 

Hartman screen be able to define and explain the tangential and sagittal planes and images, 

and will have observed and be able to explain both barrel and pincushion distortion. (The 

difficulty in readily demonstrating field curvature has, to date, precluded observing this 

aberration. ) 

Coma 

A large positive lens is used to form an image of a white light point source. Students 

are asked to make drawings of the observed beam shape seen at various positions located 

through focus, for off-axis angles of 00
, ± 100

, and ±20 o. The off-axis angles are obtained 

by simply rotating the lens holder. By including the 00 position (also for various through

focus locations), spherical aberration is reviewed automatically. 

Astigmatism 

For this exercise, a spherical mirror is illuminated off-axis with a focused laser beam 

acting as a point source. The off-axis angle is grossly exaggerated to show predominately 

astigmatism. The laser and mirror are held on an elevated optical rail, and the observation 
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screen is held on another rail that pivots underneath the surface of the mirror. In this manner, 

the off-axis angle may be varied smoothly and continuously (although the mirror must be 

readjusted every time the screen angle is changed). Students are asked to measure the 

separation of the line foci as a function offield angle. In addition, they use a simple four-hole 

Hartman screen to identify which meridional plane produces which line focus. 

Distortion 

In this experiment, a well-corrected copy lens is used to form an image of a 

rectangular grid pattern. The pattern is drawn on a clear sheet of plastic which is then backed 

by a sheet of drafting vellum, to act as a diffuser. The combination is illuminated from the 

rear with a white light source. An aperture stop is then placed between this object and the 

lens, producing barrel distortion. Moving the stop between the lens and image produces 

pincushion distortion. 

Teaching Notes 

Unlike the previous lab on spherical aberration, a discussion of how and why these 

remaining aberrations occur may be too advanced for students at this level. It is more 

important that they develop a qualitative understanding of what these aberrations look like 

visually. 

In the section on astigmatism, the lab notebook contains a drawing of the tangential 

and sagittal planes for a positive lens used off-axis. This is somewhat different from the 
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mirror setup used in lab, with the plane of incidence horizontal to the optical table. Rather 

than provide a drawing to correspond to the mirror setup, it is left as an exercise to 

understand the lens drawing and then relate it to the mirror arrangement. Experience has 

shown that once the lens drawing is fully understood, the mirror arrangement is also. 

LAB 10: REFRACTING TELESCOPES 

Lab Objectives 

This lab covers the optical layout and optical properties of Keplerian and Galilean 

afocal refracting telescopes. Upon completion of the experiments, the students should 

understand the concepts of marginal and chief rays, angular magnification, entrance and exit 

pupils, aperture stop, eye relief, chromatic aberration, field of view, vignetting, and the use 

of field and relay lenses. 

The majority of the lab is spent on the Keplerian telescope. Using a series of drawings 

showing lenses and marginal rays, the student constructs eight different Keplerian telescopes. 

A similar drawing is used to construct two different Galilean telescopes. The drawings are 

to scale, but the lens separations are not shown. Although not difficult, that is left for the 

student to work out. 

An innovation for this lab is the use of commercially available software called 

ZEMAX [Moore, 1990]. ZEMAX is a complete lens design optimization program that uses 

a simple spreadsheet entry format. While the design portion of the program is too advanced 

for students at this level, the graphics optical layout and ray tracing capabilities of this 
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software are used as very effective teaching tools. Each of the telescopes that the student 

constructs has previously been saved as an input file to ZEMAX. After the student has made 

measurements on a particular telescope, the corresponding file is loaded into ZEMAX. 

Within seconds, the student is able to compare his or her measured data with predicted 

performance based on the tracing of real rays. Paraxial data showing magnification, sizes of 

the entrance and exit pupils, and location of the exit pupil (eye relief) are read directly from 

the output screen. The graphical layout showing the marginal and chief rays for off-axis ray 

bundles has proven especially useful in teaching the concept of vignetting. A real ray trace 

(done with a couple of keystrokes) quickly verifies the student's field of view measurements 

at, say, the 50% vignetting point. 

Keplerian Telescope 

Magnification 

Three Keplerian telescopes are constructed for this part of the lab. The same 

objective lens is used, but the focal length of the eye lens is different in each case. The goal 

is to study how the magnification varies with the ratio of focal lengths and correspondingly 

with the ratio of pupil diameters. Knowing the diameter of the entrance pupil (the diameter 

ofthe objective lens), the student is asked to measure the size of the exit pupil. This is done 

quite directly by illuminating the edge of the objective lens (the entrance pupil), and measuring 

the size of its image (the exit pupil). This image is real and can be clearly projected on a card 

located in the image space of the telescope. The distance of the exit pupil from the eye lens 
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is also measured as the eye relief. It is extremely effective for students to be able to physically 

see and measure each of the pupils. This immediately relates the somewhat intangible concept 

of pupils to a very real and physical observation. 

Chromatic Aberration 

Two Keplerian telescopes are constructed to study chromatic aberration. The first 

uses a single thin lens as the objective, and exhibits a fair amount of lateral chromatic 

aberration. The second uses a cemented achromat in place of the first objective. The overall 

magnification is the same, as the two objectives have the same effective focal length. The 

reduction in chromatic aberration using the achromat is quite dramatic and readily observed. 

Vignetting 

The goal of this experiment is to measure the field of view of a simple Keplerian 

telescope, with and without the use of a field lens. The first telescope used in the 

magnification section is again constructed as an easy starting point. As with all the other 

telescopes, the lenses are held in carriers positioned along an optical rail. For this experiment, 

the entire optical rail is picked up and carried to a location where an object may be viewed 

over a distance of at least one hundred feet or so. The experiment is made most convenient 

if the object is a meter stick. The field of view is then simply measured as the difference 

between two readings on the meter stick, seen looking through the telescope. A field lens is 

inserted and the readings noted a second time. The field of view is calculated in each case, 
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and then compared to the results using ZEMAX. It is a simple matter in ZEMAX to change 

the field angle until the chief ray just intercepts the edge of the eye lens. 

Inverted Image 

For terrestrial use, an upright image is highly desirable. In this experiment, a simple 

Keplerian telescope is constructed having a relay lens, producing a final image that is upright. 

A field lens is then inserted and its effect on field of view is noted. 

Galilean Telescope 

Two Galilean telescopes are constructed, each having the same eye lens but different 

objective lenses. The differences in magnifYing power, field of view, and eye relief are noted. 

The two telescopes are also analyzed using ZEMAX. 

Teaching Notes 

This lab is one of the more fundamental ones in that it introduces the student to the 

concepts of magnifying power, stops, pupils, field of view, vignetting, and field and relay 

lenses. It is also the first lab which makes direct use of marginal and chief rays. The lab 

should begin with a review of these concepts. In addition, the use of ZEMAX should be 

explained and demonstrated at the computer. 

Throughout the exercises, there are a few key points to stress. In the section on 

magnification, the measurement of exit pupil is fundamental to the understanding of stops and 
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pupils. Point out that the edge of the objective lens is the aperture stop, its image in object 

space is itself, and its image in the image space of the telescope is the exit pupil. Once the 

students actually see and measure the exit pupil, their understanding of stops and pupils 

should become clear. 

The section on chromatic aberration is meant to be a qualitative look at a (colorful) 

problem in many optical systems. A quick discussion of achromats is a nice tie with Lab 2, 

where refractive index and dispersion curves were studied. 

Vignetting and field of view is studied by taking the entire optical rail out of the lab 

where it may be used lias a telescope should be, II to look at distant objects. This alone adds 

to the nature of a lab on telescopes. One can talk about object distances as approaching 

infinity in relation to the focal length of the objective lens, but nothing replaces the feeling of 

looking at objects which are "far away." The confirmation of the measured fields of view 

using ZEMAX gives the students a "real-world" feeling of optical engineering. The graphical 

layout of the system, showing the marginal and chief rays, reinforces their understanding in 

a way that no hand-drawn ray trace can. 

In the exercise to construct a terrestrial telescope having an upright image, an 

important concept is that the relay lens works at 1: 1 magnification, over a 2f-2f distance. The 

fact that 1: 1 magnification occurs for an overall minimum distance equal to four times the 

focal length is not always learned from the previous labs. This exercise offers a chance to 

relearn this important idea, and to actually put it to use in an instrument. 



LAB 9: THE COMPOUND MICROSCOPE 

Lab Objectives 
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This lab is designed to teach the optical principles of the simple compound 

microscope. The operation of a simple commercial microscope is studied, first treating the 

objective and eyepiece as separate elements. The focal length of the objective is measured, 

and the magnifYing power and numerical aperture calculated, introducing the definition of 

optical tube length. Next, the focal length of the eyepiece is measured and its magnifYing 

power calculated. In the process, the concepts of the simple magnifier are studied in detail. 

To study the complete microscope, thin lenses are set up on an optical rail with a beamsplitter 

after the eyepiece. Using reticles in the object plane, intermediate and final image planes, the 

magnifications of the objective and eyepiece can be measured directly. Their product is then 

compared to a direct measurement of the overall magnification. Finally, a stop is inserted to 

make this same microscope telecentric in object space. This makes the image magnification 

constant regardless of object distance (i.e.--the point at which the microscope is focused). 

The Simple Magnifier 

A handheld magnifier is used to form a virtual image at a distance comfortable for 

each student. The object distance is measured and the image distance calculated. This 

distance is compared to the near point, and the magnifYing power calculated. 
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The Compound Microscope 

The objective and eyepiece are removed from a simple commercial microscope and 

their focal lengths measured. For the objective, the magnification is measured at two image 

distances in order to calculate the focal length. The numerical aperture is then calculated and 

compared to the value marked on the objective. For the eyepiece, a Keplerian telescope is 

constructed and the pupil diameters are measured in order to calculate the focal length. The 

magnifYing power is then calculated and compared to the value marked on the eyepiece. 

Model Microscope 

Two thin lenses are positioned on the optical rail to create a simple microscope. This 

open setup provides access to the rear focal point of the objective and the intermediate image 

plane. A beamsplitter is placed after the eyepiece, and a reticle is located so it can be viewed 

in reflection off of the beamsplitter. This arrangement allows the final image seen looking 

through the microscope and the reticle to be viewed simultaneously (both at the eye's near 

point). Two other reticles are placed in the object plane and in the intermediate image plane. 

Using this setup, the student can make direct comparative measurements of the magnifications 

of the objective, eyepiece, and overall microscope. 

Telecentricity 

This section demonstrates the optical principle oftelecentricity, the use ofan aperture 

stop to make magnification constant in object or image space. A stop is placed at the rear 
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focal point of the objective, making the microscope telecentric in object space. Visual 

observations through the microscope are made with and without the stop. With the stop in 

place, magnification in object space is seen to be constant as a function of focus. 

Teaching Notes 

This lab should begin with a review of the optical principles of a simple magnifier. 

Equations describing the magnification for the virtual image at the near point and infinity 

should be compared. Most importantly, proper use of the handheld magnifier should be 

taught. The lens should first be held as close to the eye as possible, then the object brought 

up to the lens until the virtual image is in focus. Most students (if not all) tend to hold the 

lens near the object, moving the lens around until the virtual image is in focus. 

It is instructive at this point to make sure the students understand the optical 

construction of the microscope they are about to assemble on the optical rail. Without a good 

understanding of how the microscope functions, it is easy to become lost in a rail full of parts, 

especially after the reticles are in place. Most importantly, make sure the students understand 

the use of the beam splitter to directly compare the final image with a reticle. 

The measurements of the objective and eyepiece from the commercial microscope are 

good reviews of concepts taught in previous labs. In measuring the eyepiece, the property 

of principal planes having unity magnification is used, along with an understanding of 

marginal and chief rays. The eyepiece is treated as a thick lens, yet the focal length is 

calculated by making two simple measurements of image magnification. In measuring the 
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objective, a Keplerian telescope is constructed using techniques studied in Lab 8. 

In the final section on telecentricity, the results are not as dramatic as the students 

expect. This is because the microscope objective has such a long focal length, or 

correspondingly a small numerical aperture. The distance over which the magnification of the 

object appears not to change is not much different with and without the stop. A microscope 

objective having a relatively large numerical aperture would make this difference more 

apparent. 

LAB 12: RADIOMETRY 

Lab Objectives 

The final lab of this semester is designed to teach the basics of radiometry. Concepts 

in photometry, although important to visual optics, are not covered. Also not treated are the 

problems associated with making absolute measurements. Each of the experiments requires 

only a set of relative measurements. 

Three experiments are done in this lab. The first is a characterization of a large-area 

diffuse source to determine whether or not it is Lambertian. Data are taken so the source 

underfills and then overfills the detector's field-of-view. The second experiment is to measure 

the fall-offin flux as a detector is moved away from a small source. The student is asked to 

determine over what range the source behaves as a point source. Finally, an experiment is 

done to discover the relationship between the flux transmitted through an optical system and 

the throughput and Lagrange invariant. A simple positive lens and aperture stop comprise 
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the optical system. 

Upon completion, the student should have a working knowledge of the concepts of 

solid angle, projected area, Lambertian source, point source, throughput, Lagrange invariant, 

and the function of an aperture stop. In addition, a working understanding of the radiometric 

definitions offlux, intensity, exitance, incidence, and radiance should be obtained. 

Lambertian Source 

A large-area source is set up with an optical rail arranged to pivot about its center. 

The source is held vertically above the rail, which rotates on the optical table. The source is 

a piece of opaque white plastic, masked off and back-illuminated with white light. A silicon 

detector can be positioned at any point along the rail, and feeds a transimpedance preamp. 

The output of the detector is recorded as a function of the angle e between the rail 

and source normal. This is done with and without a field stop. The setup is arranged so that 

without the field stop, the source underfills the detector's field of view. Data in this case will 

vary as cose, due to the change in projected area of the source. With the field stop, the 

source overfills the detector's field of view, even as the detector is moved back along the rail. 

Data in this case will be a constant, to within the degree that the source really is Lambertian. 

Point Source 

In this experiment, a small source is positioned at one end of a long optical rail. A 

detector is moved along the rail, from very near the source to a distance almost two meters 
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away. The output of the detector is recorded as a function of distance from the source. Data 

are plotted to determine where the source begins to look like a point source, and if the fall-off 

beyond that point varies as I1r. 

Throughput and the Lagrange Invariant 

In this final experiment, the relationship between transmitted flux and the throughput 

and Lagrange invariant of an optical system is investigated. A simple positive lens and 

aperture stop comprise the optical system, and are used to image a small source onto the 

detector. The output of the detector is recorded as a function of the diameter of the stop. 

For each case, the throughput and Lagrange invariant of the system are calculated. The 

detector output is plotted vs. throughput and Lagrange invariant. 

Teaching Notes 

This lab must begin with a comprehensive review of basic concepts in radiometry, as 

the material somewhat stands alone from the usual topics in geometrical optics. One 

important point to teach is the operation of the detector. Its function and that of the preamp 

in converting light to a voltage should be described, saving the details of semiconductor 

physics for another class. The linear relationship between input and output should be 

stressed. The entire review should be complete, yet not too long so as not to detract from 

the experimental nature of the lab time. 
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As this is the first time the students will work with a detector, certain points should 

be noted. Each of the experiments uses simple DC measurements, so that expensive lock-in 

amplifiers and choppers are not needed. However, background light may be a problem. One 

solution is to take data in a darkened lab, making sure any offset errors in the preamp have 

been trimmed to zero. The other solution is to work in a subdued background of light, 

making sure that its level remains constant. In this case, any offset errors in the preamp don't 

matter, as long as there is no drift component. However, it is vital that a background reading 

is taken and subtracted from each of the measurements. Experience has shown that the 

situation of a darkened lab works best. Problems invariably arise in a lighted room, as people 

move about and the background flux changes. In this case, a one-point subtraction isn't 

sufficient, and correcting for each data point is a lot of extra work. 

In the first experiment on Lambertian sources, begin by having the students look at 

the source visually as they walk around it. Make sure they understand w~at they see and how 

it relates to the detector operating with and without the field stop. Stress the importance of 

always using one's own visual detector as a first step in understanding an optical system. 

The third experiment is simple yet instructive. Perhaps more important than the 

radiometry is the calculation of throughput and the Lagrange invariant. These are concepts 

that are taught in every class in geometrical optics, yet are often not dealt with in a lab. This 

experiment requires the student to measure the diameter of the aperture stop and other 

dimensions of the optical system in order to calculate these quantities. Working with the 

appropriate dimensions and units is itself an important aspect of this exercise. 
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Note that the success of this lab depends heavily on two factors--having a stable 

source and having a stable and linear detector. The sources used in these labs are lOW quartz 

tungsten halogen lamps, run by a constant voltage transformer [ORIEL Corp., 1989]. The 

detector is a silicon photodiode connected to a transimpedance preamp. This combination 

of detector/preamp is inherently linear over a range of about 7 decades, and essentially drift

free output is obtained by using high-quality op-amps. 



CHAPTER 3 

THE 226L LABS 

PHYSICAL OPTICS 
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This chapter contains a description, breakdown, and analysis of the lab manual written 

for OPTI 226L. 

BREAKDOWN OF THE LABS 

Eight labs were developed for OPTI 226L, the Physical Optics lab course. Within 

these eight labs, designed to run over ten weeks, 36 individual experiments are outlined. 

Table 3.1 contains the titles of the labs. 

TOPICS COVERED 

Each of the labs was designed to cover one or two major aspects of physical optics. 

A variety of experiments was used in each lab to illustrate the concepts involved. Summaries 

of the experiments are presented in the following sections, on a lab-by-Iab basis. 
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Table 3.1. Outline of the 226L Labs. 

OPTI226L 

Lab 1 Introduction (12) 
Lab 2 Wave Motion (4) 
Lab 3 Interference: Division of Wavefront (2) 
Lab 4 Interference: Division of Amplitude (3) 
Lab 5 The Michelson Interferometer (6) 
Lab 6 Newton's Rings (2) 
Lab 7 Diffraction (3) 
Lab 8 Diffraction Gratings, Brewster's Angle, and Sunsets (4) 

NOTE: numbers in ( ) indicate the number of experiments 



LAB 1: INTRODUCTION 

Lab Objectives 
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This first lab assumes that students have just completed the laboratory course OPTI 

210, and that they are oriented to the lab, its equipment, and safety aspects. As such, this first 

lab provides an immediate introduction to the world of physical optics. A variety of 

experiments, all observational in nature, are presented which introduce most of the topics the 

student will study throughout the semester. Students are expected to make observations in 

such areas as interference (speckle, multiple beam interference from air and liquid films), 

diffiaction (single edge, wires, single slit, multiple slits, circular and complex apertures), and 

polarization (of reflected light, laser light, scattered light). 

The intent of this first lab is to introduce students to a variety of topics in physical 

optics. Most students at this level may not even have an understanding of what this branch 

of optics deals with. This is in contrast to the somewhat intuitive feelings they probably had 

for topics in geometrical optics (how lenses and mirrors are made and work, how to measure 

the properties ofa lens, how to calculate properties ofan image, etc.). Experience has shown 

that physical optics is not as intuitive, and the major goal for this lab is to demonstrate the 

wide variety of phenomena to be studied later in more depth. 

Interference 

Speckle 

A laser beam is expanded onto a white card a meter or so away. Students are asked 
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to observe the spot up close, then far away. Observations are also made by moving one's 

head from side to side, and by holding up a small aperture in front of one's eye. 

Microscope Slide (simple interferometer) 

In this simple demonstration, a microscope slide held in a laser beam acts as an 

interferometer. Fringe patterns in the reflected beams are observed as the slide is rotated and 

moved. 

Multiple Beam Interference 

Air Films 

Two microscope slides are sandwiched together and held under white light. The 

multi-colored fiinge pattern is observed and studied as the air gap is changed (as pressure is 

put on the top slide). Newton's rings are demonstrated by placing two lenses from the lens 

kit in contact. A small but distinct pattern of rings appears, and is studied as the air gap is 

changed (as the top lens is moved and rocked). 

Liquid Films 

In this exercise, a layer of alcohol is left to run down a microscope slide. As the top 

edge of the alcohol evaporates, a colorful fringe pattern is produced. The pattern constantly 

changes as the alcohol further evaporates. Next, a soap film is studied in white light to 

produce a series of highly colored straight-line fringes. The film is held vertically, and as 
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gravity pulls down on the film, the top portion eventually reaches a point where it is thinner 

than the wavelength of visible light. At this point, (just before the film breaks), the film no 

longer supports multiple beam interference and the top region appears black. 

Diffraction 

Single Edge 

A razor blade and laser beam are used to produce a diffraction pattern of a single 

edge. Sketches are made of the pattern as seen on a white card. 

Wire 

A laser beam and both thin and thick wires are used to produce diffraction patterns. 

The patterns are sketched and compared to each other. 

Single Slits 

A laser beam and a series of precision single slits are used to study the effect of slit 

width on the width of the diffraction pattern. Observations are made as to what happens 

when the slits are rotated 90°. 

Double Slits 

This exercise is essentially the same as the one just completed. The student is asked 

to determine the effects of individual slit width and slit spacing on the diffraction patterns. 
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Circular Apertures 

Again, a laser beam and two precision apertures are used to study the effect of hole 

diameter on the dimensions of the Airy pattern produced. 

Complex Apertures 

This is a good example of how elegant and interesting the world of physical optics can 

be. A precision multi hexagon-shaped aperture and a multi square-shaped aperture are used 

to produce diffraction patterns. The student is asked to predict the shapes of the apertures 

used to create the patterns (details of the apertures are too small to be seen with the unaided 

eye). 

Polarization 

Reflected Light 

A polarizer with a known direction of polarization is used to study light reflected at 

glancing incidence from a variety of surfaces. Students are asked to explain how "Polaroid" 

sunglasses work to reduce glare, and a pair is used to verifY their predictions. 

Laser Light 

The same polarizer is used to study the nature of the laser light used in these labs. 

Students discover that these lasers are linearly polarized, and they are asked to determine the 

direction of polarization. 



86 

Teaching Notes 

The main goal of this lab is to introduce students to the world of physical optics, by 

showing phenomena that will be studied throughout the semester. The lab exercises and their 

wide variety were designed to spark an interest for the learning process of somewhat difficult 

topics in optics. Therefore, it is best to "turn the students loose" on these exercises without 

presenting any background information. This will be something of a new experience for them, 

as most undergraduate labs are usually very structured. Allow them to discover and observe 

the phenomena for themselves, reminding them to make liberal notes and sketches. 

LAB 2: WAVE MOTION 

Lab Objectives 

This second lab has been designed as a two week introduction to wave motion. The 

first week covers standing waves, and the second week travelling waves. Experiments with 

standing waves include the classic vibrating string, as well as a study of electromagnetic 

standing waves on a transmission line. An useful by-product of this last experiment is an 

indirect measurement of the speed of electromagnetic waves. Experiments with travelling 

waves include a study of water waves in a ripple tank, and a novel look at the phasor diagram. 

The diagram is studied using an opto-mechanical analog of a rotating vector to produce 

travelling waves. 

Upon completion of these two weeks, students should have familiarity with simple 

harmonic motion, boundary conditions for mechanical standing waves, the relationship 
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between frequency, wavelength, and velocity, the Doppler effect, and the phasor diagram. 

Standing Waves 

Standing Waves on a Vibrating String 

This is the classic experiment performed in most introductory physics labs. In this 

version, an audio oscillator and audio amplifier deliver current through a wire-wound guitar 

string. A permanent magnet provides a magnetic field in the horizontal direction, causing the 

string to vibrate in the vertical plane. The string is clamped at one end, and the other end is 

draped over a pulley with a heavy weight attached, providing a constant tension on the string. 

A stable audio oscillator allows as many as 12 nodes to be observed on the string. Students 

are asked to study how the string vibrates as a function of the driving frequency. In addition, 

an oscilloscope is used to show the sinusoidal wave output from the audio amplifier through 

the string. 

Electro-Magnetic (EM) Standing Waves on a Transmission Line 

This experiment is an electromagnetic equivalent of the mechanical experiment just 

described. It is not typically performed in physics or optics labs, yet it provides an excellent 

and direct link to the study of EM waves. As with the vibrating string, students investigate 

the relationship between the frequency and wavelength of EM waves. An added benefit of 

this experiment is that the product of frequency and wavelength, or velocity of EM waves 

along the transmission line (equivalent to free- space velocity), is found to be the speed of 
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light. 

The setup for this experiment combines equipment and techniques from the world of 

amateur radio. A 10 watt FM transmitter with no modulation is used to generate a constant 

carrier at a frequency of 146 MHz. Power is delivered to a resistive load along a two

conductor, parallel wire transmission line. The dimensions of the line were chosen to provide 

a characteristic line impedance of about 300 ohms. This allows an inexpensive balun (a 

transformer that matches 75 ohms unbalanced to 300 ohms balanced) commonly used with 

televisions to closely match the transmitter (50 ohms) to the line (near 300 ohms). A resistive 

load of 150 ohms is chosen to purposely create standing waves along the transmission line. 

The current along the transmission line (or equivalently the amplitude of the standing 

wave pattern) is measured using a simple current probe [Lau, 1988]. The probe uses a step

down transformer wound on a split ferrite core, allowing the core to be clamped over and slid 

along one side ofthe transmission line. A simple diode rectifier circuit produces a DC voltage 

proportional to the magnitude of the standing wave current along the line. The DC voltage 

is measured using a handheld multi meter. 

Students sample the standing wave current every 2 centimeters along the transmission 

line, over a distance equal to 3-4 halfwave periods. When the DC voltage is plotted vs. 

distance, a pattern exactly like a rectified sine wave is produced. The distance between 2 

nodes is the measured wavelength, and the product of frequency and wavelength is the 

velocity of the wave. Because the transmission line uses parallel conductors in air (no 

dielectric as found in coaxial cables), the wave velocity is equal to the speed of light in free 
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space. 

Travelling Waves 

Water Waves in a Ripple Tank 

This experiment uses simple versions of the fancy ripple tanks often found in physics 

labs. Here, a small tank (shallow baking dish) is placed on an overhead projector, and the 

ripple patterns are projected onto the wall of the lab. Plastic lenses with flat, concave, and 

convex surfaces are borrowed from a blackboard optics kit and placed in the tank. Drops of 

water are used as a point source to study the nature of waves reflected from each of the 

surfaces. In particular, the point source is positioned inside, at, and outside of the focal point 

for the concave surface and the reflections studied. It is interesting to note that most students 

suddenly make a real and meaningful connection to these results and concepts studied the 

previous semester in geometrical optics. In fact, experience has shown that this experiment 

would be equally appropriate as part of the labs that accompany geometrical optics. 

A second ripple tank is set up to demonstrate travelling waves and the Doppler effect. 

For this, a larger tank is formed using a wooden frame and plastic sheeting to cover the top 

of a 2'x6' optical table. This large size allows for wave study without much interference from 

reflections off of the sides of the tank. A pencil point is made to simultaneously bob up and 

down and move through the water, showing the Doppler effect is seen quite nicely. 
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Phasor Diagram 

In this combination experiment/demonstration, the phasor diagram is studied in a very 

direct way. Textbooks often introduce the phasor diagram as a means of representing simple 

harmonic motion, or in the case of an optics course, to represent the sinusoidal nature of 

travelling light waves. This experiment uses an opto-mechanical version of the phasor 

diagram, complete with a rotating vector, to generate travelling waves having varying 

frequency, wavelength, and velocity. 

An open-frame structure was built to hold a rotating disk in the vertical plane, and a 

moving roll of paper in the horizontal plane, above the disk. A light source is directed 

horizontally towards the structure, and is turned upwards along the disk with a mirror. The 

disk has a small screw attached to it at its periphery, representing the tip of a vector. The disk 

is rotated using a small DC motor, and the speed of rotation can be varied with a power 

supply. Another motor pulls the paper through a set of rollers at a fixed velocity. 

As the disk rotates, the shadow of the screw is projected on the paper. A pen is used 

to trace out the shadow projection on the paper. If the paper is held stationary (motor oft), 

the projection is equivalent to the projection of the tip of the vector along either the x or y 

axis in the phasor diagram. If the paper is moving, the sinusoidal projection describes the 

amplitude of a travelling wave past a fixed point as a function of time. The pen trace along 

the paper appears as a sine wave, turning the concept of simple harmonic motion into 

something concrete cind visual! 

Students are asked to vary the rotation rate of the disk and study the sinusoidal 
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patterns that they trace out on the paper. The rotation rate, or angular frequency, of the disk 

is measured by timing it, and the linear frequency is then calculated. The wavelength of the 

sine pattern produced along the paper is measured with a meter stick, and the velocity of the 

paper is timed and calculated. From these data, the velocity of the wave, or the product of 

wavelength and frequency, is calculated and found to be the equal to the velocity of the paperl 

Teaching Notes 

This set of experiments on wave motion may at first glance seem somewhat trivial and 

unrelated to a course in optics. However, experience and feedback from students indicate 

otherwise. This lab is designed to complement the somewhat difficult mathematical 

description of wave motion with a hands-on equivalent learning experience. The phasor 

demonstration has proven very effective in this regard, and the EM standing wave experiment 

provides direct relevance to the study of optics (on a more macroscopic scale because of the 

larger wavelengths involved). 

The experiment using the small ripple tank is designed for students to make certain 

connections with geometrical optics (and the nature of waves and physical optics at the same 

time). Invariably, this process also uncovers basic misunderstandings that some students still 

have about geometrical optics. Learning by seeing a variety of examples and experiences over 

time is the best kind of learning one can experience. 

The EM standing wave experiment has proven quite useful to the study of optics. A 

basic understanding of how the current probe works should be a teaching goal for this 
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experiment. Without this understanding, the connection between the standing wave current 

and DC voltage is never made, and the student isn't sure of what he or she is actually 

measuring. The flexibility of the wires in the transmission line tends to introduce some noise 

into the readings of the DC voltage. However, this is not excessive, and the nodes are quite 

distinctive on the plot. The associated noise is a situation that gives the student a feeling that 

this is not just another perfectly contrived introductory experiment. 

In the vibrating string experiment, careful and slow tuning of the audio oscillator must 

be done to see the higher number of nodes on the string. This attention to technique is useful 

for students at this level. Even though the tuning can get somewhat tedious, the reward of 

seeing a large number of nodes leaves students with a good feeling about the experiment. 

The demonstration of the phasor diagram needs a careful and detailed introduction. 

A useful starting point is to review the mathematical description of the diagram. Once the 

students realize how the instrument is built and what the opto-mechanical analogies are to the 

mathematical description, the teaching is successful and the experiment will take care of itself. 

The students quickly complete the exercise, and make many and useful connections to what 

they have seen in class, in the homework problems, and in the world of math! 

LAB 3: INTERFERENCE--DMSION OF WAVEFRONT 

Lab Objectives 

This lab is an introduction to interference by division of wavefront, and is made up of 

two classic experiments--Young's Double Slit, and Lloyd's Mirror. To make the experiment 



93 

a little more interesting, Young's Double Slit is cast in the form of a real-world problem in 

acceptance testing. The student is to decide whether or not the spacing of the slits is within 

the manufacturer's specification, by measuring the double slit pattern and performing an error 

analysis of the data. The result of doing the Lloyd's Mirror experiment is to measure the 

wavelength ofa He-Ne laser. Upon completion of both labs, the student should understand 

the principles behind the double slit pattern, and how Lloyd's Mirror creates a virtual point 

source to create a series of straight-line fringes. 

Young's Double Slit 

This experiment is purposely left somewhat open-ended for the students. Their job 

is to measure the spacing of the two slits, and decide if the result lies within their experimental 

error and the limits set by the manufacturer. To accomplish this, they are given a He-Ne 

laser, the double slit in question, and a travelling microscope with ground glass screen to view 

the mnge pattern. They are instructed to use the fringe pattern of Young's Double Slit, but 

are not given any details of how to set up the measurement. The required error analysis 

forces the students to make certain reasonable assumptions about the measurement errors 

involved. 

Lloyd's Mirror 

This is a repeat of the classic experiment, but uses a He-Ne laser source for 

convenience. The full length of the optical table is used for the setup, by placing two optical 
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rails end-to-end. A long mirror is placed on a mount having tip/tilt and height adjustments. 

The laser beam is run through a spatial filter, which both cleans up the beam and produces a 

point source. (The students are not required to understand the action of the spatial filter, but 

can easily understand the way the point source is created.) The mirror is first removed from 

the setup, and a lens is used to image the point source onto a ground glass screen. Next, the 

mirror is introduced into the beam and carefully adjusted to reflect the lower portion of the 

beam expanding from the point source. This results in another point image appearing on the 

ground glass. The distances from the pinhole to lens, and lens to screen are measured. 

Finally, the lens is removed and a series of straight-line fringes appear on the ground glass. 

A travelling microscope is used to measure the fringe spacing, and from these data the 

wavelength of the laser may be calculated. 

Teaching Notes 

The concepts behind Young's Double Slit will probably have been covered in the class, 

however Lloyd's Mirror is usually not discussed. In this sense, the lab provides one 

experiment that the students feel comfortable with, and one experiment that is new to them. 

In introducing the lab, more time should be spent on the setup for Lloyd's Mirror, with only 

a quick introduction needed for Young's Double Slit. 

In explaining Lloyd's Mirror, make sure the students understand how the second 

(virtual) point source is created. This is a good use of geometrical optics from the previous 

semester, but one that seems to leave many students confused. It is instructive to 
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demonstrate how the image of the virtual point source moves as the mirror height is changed. 

Once students understand this, producing fringes by removing the lens is more easily 

understood. This is just an extension of the ideas discussed for Young's Double Slit, but now 

for two point sources and not two slits. 

LAB 4: INTERFERENCE--DIVISION OF AMPLITUDE 

Lab Objectives 

The fundamentals of the Michelson interferometer and its proper alignment are studied 

in this lab. Students learn how to properly align the Michelson to produce circular fringes, 

using a sodium source. In doing so, the optical layout and mechanical details of the 

instrument are studied in detail. Applications of the Michelson are studied in the following 

lab. If time and expertise permit, an attempt is made to produce white-light fringes. 

Circular Fringes-Sodium Source 

A low pressure sodium source is used for both parts of this lab. The beamsplitter in 

the interferometer is first aligned so the optical paths in both arms are coincident. This is 

done by placing the tip of a pencil near the source and aligning the beam splitter until the 

images in both arms overlap. Next, one of the mirrors is adjusted until it is perpendicular to 

the other mirror and displaced slightly from it (as seen looking at the unfolded optical layout). 

At this point circular fringes, also called fringes of equal inclination, will appear. 
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Straight-Line Fringes-Sodium Source 

This alignment is somewhat easier than that needed to produce circular fringes. As 

before, the beamsplitter is aligned so the optical paths in the two arms are coincident. One 

of the mirrors is adjusted until it is slightly tipped from the other mirror. (Its axial position 

relative to the other mirror doesn't matter.) At this point, straight-line fringes will appear. 

In actuality, these are still circular fringes of very large curvature, which appear to be straight. 

True straight-line fringes are obtained when there is zero optical path difference between the 

two mirrors, leaving only the tilt. This is a tedious adjustment, at best, but produces 

interference in white light. 

Teaching Notes 

Start this lab with a review of the optical layout of the interferometer. Point out and 

describe what one sees looking into the interferometer; namely light from each source point 

split into two paths of equal amplitude. Make sure students understand how fringes are 

formed for both the circular and straight-line cases. Spend time describing the mechanical 

layout, operation, and adjustments of the instrument, as well. 

LAB 5: THE MICHELSON INTERFEROMETER 

Lab Objectives 

This lab is the follow-on to the previous study of the alignment of the Michelson 

interferometer. These experiments each present an example of how the interferometer may 
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be used. Three of the exercises measure the wavelengths of sodium, mercury, and He-Ne 

laser sources. A fourth experiment results in the measurement of the wavelength separation 

of the sodium doublet, and a fifth experiment measures the refractive index of air. This last 

experiment is an especially interesting link to the lab on refractive index in the 210L 

Geometrical Optics series of labs. 

Upon completion of this lab, students will have experience with how to use an 

interferometer to make a variety of measurements. All of the results involve very small 

dimensions or high accuracy, something not seen in the labs on geometrical optics. This is 

a good example of how physical optics (interferometry, in particular) may be used to make 

measurements of scale and accuracy not possible with conventional mechanical methods. 

Measuring Wavelength--Green Mercury Source 

The students are to align the interferometer using a large-area mercury source with 

a green-line filter to produce circular fiinges (a technique learned in the last lab). The circular 

pattern is centered in the field of view, and as one of the mirrors is translated, fringes appear 

to either collapse or expand from the center. By counting the number of fringes for a given 

travel of the mirror, the wavelength of the mercury green line may be calculated. 

Measuring Wavelength-Yellow Sodium Source 

This experiment is essentially a repeat of the one just performed. The mercury source 

is replaced with the same sodium source used in the previous lab. Circular fringes are 
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counted as the mirror is translated, and the wavelength calculated as before. 

Measuring Spectral Line Separation 

This experiment makes use of the fact that the two spectral lines in the sodium source 

(6 Angstrom separation) produce a beat frequency modulation of the fringe intensity pattern. 

This modulation of the fringe visibility is a function of the mirror separation, and as the 

separation changes the visibility varies sinusoidally between zero and one. By counting the 

maxima (or more easily, the minima) in the visibility for a given travel of the mirror, the 

wavelength separation of the sodium doublet may be calculated. 

Measuring Wavelength-He-Ne Laser 

This is another repeat of the first two experiments to measure the wavelength of a 

source. In this experiment, a He-Ne laser illuminates a piece of diffuse glass as the source, 

and the output of the interferometer is projected onto a white card. The interferometer is 

aligned to produce circular fringes, and as before, the number of fringes is counted for a given 

mirror travel. The same equation is used to calculate the wavelength of the laser. 

This experiment is now worked in reverse, so to speak. Given that one knows 

accurately and independently the wavelength of the He-Ne laser, the problem now is to use 

this information to calibrate the mechanical linkage between the micrometer and mirror. The 

necessary experimental data have already been taken, and it is just a matter of reinterpreting 

the equation used previously. Instead of solving for wavelength, the equation is solved for 
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the mirror translation. This value is then compared to the value predicted using the 

manufacturer's stated micrometer/mirror calibration. 

Measuring the Refractive Index of Air 

In this experiment, the Michelson interferometer is used to measure the refractive 

index of air. A cell with two windows is placed in one of the arms of the interferometer, and 

a He-Ne laser beam is aligned through the instrument. The air in the cell is evacuated using 

a small hand pump. This changes the relative optical path length in the one arm, causing 

fiinges in the output pattern to move. By counting the number of fringes for a given change 

in pressure, the refractive index of air may be calculated. 

The actual measurement made is that of the change in refractive index with air 

pressure. This slope is then used to make a straight-line plot of index vs. air pressure. The 

y-intercept equals 1, the index of vacuum. After measuring the local barometric pressure, 

students use the equation describing the graph to calculate the refractive index of the air in 

the lab. Another equation is used to calculate the index at a temperature of 00 C. Finally, the 

accepted value for the He-Ne wavelength at 00 C is calculated, and a comparison made. 

An interesting application of the measurements and calculations just made is to think 

about using the interferometer as an "optical altimeter." Suppose the cell were taken to the 

top of the nearby Santa Catalina Mountains, opened and sealed off, and then brought back 

down to Tucson and placed in the interferometer. If, after opening the cell, 6 moving fringes 

were counted, how high are the mountains? This question is posed to the students, and 
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provides an interesting and intriguing example of the use of interferometry. 

Teaching Notes 

This lab is long and involved, and doesn't leave much time for an introduction. 

However, the alignment techniques learned in the last lab are really all that are needed for the 

students to begin. The three experiments to measure wavelength go quickly, leaving enough 

time to repeat them once or twice. Point out that in the measurement of the sodium doublet, 

the mirror may have to be translated until the fringes appear dark (in case the visibility is near 

a minimum at the starting path difference). The concept of backlash should be discussed, with 

the implication that the mirror should only be moved in one continuous direction with no 

reversal during a measurement. 

The experiment to measure the wavelength spacing of the sodium doublet is not 

difficult, but some time may have to be spent explaining the concepts involved. Point out that 

it is easier to sense when the visibility is at a minimum instead of a maximum, and that the 

mirror should be driven through at least a couple of minima for greater measurement 

accuracy. 

Of the five experiments, the one to measure the refractive index of air is the most 

involved mathematically. The actual experimental procedure is the same as the others, that 

of measuring the number of fringes that move past a certain point in the output pattern. In 

the other four experiments, this movement is caused by changing the optical path difference 

by moving one mirror. In this experiment, the optical path difference is changed by changing 
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the air pressure in the cell. To make the procedure go smoothly, make sure the cell doesn't 

leak air, and provide generous help with the data reduction. It is good practice to make sure 

the students reduce as much of the data as possible in lab, instead of taking home just the raw 

numbers. Any mistakes or misunderstandings can then be corrected before the student spends 

hours in frustration. 

LAB 6: NEWTON'S RINGS 

Lab Objectives 

This lab focuses on thin film interference of the Fizeau type, namely the pattern of 

Newton's Rings. The student has ample time in the lab to observe the pattern in transmission 

as well as reflection, making measurements in both cases. A major goal of the lab is to simply 

have the student become familiar with what the patterns look like in transmission and 

reflection. The data reduction stresses the fact that successive bright fringes in transmission 

(or equivalently dark fringes in reflection) increase in radii by the ratio of the square root of 

successive integers, a standard result quoted in textbooks. 

Reflected Light 

For these measurements, a large-area mercury source with a built-in green filter is 

used as the light source. This arrangement is eye-safe, and provides more than enough light. 

The fringe radii are measured with a travelling microscope, limited in travel to about 25 mm. 

Out of necessity, this led to the use of 1" diameter plano-convex lenses (from the lens kits in 
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the lab) as the curved surface. The flat surfaces are surplus test plates, about 1.5" in diameter, 

but the flat side of another plano-convex lens could also be used. The ring pattern produced 

using the curved surface from a large focal length lens (1000 mm) is still quite small, and the 

microscope must be used to see the nature of the fringe pattern. Given that the microscopes 

have 10 11m resolution in their travel, the fringe radii can be measured to within 5-10% of the 

theoretical values with some care. As in the previous lab, the data will easily be corrupted if 

backlash is introduced in the micrometer. 

Once proper contact is made between the curved lens surface and test plate, the 

pattern is brought into focus with the microscope. As the microscope is translated across the 

pattern, the position of each dark fringe is located with the crosshair, and a micrometer 

reading taken. The details of the data reduction are left open to the students, but the final 

result is to calculate the radii of each of the fringes and the radius of curvature of the surface. 

Comparisons are then made to the theoretical values. 

Transmitted Light 

The same procedure is repeated for the ring pattern formed in transmitted light. The 

test plate and lens are placed on top of the light source, and the microscope readjusted to 

focus on the ring pattern. In this case, the radii of the bright fringes are measured. Data 

reduction is performed in the same manner as for the reflected case. 
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Teaching Notes 

A thorough review of the theory behind the fonnation of Newton's Rings should be 

given at the beginning of the lab. The equations and nomenclature describing the radii of the 

ring patterns should be made clear. Confusion at this point will make for a very frustrating 

lab experience. It would help to have the students first look at the ring patterns in 

transmission and reflection before beginning this discussion. 

The ring patterns using the 1" diameter lenses are very small and hard to see with the 

unaided eye. On one hand, this makes the lab difficult and somewhat less accurate. On the 

other hand, using a travelling microscope to make the measurements is a good experience for 

the students. It gives them a chance to use a microscope for an extended period of time and 

forces them to be careful in their experimental technique. 

The possibilities for errors in this lab are numerous. The introduction of backlash in 

the micrometer, positioning the crosshair on the wrong fringe, misreading the micrometer, and 

sloppy notebook keeping are likely examples. Therefore, it would be useful to have the 

students go through some of the data reduction before finishing the lab. This may help catch 

any experimental errors or misunderstandings while there is still time left to repeat some of 

the measurements. Otherwise, the student leaves the lab with incorrect and almost 

meaningless data, a situation that is almost impossible to correct once the lab is over. 
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Lab Objectives 
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This lab is designed as a two week introduction to dimaction (just as the lab on wave 

motion took two weeks). The first week includes a qualitative introduction to both Fresnel 

and Fraunhofer diffraction, as well as a quantitative treatment of Fresnel dimaction from an 

edge. The second week contains a quantitative treatment of Fraunhofer dimaction from a 

single slit aperture. The experimental setup for both Fresnel and Fraunhofer dimaction 

involves the use of a photodiode, a translation stage, and a digital voltmeter. In addition, 

students are expected to use computers to plot and analyze all data (the data are initially 

recorded by hand). This is the first time that the use of computers is required in any ofthe 

sophomore labs. 

An overall goal of this lab is to introduce students to basic methods of measuring light 

quantitatively. The use of computers to help plot and analyze data adds a real-world feeling 

to this fundamental sophomore lab. In particular, students are given a detailed description of 

how the data should be analyzed, leaving the computer specifics up to each student. The use 

of spreadsheets is encouraged, but not required. In both cases of Fresnel and Fraunhofer 

dimaction, the experimental data are compared to that predicted from theory. 

DifTraction--Qualitative 

This part of the lab serves as an introduction to dimaction. A laser beam is expanded 

and collimated, and used to illuminate each of four different slit apertures. The slits are 
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different widths, and the students are to observe the diffraction pattern throughout the Fresnel 

and Fraunhofer regions, making an estimation of the point at which the Fraunhofer region 

begins. They then compare this to the approximation they just calculated. This is a great way 

to visually see, without making any quantitative measurements, the differences between the 

Fresnel and Fraunhofer regions. 

Fresnel Diffraction-Edge 

In this experiment, students are to measure quantitatively the Fresnel diffraction 

pattern from an edge, using cylindrical wave illumination. This somewhat specific situation 

is chosen because it is exactly the situation described in detail in the OPTI 226 class lecture. 

In turn, it is chosen as a class example because it is perhaps the easiest of situations to analyze 

using the Cornu Spiral. 

The experiment is set up for the students almost as a demonstration. This removes 

problems associated with alignment, and places the emphasis on data-taking and reduction. 

The taking of data involves moving a photodiode detector masked with a narrow slit across 

the diffraction pattern. The output of the detector, a voltage, is read from a digital voltmeter 

and entered manually in the lab notebooks. 

Data reduction and analysis is to be done outside of the lab time, on the students' own 

time, using a computer. This is a requirement for everyone. (If necessary, they may use the 

computer in the lab, during non-lab hours.) The lab manual describes step-by-step how to use 

the Cornu Spiral to locate the dim-acting edge in "real" x-values, and how to normalize and 
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rescale the data. The Cornu Spiral is then used to calculate the x-values of the first maxima 

and minima, and these are compared to the actual data. 

Fraunhofer Diffraction-Slit 

This is an experiment to measure the Fraunhofer diffraction pattern from a rectangular 

slit aperture. As with the Fresnel experiment, this one also corresponds with the situation 

analyzed in the OPTI 226 class lectures. 

As before, and for the same reasons, the experiment is set up for the students. In this 

experiment, however, the students are required to analyze the setup and determine which one 

it corresponds with in the lab manual. (The possibilities include using plane wave or spherical 

wave illumination, with the aperture either in back of, at, or in front of the lens's front focal 

plane. In tum, they are forced to use geometrical optics to calculate the relevant distances 

and apparent slit size involved.) 

Data-taking is done with duplicate hardware from the Fresnel experiment, and again 

the data are entered manually into the lab notebooks. 

Data reduction is much the same as in the Fresnel experiment. Students are required 

to use a computer, normalizing and scaling data according to specific instructions in the lab 

manual. Once done, the data are graphically compared to the expected sine-squared function. 

Teaching Notes 

Both of these experiments are more like "demonstrations" that are set up for the 
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students ahead of time. They use the equipment to take data, but are not expected to align 

or modify the setup. The reason for this is two-fold: (1) good results, namely a "clean" 

diffraction pattern, have been found to be somewhat sensitive to the actual setup, and (2) in 

this manner, every student will obtain the same "expected" result. The purpose here is to 

provide the students with a successful experiment, not one ending in fiustration because of 

bad data. (The allotted lab time doesn't allow for them to plot the data, discover that it's bad, 

and then re-take the data set. Automated data-taking would allow for this, but is not felt to 

be appropriate for a sophomore lab, and is saved for the Senior 470 labs.) 

As preparation, some lecture time needs to be devoted to explaining that a photo diode 

converts light into a current, which is in tum converted into a voltage by the amplifier. The 

system is highly linear, and the measured voltage is directly proportional to the amount of 

light on the detector. An explanation of how a photodiode works is not understandable given 

their limited courses, nor necessary for the experiment to serve its purpose. 

The use of spreadsheets for performing the data reduction is encouraged, but not 

required. If necessary, it is best to teach the use of spreadsheets outside of the lab time. Most 

students have already used them and are familiar with their favorite one. 

LAB 8: DIFFRACTION GRATINGS, BREWSTER'S ANGLE, AND SUNSETS 

Lab Objectives 

This lab was designed to teach and cover topics not included in the other labs, but 

ones that are included in the OPTI 226 class lectures. The four experiments are purposely 
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left open-ended, designed as somewhat of a challenge for the final lab. A major amount of 

time is spent having each student learn how to align a spectrometer. The instrument is then 

used to measure the properties of a transmission diffraction grating. The same hardware is 

used to measure Brewster's angle, with the experimental details left entirely to the students. 

A short experiment is included on linear polarization, and another short one to qualitatively 

analyze scatter, creating a sunset in the process. 

The lab is something ofa "catch-all" lab, to include a variety of topics discussed in the 

OPT! 226 class lectures. In a sense, these are topics for which time wasn't available for full 

labs, but are topics which must be included in any physical optics laboratory. The exercises 

were written to require the students to think about and to design their own experimental 

procedures. When the experiments are completed, students will have gained hands-on 

experience with a spectrometer, and will know the basics of how a grating works. They will 

especially appreciate under what conditions Brewster's angle is measured, because details of 

that experiment are left totally open-ended. In addition, they will understand the basics of 

linear polarization and scattering of light. 

Diffraction Gratings 

The main part of this experiment is to learn how to align a student spectrometer. This 

involves using a crosshair in a Gaussian eyepiece and the concept of auto-reflection. Once 

proper alignment is accomplished, the properties of a transmission grating are measured. A 

spectral line source is used to measure the diffraction angle of a known line, and the grating 
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period is calculated. The grating spatial frequency is then calculated and compared to the 

known value. 

Brewster's Angle 

The same spectrometer is then used to measure Brewster's angle for a transparent 

glass. For convenience, the glass substrate that holds the grating is used. The source is a Re

Ne laser, and the detector is a moveable white screen. The experimental setup is left for the 

students to decide on, requiring them to think about the plane of incidence and s- vs. p

polarization. The angle at which the p-polarized light is extinguished is measured as 

Brewster's angle. From this the students calculate the index of refraction for the glass 

substrate. 

Polarization 

This is a quick experiment to learn how a linear polarizer works. It is stated that light 

reflected at grazing incidence from most surfaces is linearly polarized horizontally. Using this 

fact, the students are to determine the direction of polarization of their linear polarizers. Once 

done, they use the polarizers (or analyzers) to measure the polarization of skylight, and 

skylight reflected from various surfaces. 

Sunsets 

In this final experiment, a quasi-collimated white light source is directed through a 



110 

small glass tank of water. As drops of milk are added and stirred into the water, scattering 

takes place. The students are asked to look at the differences between forward and back 

scattering, and to note the color of the light being scattered and transmitted. A microscope 

illuminator is used as the light source. 

Teaching Notes 

The lecture material for this lab depends on how well these topics have been covered 

in the OPTI 226 class lectures. This has been found to vary quite a bit, and has even required 

teaching about polarization from first concepts. Time should be spent defining and explaining 

the plane of incidence, and s- and p-polarization. In order to understand Brewster's angle, 

it is usually necessary to introduce the Fresnel reflectance curves. The equations are not 

necessary, but the curves for an air/dielectric interface (non-absorbing substrate) should be 

drawn and explained. Mention should be made of what variables make up the equations. A 

very rudimentary treatment of scattering is given, not even distinguishing between Mie or 

Rayleigh scattering. 

The major amount of time is spent on learning how to align the spectrometers. This 

is in place of an experiment, but is something which teaches useful optical alignment skills. 

It also gives the student a chance to work with a precision optical instrument. The procedure 

of auto-reflection is somewhat difficult (due to 4% of the light being reflected at best), and 

requires (teaches) patience and care in adjustment of the hardware. 
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Students often approach the measurement of Brewster's angle incorrectly, not really 

understanding the concepts involved. The experiment is, in a sense, fool-proof, in that there 

is only one optical setup that leads to zero light being reflected. 
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The sophomore labs have both been taught 6 times as of this writing. Numbers of 

students who took the labs in each of the years are shown in Table 4.1. No attempt has been 

made to correlate graduation rates with successful completion of OPTI 210 and OPTI 226. 

However, experience has shown that those students who do successfully complete OPTI 210 

almost always complete OPTI 226 and then go on to graduate. 

ASSESSMENT OF THE LABS 

This effort at developing lab curriculum may be thought of as an experiment. Lab 

exercises were formulated, tested, retested, and written up for the students to perform. The 

students themselves tried and tested the labs in an actual laboratory environment and, in 

numerous ways, provided feedback as to the successes or deficiencies of the lab (aside from 

the usual educational criteria of exam performance). 

The positive feedback took on many forms. It took on the form of comments, 

indicating how the lab had made the associated classroom material clear and meaningful.. . how 

a particular experiment had suddenly made material from a previous class 

understandable ... how a particular skill just learned could be immediately applied to a job 

situation (some of the Senior students already had part-time optical engineering jobs). The 

feedback took on the form of questions, asking about more in-depth details of an experiment 
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Table 4.1. Number of Students in the Labs. 

OPTI210L OPTI226L 

Fall Spring 

1989 (15) 1990 (14) 
1990 (19) 1991 (16) 
1991 (17) 1992 (16) 
1992 (24) 1993 (21) 
1993 (20) 1994 (20) 
1994 (32) 1995 (21) 

NOTE: numbers in ( ) indicate the number of students 
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they had just completed ... asking how a computer program they had just run as a 

demonstration had been written ... asking about future labs, especially sophomores looking 

ahead to the senior labs. Most importantly, it took on the form of enthusiasm, displayed as 

an eagerness to work together to perform a lab exercise ... as a feeling of success, when their 

approach to a particularly difficult experiment yielded meaningful results ... and as a sense of 

pride and accomplishment about a lab just completed. 

As with any experiment, not all aspects of the curriculum were optimum or successful. 

Indications of this were somewhat harder to detect than the positive feedback just described. 

Nevertheless, this negative feedback was just as important to detect and utilize in the 

improvement of the lab program. It showed up in the form ofa lab group that perhaps didn't 

work well together ... as a student who was content to take down the data as it appeared, 

without wanting to get involved in the process ... as an experiment that didn't work well in the 

hands of students ... as an approach to an experiment that didn't allow the students to grasp the 

underlying principles ... and, most crucially, as a student who misunderstood the concepts 

presented. 

In essence, monitoring this feedback was identical to data taking in a classical 

scientific experiment. It provided a feedback loop that was used, in this case, to update, 

upgrade, and improve the curriculum. The positive points that were learned may be 

summarized as follows: 
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• A lab exercise is successful if the student is motivated to perform the task at hand. 
Evidence of this shows up in many ways, including the asking of questions, the desire 
to comprehend underlying principles, and a willingness to work as part of a group. 

• A lab exercise is successful if it causes the student to ask questions such as "what 
if...?", "why ... ?", or "how ... ?" 

• A lab exercise is successful if it leads the student to relate the results to everyday 
experience. 

• A lab exercise is successful if it allows the student to better understand the related 
theory presented in class. Perhaps the greatest satisfaction in education comes when 
a student is able to say ... "now I understand!" 

• A lab exercise is successful if it teaches the student proper experimental techniques. 
The degree to which this is important varies greatly on the level of instruction. 

• Most importantly, a lab is successful ifit encourages the student to think for his or her 
self. This can include developing experimental procedures, applying engineering 
principles in new and creative ways, or making unexpected discoveries from lab 
results. Unfortunately, the typical scientific classroom provides for little of this kind 
of educational development. Theory is presented, problems are handed out, and for 
the most part, standard solutions are expected. If designed correctly, it can be the 
laboratory setting which offers the student a free-thinking and creative learning 
environment. 

OBSERVATIONS 

OPTI 210 Labs 

Six years of experience teaching OPTI 210L have shown that, in general, each lab is 

too long and involves too many experiments. Comments from many students (even the better 

ones) indicate that almost all of their time is spent taking data. This leaves too little time for 
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understanding the experiment, let alone keeping a good-quality notebook. The problem of 

shortening the labs is an age-old one--which experiments do you keep and which do you 

delete? Feedback from many students indicates that, even though they feel the labs contain 

too much material, they feel every experiment is as important as the others. They go as far 

as saying that even though they had to work "too hard, II they wouldn't want to see any of the 

experiments deleted. This comment usually comes from our Seniors. 

OPTI 226 Labs 

The labs in this semester have proven to be much easier to complete with more time 

to spare in each lab. This allows for a more relaxed atmosphere in the lab, and gives the 

students more time to think about and understand the experiment. Unfortunately, the quality 

of the notebooks doesn't seem to follow. Having extra time doesn't mean that a student will 

use it to maintain a good notebook. Some guiding force has been found to be necessary (such 

as being required for a certain grade). 

One major difference in the lab manual for OPTI 226L is that each of the questions 

a student is expected to answer is clearly marked (vs. being contained in the text itself). This 

was done after much hesitation, believing that students should be able to carefully read 

through and complete a lab manual in any form. Experience has proven, however, that 

students are more likely to answer and think about a question if it is clearly delineated. 

Whatever the method, it is the result that matters-getting a student to think about and answer 

questions covering the main points in that lab. 
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IMPROVEMENTS 

As with any curriculum, changes to these labs can be made that will improve their 

content and effectiveness. Most important would be to improve their effectiveness in helping 

students understand the concepts in each of the experiments. A correlation has often been 

observed between fewer experiments and better understanding of the material involved. 

OPTI 210 Labs 

It has already been discussed that the OPTI 210L notebook needs to be somewhat 

condensed or shortened. A goal would be to reduce the number of actual experiments, 

leaving the number of concepts intact. Throughout these labs, it would be very helpful to 

have a "real-world" example of an instrument making use of the concepts being studied. 

Allowing students to work with commercial microscopes, telescopes, focometers, cameras, 

binoculars, and other imaging instruments would be most useful. Ideally, a given optical 

concept would first be demonstrated using separate lenses and the optical benches. Then, a 

particular instrument that uses the concept could be disassembled for further study. 

Unfortunately, this takes a fairly large budget to buy enough instruments. In addition, 

mechanical modifications might be needed to allow each instrument to be disassembled or 

exposed internally for study. 

The use of computers needs to be expanded in this course. Modern-day 3-

dimensional graphics could allow the student to "see" inside of a commercial instrument even 

before it was disassembled. Animation sequences could be written that would vary optical 
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components, and simultaneously plot changes in the calculated optical performance. 

Concurrently, the same component could be varied on the optical bench and the results 

observed directly. 

OPTI 226 Labs 

The labs in this course do a good job at teaching concepts of physical optics, but lack 

in demonstrating practical examples to the student. An effort should be made to use optical 

instruments whenever possible, demonstrating the limitations of their performance due to 

effects of physical optics. Admittedly, this is more difficult than making use of instruments 

in OPTI 21 OL. 

The use of computers could be especially valuable in this lab. Interference in the 

Michelson interferometer could be better explained using 3-dimensional graphics, modulation 

of the fringe visibility with the sodium doublet source could be demonstrated, and animated 

examples of diffraction would be very useful in showing the transition from the Fresnel to 

Fraunhofer regions. In addition, polarization could be nicely demonstrated using 3-

dimensional computer animation. 
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APPENDIX A: 

OPT I 210L LAB MANUAL 

This appendix contains the lab manual for OPTI 210L, Geometrical Optics Lab, 

taught at the Optical Sciences Center, University of Arizona. It is reproduced here complete, 

in its entirety. The experiments described have been used for the last six years to teach 

geometrical optics to first-semester Sophomores. These experiments have been tested and 

revised a number of times. The information contained in this manual is thought to be correct 

and accurate. However, I would appreciate hearing about any errors, or suggestions for 

further improvement. Please contact me at: 

Michael Nofziger 

Optical Sciences Center 

University of Arizona 

Tucson, AZ 85721 

e-mail: nofziger@gas.uug.arizona.edu 
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OPTI210L 

GEOMETRICAL OPTICS 

LAB MANUAL 

Copyright © 1995 by Michael James Nofziger. 

All rights reserved. No part of this publication may be reproduced, stored in a 
retrieval system, or transmitted, in any form or by any means, electronic or 
mechanical, photocopying, recording, or otherwise, without the prior written 
permission of the author. No patent liability is assumed with respect to the use 
of the information contained herein. Although every precaution has been taken 
in the preparation of this manual, the author assumes no responsibility for errors 
or omissions. Neither is any liability assumed for damages resulting from the 
use of the information contained herein. Commercial materials and equipment 
are identifed in this manual. This identification does not imply endorsement by 
the author or the University of Arizona, nor does it imply that the identified 
material or equipment is the best available for the purpose. 
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SIGN CONVENTIONS 

The subject o~ sign conventions has caused more confusion than any other subject in 

the teaching of geometrical optics. The sign conventions used in the lab manuals for both 

OPTI 210L and OPTI 226L are the same as those used in the graduate program at the 

Optical Sciences Center. They are as follows: 

• Light is assumed to travel from left to right. 

• Distances measured from an axis point to the left are negative. Distances measured 

from an axis point to the right are positive. For example, object distances (s) 

measured to the left of a surface vertex are negative, and image distances (s') 

measured to the right of a surface vertex are positive. 

• The radius of curvature of a surface is measured from the surface vertex. If the center 

of curvature lies to the left of the vertex, the radius is negative. If the center of 

curvature lies to the right of the vertex, the radius is positive. 

• Heights measured upward from the axis are positive. Heights measured downward 

from the axis are negative. 

• Angles are positive if measured counter-clockwise from the optical axis or from a 

surface normal. Angles are negative if measured clockwise from the optical axis or 

from a surface normal. 



123 

LENSES 

Most of the lenses specified in these two manuals are from the Newport Corporation. 

They are all I" diameter lenses, made ofBK7 glass, and are uncoated. They are sold as a kit 

of 20 lenses, catalog number LKIT -2. The following is a list of the lenses, along with 

Newport's code for each lens: 

PLANO-CONVEX 

Part. No. Focal Length [mm] 

KPX076 
KPX079 
KPX082 
KPX088 
KPX094 
KPXIOO 
KPXI06 
KPXI12 
KPX118 
KPXI24 

PLANO-CONCA VE 

25.40 
38.10 
50.20 
75.60 

100.00 
150.00 
200.00 
300.00 
500.00 

1000.00 

Part. No. Focal Length [mm] 

KPC031 
KPC040 
KPC043 

-150.00 
-50.00 
-25.00 

BI-CONVEX 

Part. No. 

KBX046 
KBX052 
KBX058 
KBX064 
KBX076 
KBX082 

Focal Length [mm] 

25.40 
50.20 
75.60 

100.00 
200.00 
500.00 

BI-CONCAVE 

Part. No. Focal Length [mm] 

KBC046 -25.00 
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Lab 1: Introduction 

The educational labs associated with this course have several objectives: 

1) To demonstrate the optical principles discussed in class. 

2) To learn how to clearly and accurately summarize and communicate the 
experimental procedure and results. 

3) To become familiar with basic data handling and analysis. 

4) To learn common optical methods and procedures which are routinely used in the 
research lab. 

5) To learn the safe and proper handling of basic equipment. 

The topics to be covered in Lab #1 are as follows: 

• Introduction to the lab 
• Safety 
• Proper handling of equipment 
• Data reduction and analysis 
• Lab writeups 
• Grading 
• Measurement scales 
• Cleaning optical elements 

Introduction to the Lab 

The lab part of this course is only an introduction to the broad subject of optics. You 
will construct many optical instruments, and see many phenomena demonstrated. Remember 
that some of these instruments have undergone hundreds of years of development and one can 
devote a lifetime to the study of some of the phenomena you will see. The tips on safety and 
equipment handling are general guidelines applicable in many situations, but are not all 
encompassing. Common sense and careful thinking go a long way towards safety in any kind 
of laboratory. 
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The most important point to remember about these labs is that your understanding of 
the optical principles is far more important than obtaining accurate data or results. Too many 
students in too many labs feel pressured to obtain the "right answer" to an experiment. What 
they fail to remember is that experiments at this level are designed so that most anyone can 
obtain the "right answer." The most challenging and useful part to any lab is to be able to 
understand how and why the "right answer" was obtained. The success of this understanding 
should be your primary goal in these labs. 

Sometimes the "right answer" may not be obtained, either because of small errors or 
even large ones. Many students feel a sense of failure at this point, a sense that the 
experiment did not work. If you can understand where the errors came from, and can 
calculate how large they are, the experiment will have worked. You will have learned more 
about the "right answer" than if you had gotten it the first time, patted yourself on the back, 
and had quickly gone on to the next experiment. 

The second most important point about these labs is that being able to explain and 
calculate your experimental errors is more important than obtaining the "right answer." Make 
it your goal to understand the errors or uncertainties associated with any number you 
measure, report, or read about. As we learn more about data analysis, you will have the 
necessary math tools to accomplish this. 

Safety 

Obviously, this is first and foremost. Always remember that your actions niayaffect 
your colleagues. No general rules can encompass every situation, but here are some general 
guidelines. The most common potential hazards in an optics lab are light sources and electrical 
equipment. ~ight sources can produce immediate or delayed effects. Fortunately, you 
naturally tum away from dangerously intense sources (the aversion response). So do not 
continue to stare at lights ifit is uncomfortable to do so. Lasers demand special caution since 
even the low power He-Ne lasers used in this course can have devastating consequences. 
Never look directly into the beam. This can cause instant, irreversible, permanent, and severe 
visual damage. Be careful when setting up equipment never to point the laser towards others. 
More importantly, be aware of any object that is placed in or moved through the path of a 
laser beam. If the beam is not blocked, the object may specularly reflect or scatter the laser 
light into your own eyes or those of a colleague clear across the room. Common objects that 
are notoriously bad include optical elements (lenses, mirrors, filters, pieces of glass), 
apertures, lens holders, metal posts, rulers, micrometers, calipers, hands with rings and 
watches on them, and pens or pencils. Always keep your own head and face clear of a laser 
beam. If an experiment requires that you look at something close to a laser beam, be aware 
of just how close the beam is to your own face and eyes. This situation is even more critical 
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for people who wear eyeglasses. Be very careful of a laser beam hitting any part of the 
eyeglasses or frames and reflecting directly into your eye. The more intense lasers in research 
labs require additional precautions, and possibly special eye protection. Always familiarize 
yourself with the specific safety requirements of any equipment you use. Always be aware 
of where the laser beam is located, and keep your face clear of it. Use the shutter to block 
the beam whenever the laser is not being used. 

Invisible radiation e.g. ultra-violet (UV) and infrared (IR.) pose a special threat. 
Remember that sources which emit safe levels of visible radiation may also produce unsafe 
levels of IR. or UV. Such sources should not be used without appropriate filters. The lab 
instructor will caution you if this is necessary. We often forget that light sources can also 
damage skin. While this is not an issue in this lab, anyone working in the optics industry 
should appreciate the cumulative risks of exposure over years similar to sunburns. 

We use a lot of high voltage electrical equipment (usually to run our dangerous light 
sources). Proper grounding and electrical safety procedures should be followed. This lab does 
not use any dangerous chemicals, but research labs do. In addition to the health risks, these 
may pose an environmental hazard. Be sure to learn the proper handling and disposal methods 
for any chemical you use, especially organic solvents. 

Proper Handling of Equipment 

Student labs are frequently criticized for the imprecise equipment. The criticism is not 
only irrelevant, but shows a lack of understanding of experimental science. Certainly, precise 
measurements are required to reject or accept theories. However, the goal of the educational 
lab is not to validate theory, but to learn the methods by which theories are validated. 
Measurements with research grade' equipment are usually time consuming, and impossible 
within the time constraints of a course. The cost of duplicating expensive equipment is 
prohibitive. 

The equipment used in this lab is new, and of the highest quality given the purpose for 
which it is intended. Please treat it appropriately. 

Some general guidelines are to be noted: 

t/ Always handle optical elements (lenses, mirrors, etc.) by their edges so as not 
to leave fingerprints on the surfaces. 

Optical elements should always be placed on soft surfaces to prevent scratches. 
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The bare top of the optical table is not a soft surfacel A layer of cotton or 
tissue will solve the problem. 

When adjusting optical hardware, use only light pressure to tighten down the 
screws. This is especially true for the top two screws on the lens holders, the 
collets for the mounting posts, and the top two screws that hold the lasers in 
place. Over-tightening screws leaves pit marks on surfaces, burrs on posts, 
and can often break an optical element. 

The yellow markings along the side of the optical rails are painted on and can 
be scratched off rather easily. Be aware of this when placing the carriers on 
the rails. 

The instruments used for making measurements of length (micrometers and 
calipers) are delicate and somewhat fragile. Do not force them open or closed, 
and do not drop theml 

The tops of the optical tables are precision ground surfaces. Any action that 
badly scratches or puts a pit in them is to be avoided. Typical examples 
include dropping heavy objects onto them or even sitting on them (the rivets 
on most jeans can cause bad scratches.) Treat the tables as well as any other 
optical element. 

NO FOOD OR DRINK ALLOWED IN THE LABS. 

Data Reduction and Analysis 

This is an entire discipline in its own right, and here we will introduce only a few basic 
concepts. For a more complete discussion you should consult anyone of several standard 
texts. Two excellent introductory texts are listed as references at the end of this section. 

An underlying fact in all experimental science is that it is impossible to measure 
anything perfectly. Given enough time and money, measurement errors can usually be 
reduced to extremely small values. However, this is a luxury that most real-life situations do 
not warrant. One of the goals of an engineer should be to know how to use data analysis to 
calculate errors and know when they are small enough to accomplish the job at hand. One 
of the challenges in science and engineering is to know how to modifY an experiment as 
economically as possible in order to reduce the experimental errors. 
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There are two types of errors in measurements--systematic and random. Systematic 
errors are repeatable and introduce a fixed bias into the result. For instance, a ruler 
incorrectly machined will give erroneous (but consistently erroneous) results. Random errors 
change with each measurement and are best analyzed statistically. They are introduced by 
noise in the system being measured or by some variability in the data-taking process itself. 
When using a ruler, for example, random errors are introduced by having to interpolate 
between the smallest markings. 

Two terms are used to describe a set ofmeasurements--precision and accuracy. The 
term precision deals with the reproducibility of a measurement. The more reproducible a 
measurement is, the more precise it is. However, a measurement may be reproducible but still 
quite different from the actual value of the physical parameter being measured. It is the term 
accuracy which describes how close a measurement (or average of a set of measurements) is 
to the actual or true value being measured. Note that precision is affected by random errors, 
and accuracy is affected by systematic errors. Quite often precision an~ accuracy are used 
interchangeably and therefore incorrectly. Make it a goal of this semester to learn the correct 
use for the two terms. 

The assumption is made in most experimental situations that repeated measurements 
of the same physical parameter are independent and uncorrelated. In other words, one 
measurement does not affect the next one. The result of this is that random errors inherent 
in the process cause the data to follow a Gaussian distribution. The following figure shows 
the Gaussian distribution. (For this course, just remember that the Gaussian function is the 
standard, or normal, bell-shaped curve often associated with grades done lion the curve. ") 
Said another way, if you take repeated measurements of the same physical parameter and 
make a histogram plot of the number of times you measure a particular value (y-axis) vs. the 
value itself (x-axis), you will approach a Gaussian distribution as the number of samples 
becomes large. The true, or mean, value of the distribution (the average of all values in the 
data set) occurs at the center, or peak of the curve. 

f(x) 

~----~~~~~~~~E~-------- X 
OF. 

Figure 1.1. The limiting distribution for a measurement subject to random errors. 
The curve is Gaussian and centered on the true value of x. 
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The width of the curve is most easily described by a geometrical interpretation known 
as the full width at half maximum, or FWHM. This is the width of the Gaussian curve at a 
value equal to one-half its maximum height. The following figure shows the meaning of 
FWHM. 

x 

Fig. 1-2 Full width at half maximum FWHM. 

Another measure of the width of a Gaussian distribution is the sample standard 
deviation, commonly written as a. The value of a represents the uncertainty in the individual 
measurements in the data set. It can be shown that the sample standard deviation is related 
to the FWHM by the following relation: 

FWHM=2.35 a 

In other words, the width of the Gaussian given by the sample standard deviation is 
2.35 times smaller than the FWHM criteria. As it turns out, the sample standard deviation 
a has a much more useful statistical interpretation than does the FWHM. The width of one 
a is the range of data over which 68% of the values fall about the mean. Stated another way, 
we can be 68% confident that a subsequent measurement will fall within ± 1 a' of the mean. 

The relationship between sample standard deviation and the precision in a set of 
measurements can now be better understood. A large sample standard deviation corresponds 
to a large spread in data values about the mean, and therefore low precision in the 
measurements. The uncertainty that another measurement will fall close to the mean is quite 
low. Conversely, a small sample standard deviation corresponds to a narrow spread in data 
values about the mean, and implies high precision in the measurements. Any subsequent 
measurement is much more likely to fall closer to the mean value. The following figure 
demonstrates this, as well as the concept of accuracy. 
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f(x) 

HIGH PRECISION LOW PRECISION 

LOW ACCURACY HIGH ACCURACY 

:... 1 .. 1 .... nc ... oo I 

'True Value' 
x 

Figure 1.3, Precision vs. accuracy in measured data. 

Another statistic which needs discussion is the standard deviation of the mean, ax . 
This is a number which describes the uncertainty in knowing the true value of the mean. As 
such, it is more useful than a itself. It is related simply to the sample standard deviation a by 

a factor of 1 lIN , ax = ~ ,where N is the total number of measurements taken. Note 
IN 

that in order to reduce the uncertainty in the average of a set of data by a factor of 10, one 
has to increase the number of measurements by a factor of 100. 

ANY MEASURED VALUE QUOTED IN THIS COURSE SHOULD BE GIVEN AS 
THE MEAN OF A DATA SET ± ONE STANDARD DEVIATION OF THE MEAN, 

To this point, we have discussed how to calculate the error or uncertainty in a single 
set of data. For one physical parameter being measured, the uncertainty is given simply by 
the standard deviation of the mean. However, many physical quantities of interest are 
calculated with a mathematical function (equation) using experimentally measured parameters. 
The question still to be answered is how does one calculate the uncertainty in the (calculated) 
physical quantity, given the uncertainties in each of the measured physical parameters? 
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A simple example is the measurement of the area of a rectangle. One doesn't actually 
measure the area directly, but instead calculates it based on two measurements of distance 
(length and width). Based on our previous discussion, the numbers used for the length and 
width should be the mean of an entire set of data taken for each parameter. The uncertainty 
in the length and the width would be the standard deviation of the mean in each case. How 
then does one calculate the uncertainty, or error, in the area itself? 

The answer to this lies in a fundamental theorem of Calculus. The value of a function 
in any small region around a given point in parameter space may be calculated using a Taylor 
Series expansion. The uncertainty in each of the parameters is taken to be the standard 
deviation of the mean from a set of measured data for that parameter. Assuming each of 
these standard deviations (errors) to be small, (an assumption always made), only the first 
(linear) terms in the Taylor Series need to be kept. The general equation for calculating the 
errors in a quantity (function) containing n measured parameters is: 

(1.1) 

where fis a function of the parameters xl> x2, ... "n, .1fis the calculated error in the physical 

quantity of interest, the .E!. 's are partial derivatives and the ax; 's are the standard 
<1xt 

deviation of the mean for each parameter. The numerical value used for each parameter is 
the mean of its measured data set. Note that for one measured parameter, n=l, the expression 
reduces to the familiar definition of a derivative in one-dimension: 

Af = ~ Ax (1.2) 

where.1x is the same as ax, the standard deviation of the mean. For the one-dimensional 
case, the following figure may help illustrate how the error in the measured parameter affects 
the error in the calculated quantity through the definition of the derivative, given above. 



f 

f(x) 

f max ---- ---0'-----------------------------
f~atr-~~~--------~ 
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x 

Figure 1.4. Graph of a generalized function f(x). If x is measured as Xt-t±l)x, the 
output, or result, is quoted as f~l)f. 
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As a final comment, the absolute value signs are used so as to always contribute a 
positive value to the overall error. Also, the square root of the sum of the squares, or 
root-sum-square (RSS) in equation (1.1), is a consequence of the fact that the errors are taken 
to be random and independent. RSS is sometimes referred to as adding in quadrature, vs. 
simple algebraic addition. The justification for this will not be given here, but RSS addition 
of errors should always be used in this course. 

We are now in a position (finally!) to calculate the error in the area of our rectangle. 
Applying equation (1.1) gives: 

A = L· W (1.3) 

(1.4) 

As a numerical example, assume that you made 10 measurements of the length L, and 
6 measurements of the width W, (the lab ended early ... remember this is only an example). 
The scatter in the data resulted from having to interpolate between the smallest markings on 
your ruler, which are in mm. 



DATA POINT # 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

LENGTH[mm] 

14.9 
14.8 
14.9 
15.0 
14.8 
15.l 
14.9 
14.8 
15.1 
14.7 

[ =14.9 

Or = O.l 

WIDTH[mm] 

3.2 
2.9 
3.1 
3.2 
3.0 
2.8 

W =3.0 

Ow =0.2 

133 

The means and standard deviation of the means were calculated using equations (1.5) and 
(1.8). Using equation (1.4) to calculate the error in the area gives: 

M = ± ~(14.9)(0.2)12 + 1(3.0)(0.1 )1 2 

= ±3.0 mm 2 

Finally, the complete answer is given as: 

A = 44.7 ± 3.0 mm2 

Note the proper use of rounding and significant figures as stated in the next section. 
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SUMMARY OF EOUATIONS AND RULES FOR DATA ANALYSIS 

ROUNDING NUMBERS: Round any number to its least significant digit by considering the 
next least significant digit. If this number is between 0 and 4, leave the least significant digit 
as is. If this number is between 5 and 9, round the least significant digit up. 

SIGNIFICANT FIGURES: The number of significant figures in a measured value should 
coincide with one half of the smallest resolvable unit in the measurement, if possible. (If you 
are using a ruler with the smallest markings being in nun, estimate and quote each value to 
within ± 112 nun. If you are reading a digital voltmeter that has 3 digits, estimate and quote 
each value to within the decimal place of the 3rd digit.) 

ERROR ANALYSIS: Unless directed otherwise, ERROR ANALYSIS FOR THIS LAB 
SHOULD BE DONE USING THE STANDARD DEVIA nON OF THE MEAN. The 
errors calculated through the use of the standard deviation of the mean and the Taylor series 
expansion are not strictly equivalent. For small errors, (which we will assume), they should 
be very comparable in magnitude. The use of the standard deviation of the mean will, in 
general, be quite adequate for purposes of this lab and is much easier to calculate than use of 
a Taylor series. 

Mean: 

- I XI 
X = 

N 

where N = the number of measurements 

Sample Variance: 

Sample Standard Deviation: 

Standard Deviation of the Mean: 

I(x - X)2 
0 2 = __ 1_-

N-1 

CJ (square root of sample variance) 

o = ~ I(l\ - ~' 
N-1 

(1.5) 

(1.6) 

(1.7) 

(1.8) 
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Propagation of error is handled by the following formulae (assuming the errors are 
random, i.e. independent and uncorrelated). These equations are derived as special cases by 
applying the general form of the Taylor Series, equation (1.1): 

1) Addition and Subtraction 

2) Multiplication and Division 

3) Powers 

References: 

f 

l1f 
f 

x+y+z 

f xy 
z 

f = x" 

I n,:xl 

l.R.Taylor, An Introduction to Error Analysis, Oxford University Press, 1982. 

(1.9) 

(1.10) 

(1.11) 

(1.12) 

(1.13) 

(1.14) 

P.RBevington, Data Reduction andError Analysis/or the Physical Sciences, McGraw-Hili, 
1969. 
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Lab Write-Ups 

The purposes of the lab report are for you to demonstrate that you (1) actually did the 
lab, (2) understand the procedures involved, (3) understand the theory behind each 
experiment, and (4) understand how to properly calculate the numerical results and associated 
experimental errors. In order to make the reports easier to write, the following guideline 
should be used: 

• Name 
• Lab# / Lab Title 
• Lab Day (TWTh or F) 
• Experiment Name 
• SUMMARY OF EXPERIMENT 

--brief summary of the objective of the experiment 
--brief summary of the procedure used Gust the highlights) 
--brief summary of appropriate theory 

(The SUMMARY should be done in one or two paragraphs ... ) 
(Absolutely no more than one half of a page.) 

• Raw Data (present in organized tables) 
• Equation(s) used to analyze the data 
• Calculated results (present in tables when appropriate) 
(.) Graphs or Plots 
(.) Error Analysis 
• Answers to all questions in the lab manual. 

NOTE: All questions will be marked with an asterisk •. 
The (.) items are to be included whenever the lab handout or instructor specifies. 

Repeat back to Experiment Name for other experiments in the lab handout. 

The write-ups should NOT be lengthy. It is important to summarize the experiment as 
concisely as possible, without simply repeating words in the lab handout. A brief example of 
a write up for the minimum angle of deviation part of Lab #3 is included on the next page. 
Be sure to answer all questions in the handout. In this age of computers, you may wish to use 
a word processor in doing your write-ups. For that matter, you may wish to use a form or 
boiler plate to help outline each write-up. That's ok, as long as the words and data are your 
own and you answer all questions. .By the way, use of pen and paper is perfectly acceptable 
(don't use pencil). The point of the write-up is to communicate (legibly) your understanding 
of the optics learned, not to write a publication-ready article. 

THE WRITE-UPS ARE DUE ONE WEEK AFfER THE LAB SESSION, AND ARE 
TO BE TURNED IN AT THE TIME OF THE FOLLOWING LAB. 



SAMPLE LAB WRITE-UP 

Serious Student 
Lab #3--Refractive Index and Snell's Law 
Friday lab 

Minimum Angle of Deviation 

137 

SUMMARY: This experiment provides an accurate method of measuring the index of 
refraction of a glass. Of the various methods studied, this one is the most accurate. It 
involves the use of a spectrometer and a glass sample in the form of a prism. The 
spectrometer is used to measure the apex angle of the prism as well as the angles of incidence 
and deviation. Experimentally, the minimum angle of deviation is found by rotating the prism 
(changing the angle of incidence) and observing when the deviation angle is at a minimum. 
Vernier scales on the spectrometer were used to measure the angles to ~ accuracy of 1 arc 
min. An equation is derived which relates the index of refraction of the glass to the angles 
of incidence and deviation. At minimum angle of deviation, the equation reduces to a simpler 
form used to calculate the index at the red spectral line of an argon source. A complete error 
analysis is given. 

DATA: Four measurements of the prism angle, A, and five measurements of the minimum 
angle of deviation, D, for the red argon line were performed. The calculated average value 
of the prism angle was used for all calculations of n, the index of refraction. 

TRIAL # A 

1 60° 2' 
2 59° 58' 
3 60° 5' 
4 60° 9' 
5 

Average 

D 

37° 11' 
37° 14' 
37° 08' 
37° 10' 
37° 09' 

n ( A = 60° 0') 

1.5000 
1.5006 
1.4995 
1.4998 
1.4996 

1.4999 

0.0004 
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The error in refractive index may also be calculated using a Taylor series expansion. Using 
the following equations: 

at minimum angle: n= sin[(Dmin + A)/2] / sin(Al2) 

after taking the derivative: 

~ 
f2 

Sin 
A+Dmn 

-Sin 
A+Dmn 

Cos 
A+Dmn 

fln= 2 2 
'iMP+ 

2 
'~Dmrf 

2Sin
2

( ~) 2Sin( ~) 

Using A =60 0 0', ° =37 0 10', <?; =0 0 5', and 0j5 =0° 2' gives: an= 0.0005 

The final answer is: n = 1.4999 ± 0.0005 

Grading 

The grading will attempt to reflect your level of understanding of the optical principles 
presented in the lab. The SUMMARY section will be only a very small part of the grade, 
although it is a required part of the write-up. Most of the grade will come from the data 
analysis and questions. Each lab will be graded based on a raw point score that will vary from 
lab to lab. This allows for a finer "resolution" of the grading on the more lengthy labs. 

EACH LAB SCORE WILL BE NORMALIZED TO A SO POINT SCALE. 

Measurement Scales 

An important lab skill required throughout this course is the ability to make 
measurements with micrometers, calipers, and angular scales. The ability to read a vernier 
scale is also required. This section is an introduction to the use of these measuring 
instruments. 
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We begin by reviewing the units of measurement most commonly used in this and 
other scientific labs. Almost all of our measurements of length will be done in metric units. 
The fundamental metric unit oflength is the meter [m], slightly longer than 39 inches. While 
all of your calculations involving length may be done in units of meters [m], you will find it 
much more convenient to use the smaller divisions of the meter, namely millimeters [mm], 
centimeters [cm], or micrometers or microns [J.lm]. The relationship between these units is 
based on factors of 10, as follows: 

10 (101
) 

100 (102
) 

1000 (103
) 

1,000,000 (106
) 

1,000,000,000 (10~ 
1,000,000,000,000 (1012 

) 

1,000,000,000,000,000 (1015) 

1 meter [m] 
decimeters [dm] 
centimeters [cm] 
millimeters [mm] 
micrometers [J.lm] 
nanometers [nm] 
picometers [pm] 
femtometers [fin] 

= 1 meter 
= 1 meter 
= 1 meter 
= 1 meter 
= 1 meter 
= 1 meter 
= 1 meter 
= 1 meter 

NOTE: Any of these prefixes may be used with the units of time [seconds] or volume [liters] 
in the same manner. 

The most practical units of use for this lab are millimeters, centimeters, micrometers 
(microns), and nanometers. To convert from the English system of inches and feet to the 
metric system, the following conversion factor is the easiest to remember and work with: 

1 inch = 2.54 cm 

Another important unit used in this lab (and in OPT! 226) is that for measuring angles. 
The most common unit of angle is the degree [0], defined with the fact that there are 360 
degrees included in a full circle. Note that 360 degrees are also equal to 21t, or 6.283185 
radians, the radian being another unit of angle. Confirm for yourself that 1 radian is equal to 
57.295779 degrees. 

The unit ofa degree is broken down into smaller units of angle termed minutes ['] and 
seconds ["]. There are 60 minutes in one degree, and one minute contains 60 seconds. The 
following relationships will be used throughout the labs: 

21t radians = 
360 degrees = 

1 complete circle 
1 complete circle 
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1 degree = 1 degree 
60 minutes = 1 degree 
3600 seconds = 1 degree 
60 seconds = 1 minute 

Optical Rails 

The optical rails you will use for most of the experiments function as a ruler marked 
in millimeters, mm. Notice that each of the carriers that slide along the rail have a cut-out 
portion along one end, with a vertical marking in the middle. This marking is coincident with 
the center of the carrier and the lens or aperture holders on the carrier itself. Estimate these 
readings to within ± Y2 mm. 

Calipers 

The calipers contained in the red measuring kit are basically a refined steel rule. 
Properly termed slide calipers, they operate by sliding a movable jaw along a steel rule marked 
in 0.1" increments. A dial calibrated in units of 0.001 " is coupled to the movement through 
a rack and pinion gearing arrangement. Movement of the jaw through 0.1" moves the dial 
through 1 00 divisions, or one complete revolution. The final reading is the sum of the reading 
of the steel rule and the dial. 

Hold the calipers in your right hand along the length of the steel rule, with your right 
thumb resting on the knurled knob thus supporting most of the weight. With your left hand, 
loosen the locking screw at the top right of the dial. Open the jaws by rotating the knurled 
knob with your right thumb. Run your hand along the inside of the lower jaws to make sure 
they are clean. Gently close the jaws and make sure the dial reads O. If not, loosen the 
bottom screw, grasp the outside of the dial and rotate it until the pointer is at 0, then gently 
tighten the bottom screw. 

These calipers are capable of measuring up to 6.000" in length, outside-diameter 
(0.0.), or inside-diameter (1.0.). The lower jaws are used for measuring length as well as 
0.0. The upper jaws are used for measuring the I.D. of round material such as pipe or 
tubing. Notice how the distances between the upper and lower jaws is the same because the 
right side of each jaw moves on the same carriage. 

Micrometers 

The micrometers in the kit and on the optical translation stages are used to measure 
length. A good discussion of the micrometer is found in a booklet published by The L.S. 
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Starrett Co., "Tools & Rules for Precision Measuring'. Portions of this booklet are reprinted 
here, with permission from The L.S. Starrett Co. 

AIC---BEVELED EDGE 
OF THIMBLE 

Figure 1.5. Construction ofa micrometer. 
(photo used with written permission from The L.S. Starrett Co.) 

NOTE: NEVER FORCE THE SPINDLE AGAINST THE WORK PIECE OR ANVIL. 
ALWAYS USE THE LIGHTEST PRESSURE NEEDED TO JUST ENSURE 
CONTACT. 

"The micrometer caliper consists of a highly accurate ground screw or spindle which is 
rotated in a fixed nut, thus opening or closing the distance between two measuring faces on 
the ends ofthe anvil and spindle. A piece of work is measured by placing it between the anvil 
and spindle faces and rotating the spindle by means of the thimble until anvil and spindle both 
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contact the work. The desired work dimension is then found from the micrometer reading 
indicated by the graduations on the sleeve and thimble (as described in the following 
sections). " 

At this point, look at the micrometers in the kit and on the translation stage. Notice 
the differences in markings on the sleeves and thimbles. Reading each micrometer is slightly 
different, and will be covered in the next two sections. 

Figure 1.6. English-reading micrometer with a vernier scale. 
(photo used with written permission from The L.S.Starrett Co.) 

Spindle Sleeve Thimble 

Reading 
Line 

Figure 1.7. Metric-reading micrometer with a vernier scale. 
(photo used with written permission from The L.S. Starrett Co.) 
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How to Read a Micrometer Graduated in Ten-Thousandths of an Inch (.0001 ")--(from 
our kits) 

"Since the pitch of the screw thread on the spindle is 1140", or 40 threads per inch, one 
complete revolution of the thimble advances the spindle face toward or away from the anvil 
face precisely 1140 or 0.025 inches. 

The reading line on the sleeve is divided into 40 equal parts by vertical lines that correspond 
to the number of threads on the spindle. Therefore, each vertical line designates 1140 or 
0.025 inches and every fourth line which is longer than the others designates hundreds of 
thousandths. For example: the line marked "1" represents 0.1 00", the line marked "2" 
represents 0.200", and the line marked "3" represents 0.300", etc. 

The beveled edge of the thimble is divided into 25 equal parts with each line representing 
0.001" and every line numbered consecutively. Rotating the thimble from one of these lines 
to the next moves the spindle longitudinally 1/25 of 0.025" or 0.001 inches; rotating two 
divisions represents 0.002", etc. Twenty-five divisions indicate a complete revolution, 0.025 
or 1140 of an inch. 

To read the micrometer in thousandths, multiply the number of vertical divisions visible on 
the sleeve by 0.025", and to this add the number of thousandths indicated by the line on the 
thimble which coincides with the reading line on the sleeve." 

Example A: [WITHOUT the vernier] 
Refer to the illustration below and your own micrometer. 

r-: 1- ·~c -t Sleeve 
~5 
I 11I1I1I~o Thimble 

Reading 178" 

Figure 1.S. Using an English-reading micrometer. 
(Drawing used with written permission from The L.S. Starrett Co.) 



Th "I" I' hi" 'bl ' e me on t e s eeve IS VlSI e, representmg ...................................... . 

There are 3 additional lines visible, each representing 0.025" 
3 x 0.025" = .............................................. . 

Line "3" on the thimble coincides with the reading line on the sleeve, each line 
representing 0.001" 3 x 0.001" = ............................................. .. 
(the reading line is the first horizontal line on the vernier scale, marked "0") 

The micrometer reading is the total of these readings .............................. .. 

Example B: [WITHOUT the vernier] 
Refer to the illustration below and your own micrometer. 

Figure 1.9. Using an English-reading micrometer. 
(Drawing used with written permission from The L.S. Starrett Co.) 

Th "2" I' hi" 'bl ' e me on t e s eeve IS VISI e, representing .................................... .. 

There are two additional lines visible, each representing 0.025" 
2 x 0.025" = ............................................. . 

Line "0" on the thimble coincides with the reading line on the sleeve, representing 

The "0" lines on the vernier coincide with lines on the thimble, representing 

Th ' d' , . e micrometer rea Ing IS ....................................................................... , 
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0.l00" 

0.075" 

0.003" 

0.178" 

0,200" 

0.050" 

0.000" 

0.000" 

0.250" 
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Micrometers graduated in ten-thousandths of an inch are used like micrometers 
graduated in thousandths as just described, except that an additional reading in 
ten-thousandths which is obtained from a vernier is added to the thousandths reading. (It is 
interesting to note that the vernier scale was invented in 1631 by Pierre Vernier and is in 
effect a combination of rulers.) . 

The vernier consists of ten divisions on the sleeve which occupy the same space as 
nine divisions on the thimble. (prove this to yourself. Unlock the micrometer thimble by 
moving the lever counterclockwise. Rotate the thimble until the "0" matches the "0" on the 
spindle reading line. Note the two numbers that match at the other end of the vernier scale.) 
Therefore, the difference between the width of one of the ten spaces on the vernier and one 
of the nine spaces on the thimble is one-tenth of a division on the thimble, or one-tenth of 
one-thousandth, which is one ten-thousandth. To read the micrometer to the ten-thousandths 
digit, first obtain the thousandths reading, then see which of the lines on the vernier coincides 
with a line on the thimble. If it is the line marked "1" add one ten-thousandth, if it the line 
marked "2" add two ten-thousandths, ifit is the line marked "3" add three ten-thousandths, 
etc. 

Example C: [WITH the vernier] 
Refer to the illustration below and your own micrometer. 

Figure 1.10. Using an English-reading micrometer. 
(Drawing used with written permission from The L.S. Starrett Co.) 

Th "2" I' hi" 'bl . e me on t e s eeve IS VISI e, representmg .................................... . 

There are two additional lines visible, each representing 0.025" 
2 x 0.025" = ............................................ . 

0.200" 

0.050" 

The reading line on the sleeve lies between the "0" and "1" on the thimble indicating 
ten-thousandths of an inch are also to be added as read from the vernier: 



The "7" line on the vernier coincides with a line on the thimble, representing 
7 x 0.0001" = ......................................... .. 

The micrometer reading is ...................................................................... . 

How to Read a Micrometer Graduated in Two-Thousandths of a Millimeter 
(0.002 mm)--(on our translation stages) 
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0.0007" 

0.2507" 

"Since the pitch of the spindle screw is one-half millimeter (0.5 mm), one revolution of the 
thimble advances the spindle toward or away from the anvil the same 0.5 mm distance. 

The reading line on the sleeve is graduated in millimeters (1.0 mm) with every fifth millimeter 
being numbered from 0 to 25. Each millimeter is also divided in half(0.5 mm), and it requires 
two revolutions of the thimble to advance the spindle 1.0 mm. 

The beveled edge of the thimble is graduated in 50 divisions, every fifth line being numbered 
from 0 to 50. Since one revolution of the thimble advances or withdraws the spindle 0.5 mm, 
each thimble graduation equals 1/50 of 0.5 mm or 0.01 mm (10 microns). Thus two thimble 
graduations equal 0.02 mm (20 microns); three graduations equal 0.03 mm (30 microns), etc. 

To read the micrometer, add the number of millimeters and half-millimeters visible on the 
sleeve to the number of hundredths of a millimeter indicated by the thimble graduation which 
coincides with the reading line on the sleeve." 

Example D: [WITHOUT the vernier] 
Refer to the illustration below and your own micrometer. 

~
5 30 

SLEEVE THIMBLE 

25 

Reading 5.78 mm 

Figure 1.11. Using a metric-reading micrometer. 
(Drawing used with written permission from The L.S. Starrett Co.) 
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The 5 mm sleeve graduation is visible .................................................... .. 5.00nm 

One additional 0.5 mm line is visible on the sleeve .................................. . O.50nm 

Line 28 on the thimble coincides with the reading line on the sleeve, so 
28 x 0.01 mm = ........................................ . O.28nm 

The micrometer reading is ....................................................................... . 5.78nun 

Metric vernier micrometers are used like those graduated in hundredths ofa millimeter (0.01 
mm), except that an additional reading in two-thousandths of a millimeter (0.002 mm) is 
obtained from a vernier scale on the sleeve. 

The vernier consists offive divisions each of which equals one-fifth of a thimble division--1I5 
of 0.01 mm or 0.002 mm. 

To read the micrometer, obtain a reading to 0.01 nun in the manner just discussed. Then see 
which line on the vernier coincides with a line on the thimble. Ifit is the line marked 2, add 
0.002 mm; ifit is the line marked 4, add 0.004 mm, etc. 



Example E: [WITH the vernier] 
Refer to the illustration below and your own micrometer. 

E 
E 

-+ co 
~ 

w a 
III --ftl ." 
=: -I en 
l: en c 
.... 086420 '6 

iI III 
CII a: 

Figure 1.12. Using a metric-reading micrometer. 
(Drawing used with written from The L.S. Starrett Co.) 

The 5 mm sleeve graduation is visible ....................................................... . 

No additional lines on the sleeve are visible .............................................. . 

Line "0" on the thimble lies below the reading line on the sleeve, indicating 
that a vernier reading must be added. 

Line 8 on the vernier coincides with a line on the thimble ......................... . 

The micrometer reading is ........................................................................ . 
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5.<XDmn 

0.<XDmn 
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Cleaning Optical Elements 

The cleaning of optical elements (lenses, mirrors, filters, windows, beamsplitters, etc.) 
is both an art and a science. In the past few years, it has become much more of a science 
because of the demand for ultra-clean surfaces used in state-of-the-art optical systems (ref. 
Bennett). The following information is presented as general guidelines that any optical 
engineer should be familiar with. Regardless of the cost of the optical element, one rule 
should always be followed: treat all optical surfaces with great care and attention. Good 
habits in handling low-cost optics will pay off when you are required to handle very expensive 
components. 

Optical surfaces may be categorized in two general ways: Hard vs. Soft, and Coated 
vs. Uncoated. The following table gives examples of both: 

HARD 

SOFT 

HARD 

SOFT 

UNCOATED SURFACES 

* most glasses used for lenses in visible light 
* glass substrates used for mirrors 
* colored glass filters 
* glass and sapphire windows 

* most glasses and materials used for infrared lenses (Si, Ge, NaCI, CsI, etc.) 
* sheet plastic filter material (Wratten filters) 
* plastic optics (lenses, Fresnel lenses) 
* copper or aluminum mirrors 

COATED SURFACES 

* MgF on lenses (purple tint on your camera lenses) 
* SiO overcoat used on mirrors 

* bare AI, Ag, or Au coatings on mirrors 
* GRATINGS I I 
* patterns deposited on glass substrates (Ronchi rulings, reticles, etc.) 
* photographic film 
* holograms 
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One of the most basic rules in cleaning optics is simple and direct: DON'T CLEAN 
A SURFACE IF IT DOESN'T NEED CLEANING! The obvious question, then, is how 
does one know when a surface is dirty enough to need cleaning? Fingerprints and heavy 
layers of dust are easy to spot, but mono-layers of molecular contaminants are much more 
difficult. Furthermore, the need for cleaning a surface may depend on where the 
contamination is located. A single fingerprint on the edge of a 60" mirror is a much different 
situation than the same fingerprint located in the center of a 2" camera lens. The general 
answer to when an optic needs cleaning depends on the situation, time, and cost involved. 

HOW TO TEST FOR CLEANLINESS 

The starting point in all of this is to identify the degree to which the surface is 
contaminated. Qualitatively, the most useful way to test for cleanliness is to look at the 
surface visually, with your own eyes. Use a high intensity light source and look along the 
surface at high angles, near grazing incidence. A flashlight in a darkened room works well 
for this. By looking in the direction offorward-scatter (along the surface into the light), one 
can spot contaminants quite readily. It is useful to note that the human eye can easily resolve 
10 micron particles on a smooth optical surface using this technique! Although the laser is 
a source of high-intensity light, looking into the direction offorward scatter (almost directly 
back into the laser itself) is a dangerous practice. As it turns out, the flashlight actually works 
better and is much safer. 

To measure surface contamination quantitatively, one measures the BRDF of the 
surface on an instrument designed for making BRDF measurements (Brooks, 1982). BRDF, 
or Bidirectional Reflectance Distribution Function, is generally accepted as the correct means 
of measuring and describing the amount of light scattered from a surface. The amount of 
scatter can then be related to the level of surface contamination. 

In practice, it is usually sufficient to qualitatively look at a surface to determine its 
level of cleanliness. The visual technique described above is easy to do, requires no fancy 
equipment, and is quite sensitive. It becomes more useful and even somewhat quantitative 
the more one uses it. On the other hand, if you have a need to assess the cleanliness of an 
expensive super-polished surface, measuring its BRDF may be warranted. 

References: 
Bennett, Jean M., "When is a Surface Clean?" Optics & Photonics News, YoU, 
No.6, June 1990 (pp.29-32) 

L.D.Brooks, Microprocessor-Based Instrumentation for BSDF Measurements from 
Visible to FIR, OSC Dissertation, 1982. 
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GENERAL GUIDELINES 

The following section lists some general guidelines for cleaning optics. Keep in mind that all 
situations are different, and require different approaches. These guidelines should serve as 
a good starting point: 
• Clean an optic only if absolutely necessary. 

• Start with the method of cleaning that is least likely to damage the surface. 
(gentle stream of air from an air bulb, for example) 

• Clean an optic only to the degree of cleanliness needed. 
(not every optic needs ultrasonic cleaning I) 

• If you are uncertain about the consequences ofa cleaning method, check first. 

• Use lint-free gloves when handling optics. 
(use lint-free cotton or talc-free surgical gloves) 

• Handle an optic by the edges or back side only. 

• Test the cleaning method on the smallest area possible on the optic, at the edge. 

• Remove fingerprints from an optic as soon as possible. 
(the acid in skin oil can quickly begin to etch a surface) 

• Blow off dust and particles from a surface before cleaning. 
(don't scrape this grit around on the surface when cleaning) 

• Use the least amount of pressure needed when contacting the surface. 
(the drag method, described below, uses the least pressure) 

• The swab or tissue used must be cleaner than the surface being cleaned. 
(use a fresh swab or tissue for each step of cleaning) 

• Don't allow a solvent to "puddle" on the surface. 
(small amounts of contaminant are left after the puddle evaporates) 
(the contaminant actually increases in concentration in the area left by the puddle) 

• Don't immerse or flush mounted optics in a solvent. 
(the solvent may dissolve an adhesive or coating used in the optics mount, or holder) 
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GENERAL CLEANING PROCEDURES 

This next section discusses cleaning procedures, listed in order of minimal to most effective, 
and at the same time safest to most potentially damaging. 

AIR CLEANING 

The advantage of using air or some type of chy gas (nitrogen) is that is avoids making physical 
contact with the surface being cleaned. In all following cases, make sure the air or gas is pure 
and not contaminated with oils. 

(1) Rubber Squeeze Bulb 

-- cheap 
-- be careful not to touch the surface with the motion of the bulbi 
-- no contaminating oils in the air blown out 

(2) Canned Ail; -- (Dust Offis one trade name) 

-- use only at glancing incidence (point the nozzle along the surface) 
- GO EASYII A full force from the nozzle can actually imprint particles into a soft 

surface or even knock the optic right out of your hand. 
-- make sure the can is designed for optical use (oil-free) 

(3) Compressed Air --(air line in a typical lab) 

-- usually contains oil contaminants 
-- make sure that an in-line filter is used to remove the oils 
-- there is MUCH force behind the air stream ..... GO EASYI 

BRUSH CLEANING 

(1) Camel's Hair Brush 

-- go easy with light pressure 
-- can be combined with a rubber squeeze bulb 
- an antistatic lens brush, or an anti-static gun may be needed to remove charged dust 

particles 
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SOLVENT CLEANING 

Solvent cleaning is generally used only for uncoated or unmounted optics. For the best 
cleaning, use distilled and deionized water and/or Reagent Grade solvents. If costs permit, 
use Spectroscopic Grade solvents. Always pour a small amount of the solvent into a clean 
jar or beaker in which to dip your swab or tissue. NEVER place a contaminated swab or 
tissue into a bottle of clean solvent. In all following cases, don't allow the solvent to puddle 
and dry on the surface. 

(1) Flush or Immerse the Optic 

-- the simplest method to use 
-- the least efficient method to use (it may take hours for the solvent to remove the 

contamination with simple immersion) 
-- dry the optic in distilled water followed with an ethanol rinse 

(2) Tissue Drag 

-- wet the surface and tissue with solvent, then gently and slowly drag the tissue 
across the surface, from one edge to the other 

- use only the amount of solvent needed so the solvent quickly evaporates along the 
trailing edge of the tissue (no puddling) 

-- use overlapping paths across the surface of the optic 
- the only forces acting against the surface are the liquid surface tension and gravity 

(3) Swab the Optic 

-- use clean Q-tips dipped in solvent 
-- use only light pressure 
-- start at the edge first on a very small area 
- roll the Q-tip as you move it across the surface so as to pick the contamination up 

off the surface 

ADHESIVE FILMS 

Adhesive films are usually used to protect and clean optical surfaces. Known by names such 
as Strlp-Coat or Opti-Coat, these solutions are really collodions that remain flexible when dry. 
They are applied by pouring, dipping, or spraying, and work by trapping and retaining dirt 
particles in the dried film. Use a layer that is neither too thick nor too thin--a thick layer 
wastes material and may not dry properly, and too thin ofa layer may tear apart when the 
coating is removed. 
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- use a small piece of Scotch tape to remove the film--press the tape along one edge 
of the film, and carefully lift up across the surface 

-- a film that is too thin may tear during this process, leaving islands of film in the 
middle of the optic--careful use of the tape is required at this point! 

-- THESE Fll..MS ARE KNOWN TO LEAVE A TIllN ORGANIC LAYER OR 
PLASTICIZER ON THE SURFACE. DO NOT USE THESE Fll..MS ON 
SUPER-POLISHED SURFACES! 

(The layer of plasticizer itself may act as a contaminant, causing a higher degree of scattered 
light from the surface. For ordinary optical surfaces, this probably doesn't matter.) 

Finally, some guidelines may be given as to which cleaning methods should be used with the 
type of surface to be cleaned. Keep in mind that any unique situation may arise for which 
special precautions may be necessary. The following table organizes the general guidelines. 

SURFACE TYPE 

UNCOATED--Hard 

UNCOATED--Soft 

COATED--Hard 

COATED--Soft 

CLEANING METHODS 

(1) air cleaning 
(2) soap and water cleaning, followed with an 

(most glasses) alcohol rinse 
If deposits remain: 

'" organic (fingerprints, oils) use alcohol 
'" inorganic ( silicone grease) use acetone 

(1) GENTLE air cleaning 
(rubber squeeze bulb) 
NO SURFACE CONTACT (bare Ai,Au,Ag) 
NO SOLVENTS (GRATINGS) 

(same as for uncoated hard surfaces) 

(1) air cleaning 
(2) APPROVED solvent cleaning 

**'" NOTE: Most coatings can take alcohol or acetone, but CHECK INFORMATION 
ABOUT THE COATING FIRST. Use a Q-tip with the solvent to first test the outside edge 
of the coating. Mirrors can have either hard or soft coatings. It is preferable not to use soap 
and water on mirrors. 
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LAB EXERCISES 

Micrometers 

A comparison is often made between the diameter of an optical fiber and a human hair. 
Although this exercise is simple and quick, it demonstrates measurement skins and data 
analysis. The end result is both useful and interesting. 

(1) Use the micrometers to measure the diameter of one of your own hairs. (It is easier 
if you remove it from your head first... I) 

(2) Take 5 readings (using the vernier to read the 0.0001" IS digit). 

(3) Calculate the mean and standard deviation of the mean for these 5 numbers. 

(4) Calculate the mean and standard deviation of the mean of all data taken by persons 
in your lab. 

(5) Comment on the results. 

(6) CAREFULLY measure the diameter of the glass optical fiber 5 times. 

(7) Calculate the mean and standard deviation of the mean for these 5 numbers. 

(8) Convert your answers from steps (4) and (8) to microns, stating the errors properly. 

(9) Comment on how the two objects compare in size. 

Cleaning Optics 

The following exercises are designed as an introduction to the art and science of cleaning 
optics. No numbers are involved-make use of visual observations and describe what you see. 
Each person is to clean the following optics, in the order listed, using the steps outlined 
below: 

Plane mirror 
Plane glass plate 
Plane mirror 
Plane glass plate 
Concave mirror 

(dust and fingerprints) 
(dust and fingerprints) 
(unknown contamination) 
(unknown contamination) 
(dust) lint drag 
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NOTE: On the Plane mirror with unknown contamination, use Opti-Coat between steps (I) 
and (2). 

(1) Use the illumination test to determine how dirty the surfaces are. Look both in the 
forward and backscatter directions. Are there dust or dirt particles that are seen in 
one direction but not the other? Describe what you see. Repeat this step after each 
of the following cleaning steps. 

(2) Use the air bulb to remove as much of the dust as possible. 

(3) Soak the optic in soap and water followed by a water/alcohol rinse. For purposes of 
this lab, let the optic soak for 5 minutes or so. 

(3) Use the Q-tips and alcohol to clean along the outer edge. 

(4) Use the tissue drag technique with alcohol and/or acetone to clean the entire surface. 
Practice so as not to allow the solvent to puddle on the surface. If this happens, 
describe what you see after the solvent evaporates. Continue the drag technique until 
the surface is clean. 
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Lab 2: Refractive Index and Snell's Law 
Measuring the refractive index of a material is one of the most fundamental optical 

measurements, and one of the most practical. In this lab you will use several different 
methods for determining index. One of these, the Abbe refractometer, is a highly 
accurate technique routinely used in modern labs. 

THEORY 

All of these various methods for measuring index rely on two basic concepts: 
Snell's Law and Critical Angle. A brief review of these concepts is worthwhile. 

Index of refraction, or refractive index, is defined as the ratio of the speed of light 
in vacuum to the speed of light in the medium: n = c/v. A typical value of n for optical 
glass is 1.52, indicating that light travels 34% slower in glass than it does in vacuum. For 
purposes of this lab, we will consiger air to have an index of 1.0.00, the same as a 
vacuum. 

Snell's Law describes how a ray of light is bent, or refracted, when crossing a 
boundary between materials of different indices of refraction. Snell's Law is given as: 

n • sln(6) • n'· sln(6') (2.1) 

where nand n' are the indices of refraction, and 9 and 9' are the angles that the ray 
makes with respect to the surface normal. The following diagram shows rays being 
refracted: 

2 1 (a) (b) 

4 
n n 

: '5: ~ --- ~ --- ...: ~ ~ -~--= ~ ---~12~ ~ ~ 
Figure 2.1. Refraction and Total Internal Reflection. 

(a) Refraction up to the critical angle. 
(b) Total Internal Reflection beyond the critical angle. 



158 

A ray passing from a material of low index to one of higher index will be refracted 
across the boundary over all angles of incidence. However, when travelling in the other 
direction, from high index to low index, an angle is reached in the material of high index 
for which the refraction angle on the low index side is 90 degrees. This is known as the 
Critical Angle and is found by setting the refraction angle on the low index side in Snell's 
Law to 90 degrees: 

9' = arc sin (n/n') (2.2) 

For angles of incidence on the high index side greater than the critical angle, the ray is 
not refracted into the low index side, but is 100% reflected back into the high index 
material. This is known as Total Internal Reflection, abbreviated as TIR (see Fig. 2.1). We 
will see an example of TIR in the experiment using the Pfund technique. 

Pfund's Method 
Although this technique is only accurate to about 0.5%, it is inexpensive, fast, and 

can measure liquids. The output of a HeNe laser is normally incident on a plane parallel 
plate. Paint on the back of the plate scatters the light diffusely. Some of the scattered 
light is internally reflected at the anterior top surface forming a circle on the back. The 
diameter of the circle is related to the thickness of the plate and the refractive index 
(Fig. 2.2) by: 

HeN. 

t 

0/2 

(2.3) 

Figure 2.2. Experimental setup for the Pfund Method. 
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Detailed Explanation 

The beam enters normal to the plate and strikes the rear painted surface. This is 
the bright central dot that you see. The painted surface acts as a diffuse reflector, 
scattering rays upwards at all angles within the hemisphere. Over the range 0 :s 9 :s ge, 

these rays refract out of the glass/air interface, and leave the plate. Because they travel 
outward over a wide range of angles, your eye receives only a small percentage of them, 
causing this region of the plate to appear dark. Now, over the range ge :S 8 :S 90", all 
of these rays experience TIR at the glass/air interface. They are reflected back to points 
on the rear surface of the glass beyond the dark circular boundary where they scatter 
diffusely. Because these rays have undergone TIR, their intensity is large and the 
scattered rays coming out of the plate from this region are bright enough to see Oust like 
the central spot). 

Start with the thin plate. Measure the plate thickness (t) using calipers. (This is 
most accurately done at the corner of the plate having some of the paint removed.) 
Shine the laser beam onto the plate and observe the dark region bordered by a bright 
red circle. To help in understanding where all of the rays of scattered light go, place a 
white piece of paper with a small hole in it on top of the plate. Observe the distribution 
of light on the paper. Move the paper a small distance above the plate and observe. 

Measure the diameter of the circle (D) with the calipers. Some error will be 
introduced due to parallax, but center the calipers on the circle as best you can. Take 
a number of readings and average for better accuracy. Calculate the refractive index of 
the plate. Repeat for the thick plate. 

Using the thin plate, take some modeling clay and form a well on the top of the 
plate. Put a THIN layer of water in the well, shine the laser beam onto the plate, and 
notice the two rings. SLOWLY add water and observe that the inner ring grows in 
diameter, eventually becoming larger than the other stationary ring. (If the "moving" ring 
starts out larger in diameter than the stationary ring, you started with too much water. 
Empty the well and try again.) Measure the diameter of the appropriate (I) circle, and 
calculate the Index of water using the formula: 

" .. 
where n. = Index of the liquid sample (the water) 

ng = Index of the glass plate 

(2.4) 



* 

* 

* 

* 

* 

160 

Show with a ray diagram why the thinner plate produced a smaller diameter circle 
than did the thicker plate (for the first part of the experiment using no water). Use 
side-by-side drawings similar to Fig. 2.2 showing two different plate thicknesses. 

Repeat with a series of drawings (3 or 4) showing how varying the thickness of the 
water layer caused one ring to move past the other one. Show the stationary ring 
also. 

When measuring the index of water you saw two rings. Which one did you use 
for your calculation? Why? 

What happens to the light that is not totally internally reflected? Why do you not 
see it? How could (or did) you prove your answer? 

Derive the formulas used to calculate the index of the plate and the fluid. 

Micro~cope Method 
An object at the bottom of a pool of water appears closer than it really is, an effect 

caused by refraction at the water/air boundary (Fig. 2.3). Place a pencil or stick in a cup 
of water and observe the effect. 

n' 

D 

Figure 2.3. Apparent image positions of an object under water. 
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The microscope method may be more clearly understood by considering the refraction 
of a single ray out of a glass plate: 

n' 

n 

Thus, 

A 

Figure 2.4. Refraction in a single glass plate. 

n' • sin I • tan I 
sin r tan r 

tan I • CD 
CB 

n' • 

tan r 

t 
CB 

CD .. -
CA 

t 

(2.5) 

(2.6) 

(2.7) 

Focus a microscope on a scratch or some dust on the front of the plate. This is 
made easier if you illuminate the front of the plate with a penlight while attempting to 
focus. When the surface is in focus, note the micrometer reading. Now focus the scope 
on the back surface, illuminating the back surface with the penlight. Use the new 
micrometer reading to determine how far the scope traveled (C8). Measure the plate's 
thickness with the micrometer, and calculate the refractive index. 

The major source of error in this experiment is the approximation that the sines of 
angles rand i are equal to their tangents. This is a good approximation, however, for the 
cone of rays accepted by a typical microscope objective. 
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In terms of the microscope's focal length, what is the thickest plate which can be 
measured by this method? 

Figure 2-4 shows only one ray leaving point A. This question asks you to 
consider other ray angles and not assume the tangents are equal to the 
sines. For r = 0°, 0.5 0

, 2°, 5°, 10·, 20·, 30·, and 40·, determine the 
point where each ray appears to come from. Are they all the same point? 
Assume a glass plate 20 mm thick en ,= 1.52) in air. What happens to the 
ray at r = SOo? 

If you are lying at the bottom of a swimming pool looking straight up, what is your 
maximum full Field-of-View (FOV) in the air above the water? What is the same 
FOV in the water? Assume the refractive index of water is 1.3. 
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Deviation by a Plane Parallel Plate 
The deviation of a ray by a plane parallel plate is shown in Figure 2.5. Set up a 

simple experiment to measure the deviation of a laser beam, and calculate the refractive 
index from: 

n ..!SIn21 + cos21 r12 

g (d )2 1--
tslnl 

(2.8) 

d 

--------------~---------

Figure 2.5. Deviation by a plane parallel plate. 

* Derive the above formula. Assume the index of air = 1. 

* Is TIR a potential problem using the set up of Figure 2.57 Why or why not? 
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Abbe Refractometer 
Another instrument used to measure refractive index of liquids or solids is the 

refractometer. Unlike a spectrometer with its difficult alignment, the refractometer is easy 
to use. Various types exist, but all function on the concept of the critical angle. The 
basic principle is shown in Fig. 2.6. Ught from a source is incident on a sample of index 
n, smaller than the prism index n'. The source is diffused so rays are incident on the 
sample at all angles, up to grazing incidence. The ray at grazing incidence is refracted 
into the prism at the critical angle, and has the smallest angle of refraction of all other 
rays at the second face. The result of this is that the ray at the critical angle defines a 
shadow boundary when looking through a telescope at the light leaving the prism. By 
measuring the angle between the shadow boundary and the normal to the second face 
of the prism, the index of the sample may be calculated. 

Figure 2.6. Refraction by the prism in a refractometer. 

Of the critical angle refractometers in common use, the Abbe refractometer is by 
far the most important. In the classical form of the Abbe refractometer the essential 
components are a white light source, a pair of prisms (one being a measuring prism, the 
second being used for Illumination), and a simple inverting telescope in front of which is 
placed a pair of counterrotating prisms. These prisms are rotated (and then fixed in 
place) in order that they may impose a dispersion equal and opposite to the dispersion 
of the measuring prism plus the sample system. When this condition is reached the 
shadow boundary becomes almost achromatic without color; it can then be set accurately 
on the telescope cross hairs. Without these prisms, a broad rainbow would appear due 
to the fact that the refractive indices and therefore the critical angle are 
wavelength-dependent. 
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'White light" Abbe refractometers are normally calibrated to read no, the sample 
refractive index for sodium yellow light (589 nm). The rotating prisms used to annul the 
dispersion of the sample-plus-prism combination are designed to allow sodium 0 light to 
pass undeviated; hence, the direction of the observed achromatic boundary coincides 
with that due to sodium 0 light conditions, and the instrument will read directly in no. 

The measuring and illuminating prisms are usually of 30· -60· -90· construction, 
made from glass, the refractive index of which is higher than the upper limit of the 
instrument range. The prisms are housed, one in each half of a hinged water jacket 
(used for making index vs. temperature measurements). The two halves of the water 
jacket, when brought together, enclose a thin film of the liquid being measured. When 
a solid is being measured the water jacket is left open and the solid is placed on the 
measuring prism with a contact liquid of high refractive index placed between. 

In practice, modern instruments have a stationary measuring prism and a 
stationary telescope. The sample surface of the measuring prism is usually horizontal 
and is sealed from the interior of the instrument. The light is directed into the measuring 
prism by the illuminating prism, and then into the telescope by a rotating mirror, to which 
is affixed the refractive index scale. Normally, laboratory forms of Abbe refractometers 
can give an accuracy of from one to two units in the fourth decimal place. 

The Abbe refractometer is easily implemented in a compact design. Since the 
refractive index of a material varies with its composition, it is useful in measuring the 
concentration of liquids (i.e. percent alcohol, concentration of sugar in serum, etc.). The 
device is relatively inexpensive, accurate, requires little maintenance or calibration, uses 
small sample volumes, is easy to use, and lasts indefinitely with reasonable care. It is a 
workhorse of analytical chemistry labs. 

To understand the optical principles behind the refractometer, consider Fig. 2.7. 
Part (a) shows a general ray passing through the system, along with the angles and 
indices. The ray shown in (b) is at the critical angle for measuring the index of the fluid. 
The ray shown in (c) is at the critical angle for measuring the index of the solid. 
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F'lg. 2-7 (a) Basic principle of critical ong •• 
measurement or refractive indell. 
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n1 

n2 

n3 

measuring prism measuring prism 

Fig. 2-7 (b) Critical angle for measurinll the 
Index of the fluid. 

n2 = n3 sin83 

Fig. 2-7 (c) 

Figure 2.7. Critical angle. 

Critical angle for measuring the 
index of the solid. 

n1 = n2 sin82 
= n3 sin83 

(a) Basic principle. (b) Measuring the index of a fluid. 
(c) Measuring the index of a solid. 

To measure the index of the liquid, part (b), which condition must hold: n2>n3 or 
n3>n21 Explain. 

To measure the index of the solid, part (c), which condition must hold: n, >n2 or 
n2>n,1 Explain. 

The general setup is shown in Figure 2.8. Using the following relationships, an 
equation relating the index of the sample to the refraction angle 0 may be derived: 



Snell's Law tells us 

Sin D = ng Sin (A-B) 

For the limiting ray, 

Sin B = n. 
ng 

where n. = Sample (liquid) refractive index 
ng = Glass prism refractive index 

From which it follows that: 

n. .. SlnAin: - SIn 20 - (Cos A)(Sln D) 

167 

(2.10) 

(2.11) 

(2.12) 

(2.13) 

The instrument operates according to this equation, and is designed and calibrated to 
read n. directly at the sodium 0 wavelength. 

Figure 2.8. Experimental setup for a refractometer. 



Figure 2.9. View of internal scales 
in the ABBE 3-L Refractometer. 
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(Courtesy of Spectronlc Instruments, Inc., Rochester NY, 
a ute Sciences International Company.) 

1 Refractive tndex (nD)Scale 
2 Total Dissolved Solids Scale 
3. Dual Reticle 

1 Tolal Rellecllon Borderline 
2 Dual Rellcle 

1 Pnsm F!eld Lamp 
2 Upper Pnsm Case 
3 Measuring P"sm 
4 Lower P"sm Case 
5 Hmged Llghlshleld 
6 Compensator Dial 
7 Thermometer Assembly 
8 Water Inlel Fining 

Figure 2.10. ABBE-3L Refractometer. 
(Courtesy of Spectronlc Instruments, Inc., Rochester NY, 
a ute Sciences International Company.) 
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EXPERIMENT 
Familiarize yourself with the operation of the Abbe refractometer before making index 
measurements: 

1. Locate the power switch on the left side of the instrument. It has these positions: 

UP: 
CENTER: 
DOWN: 

off 
illuminates the prism/sample 
illuminates the scale 

2. Locate the source and note how it moves on its arm. Also note how the inside of the 
plastic diffuser is constructed. 

WARNING: The next step involves the use of 1-Bromonaphthalene as an 
index matching fluid. This fluid acts as a skin and eye irritant, 
and is POISONOUS if ingested. Avoid inhalation .of the 
vapors. Be extremely careful not. to spill the bottle and keep 
it tighUy closed when not in use. Wash your hands after this 
part of the lab if you've handled the fluid or samples. 

3. Open the top (illuminating) prism. Apply one or two small drops of 
1-Bromonaphthalene index matching fluid to the bottom (measuring) prism. Use care not 
to scratch the prism surface with the dropper. 

4. Place the test piece of glass on the matching fluid, polished end towards the 
illuminator and numbered (ground glass) side on top. LEAVE THE ILLUMINATING PRISM 
OPEN. Move the test piece around slightly so the area of contact is completely filled with 
matching fluid. Do not allow excess matching fluid to run out of the edges. 

5. Refer to Fig. 2.9 to learn how to read the Refractive Index Scale. The index is read 
where the vertical cross-hair intersects the top (no) scale. 

6. Hold the power switch in the down position. Use the handwheel on the right side of 
the case to set the index scale (visible through the eyepiece) to read 1.5110, the refractive 
index of the test piece. 
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7. Release the switch to the center position. Look through the eyepiece and note the 
shadow boundary. Adjust the source arm and rotate the shield for best contrast and 
definition of the boundary. Refer to Fig. 2.10 to confirm what you should be seeing. 

8. The compensator (rotating prism) corrects for the dispersion inherent in the 
refractometer optics and the sample when using white light. The compensator is 
adjusted using the large dial on the front of the instrument. When properly set, the 
shadow boundary seen through the eyepiece will be achromatic (without color) in the 
center (at the cross hair), with a faint red color at one end, and a faint blue color at the 
other end. Remove the plastic cover and rotate the compensator dial until the center of 
the boundary becomes achromatic. 

9. Use the handwheel and center the shadow boundary exactly on the reticle '')(" 
cross-hairs. 

10. Hold the switch in the down position and read the index. 

11. Remove the test piece of glass, taking care not to touch the index matching fluid. 
Place the glass on the lens tissue provided for the samples. Don't bother to clean the 
fluid off of the samples. This will be done by the lab instructor. 

12. Place a fresh drop of fluid on the measuring prism and place one of the two glass 
disk samples on top. Measure the refractive index of this sample. Repeat for the other 
glass disk. 

13. Use a clean piece of lens tissue and acetone to wipe the fluid off of the measuring 
prism. The prism may be gently wiped with the tissue. Dragging the tissue is not 
necessary. 

14. Place a couple of drops of distilled water on the measuring prism. Gently close the 
top illuminating prism until the clip on the right side snaps shut. 

15. Measure the refractive index of water. 

* Identify the glass types of the unknown sample disks. 
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For purposes of this part of the lab, the metal side panel of the Spectronic Instruments 
ABBE-3L refractometer has been replaced with a plexiglass panel. Look through the 
clear panel and study the optical path of the refractometer. With the aid of Fig. 2.11, a 
full-scale labelled drawing of the refractometer, answer the following questions in your 
writeup: 

* 

* 

* 

* 

* 

* 

Describe, in words, the light path when the sample is Illuminated. 

Describe, in words, the light path when the scale is illuminated. 

Through what angle (approximately) does prism P1 deviate the beam? 

Does prism P1 act to change the parity of the image of the scale as seen through 
the telescope? Why or why not? 

How is the calibration of the instrument changed? (In other words, how is the 
scale setting adjusted to match the refractive index of the standard sample of 
glass?). Explain optically how this Is made to happen. 

Explain how the scale gets illuminated. 
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Figure 2.11. Optical layout of the ABBE-3L refractometer. 
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Lab 3: Prisms 

Prisms may be used in an optical system to deflect or deviate a beam of light. 
They can invert or rotate an image, and they can disperse light into its component 
wavelengths. The numerous applications for prisms make them an important component 
of any optical system. 

Experiment 3-1 - Dispersion: 

The refractive index of a glass is a function of the wavelength of light, a property 
known as dispersion. Different glasses exhibit different dispersion curves, as shown 
below. In this experiment, you will measure the dispersion curve of a dense flint optical 
glass. The technique used will be the minimum angle of deviation. 

I I I I 
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FlQure 3.1. Refractive index vs. wavelength for various glasses. 
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Figure 3.3. Rays from any object point emerge parallel to each other. 
but not parallel to rays from other object points. 
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Figure 3.4. Refraction of collimated beams through a prism. 
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The Spectrometer and its Adjustment: 

We wish to measure the angular deviation produced by a prism. The spectrometer 
is one convenient way to do this. The spectrometer consists of a slit, collimator, viewing 
telescope, arrangement for measuring the angle between collimator and scope, and a 
table for the prism. (Fig. 3.2). The slit and collimator produce parallel light. Rays from 
a point of an extended source at the front focal plane of a lens will emerge parallel to 
each other but not parallel to the rays from other object points (Fig. 3.3). By narrowing 
the slit the beam becomes more parallel, however, the intensity decreases. You will learn 
in physical optics how to calculate the optimum width of the slit. Here you need only 
adjust the slit so that it is as narrow as possible while the intensity is adequate. If this 
seems confusing, do not worry. It is an easy adjustment and will be obvious when you 
do the experiment. 

With the slit well adjusted, an essentially parallel beam will emerge from the 
collimator. This will be deviated and dispersed by the prism (Fig. 3.4). All rays of a given 
wavelength exit the prism parallel to each other. However, each wavelength is deviated 
by a slightly different angle. The telescope is adjusted to image parallel rays. Rays 
parallel to the telescope's axis will image on the cross hair reticle. The ray bundle 
through a properly adjusted spectrometer is shown in Fig. 3.5. 

COLLIMATOR 
SLIT 

LI.HT~I;~~C~O~LL~I~M~A~T~O~~~~~~~ 
SOURC; r 

Figure 3.5. Collimated rays through the spectrometer. 
(Reprinted with written permission from PASCO Scientific). 



Minimum Angle of Deviation: 

This is a very accurate and commonly used method. The angular deviation of a ray 
traversing a prism depends on its refractive index, prism apex angle A, and the angle of 
incidence I (Fig. 3.6). 

Figure 3.6. Geometry for minimum angle of deviation. 

According to the following formula, corrected for our sign convention, (Hecht, Optics 2nd 
Ed. p 164): 

-0 = I + Arcsin [ (Sin A)(n2 - Sin2 I)~ - (Sin 1)(Cos A) ] - A (3.1) 

A graph of this equation for a given prism (i.e. a given n and A) is similar to a concave-up 
parabola. Thus, there is a point where the deviation is a minimum. The minimum angle 
of deviation is related to the index by (see Hecht, p 165): 

Sln[ (A -2DnJ ] 

Sln(~) 
n .. (3.2) 

Note that because n is wavelength-dependent, so is the minimum angle of deviation. To 
use this technique, one makes a prism out of the material to be measured and aligns it 
on an autocollimating goniometer (an accurately divided rotation stage with collimated 
light source designed for alignment). Our spectrometers are essentially this type of 
instrument. By measuring the prism apex angle A and experimentally finding and 
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measuring Dm," (1), n(1) may be calculated. In this lab, the prism has been pre-aligned 
to save time. 

Procedure: 

You will use the spectrometer. There are several critical adjustments which have 
been preset to save time in this lab. Therefore, DO NOT ADJUST ANYTHING ON THE 
SPECTROMETER UNLESS INSTRUCTED TO DO SO. 

Step 1: 

I 
I 

~2 
I , 

Face e' 

., Face A 

, 
Face'C 

~l- -- , Jt1 
- - --V ... 

Figure 3.7. Prism table of the student spectrometer. 

Plug in the Gaussian eyepiece. Adjust the eyepiece by sliding 
the eye lens until the cross hairs are sharp. This will be 
difficult to do precisely because of depth of focus. When the 
cross hairs appear sharp, move your head sightly back and 
forth. The image should not move. If it does, readjust until 
the cross hairs are stationary for small head movements. 
Each individual will adjust the eyepiece differently, so once 
you have done this the same person should proceed with the 
remaining steps. Then let the next group member try . 



Step 2: 

Step 3: 

Step 4: 

Refer to Fig. 3.7. Rotate the prism table (NOT THE PRISM 
ITSELF) until face A is perpendicular to the axis of the 
collimator. Gently lock the prism table in place with the 
locking screw. Rotate the telescope until it appears to be 
normal to one of the prism faces, either B or C. Look through 
the eyepiece and slowly rotate the telescope until you see two 
images of the cross hairs (one image reflected from the 
prism). Fine tune the telescope rotation until the vertical cross 
hairs overlap. At this point the axis of the telescope is normal 
to the face of the prism. DO NOT ADJUST OR TOUCH THE 
PRISM IN DOING THIS. Record the position of the telescope 
using both scale readings. 

Rotate the telescope around to the second face. As in step 
2, slowly rotate the telescope until the vertical cross hairs 
overlap. Record the position of the telescope using both 
scale readings. Calculate the telescope rotation angle, T, as 
the difference in both sets of scale readings. Take the 
average of both values of T to compensate for machining 
errors. Calculate the apex prism angle A using the formula: 

A = 180· - T. 

Turn off the Gaussian eyepiece and turn on the Argon 
(Iabe"ed A) source. Unlock the prism table and rotate it until 
face A is roughly para"el to the axis of the collimator (position 
face A so it is on the right side of the collimator when looking 
along the collimator toward the source). Leave the prism 
table unlocked for the remainder of the experiment. Rotate 
the telescope so its axis is para"el to the axis of the 
collimator. At this point you should see the purple image of 
the vertical source slit in the field of view. At the end of this 
procedure you will come back to this telescope position and 
measure the angular position of the source as a reference 
point. 

Rotate the telescope counterclockwise toward face A and 
look for the various spectral lines. They will appear as 
colored images of the vertical source slit. You will also have 
to rotate the prism table to see them. Find the brightest red 
line (696 nm) and position it in the center of the telescope's 
field of view. 
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(3.3) 



Step 5: 

Step 6: 

Step 7: 

To find the minimum angle of deviation: Slowly rotate the 
prism table so that the red line moves to the left in the field of 
view. At the same time move the telescope to track it, 
keeping the line in the center of the field of view. At the point 
of minimum angle of deviation, the red line will appear to stop 
moving left, remain stationary for a second, then begin 
moving to the right, similar to a planet moving in retrograde 
motion. This should all happen within a small enough angle 
so that the telescope will no longer have 'to be rotated. The 
prism is at minimum deviation when the image appears 
stationary. At this point, leave the prism table alone, and do 
not lock it down. Fine tune the telescope rotation so that the 
red line and vertical cross hair coincide. Record one of the 
scale readings. 

Without touching the prism table, rotate the telescope until its 
vertical cross hair is centered on the purple image of the 
undeviated source. Record the angle using the same side of 
the scale as in the previous step. Take the difference in angle 
readings to calculate the minimum angle of deviation. Use the 
equation for minimum angle of deviation to calculate the 
refractive index of the prism at 696 nm. 

Replace the Argon source with the Mercury source (labelled 
Hg). Repeat steps 5 and 6 for the spectral lines: 

SPECTRAL LINE COLOR SOURCE WAVELENGTH 

violet Hg 405 nm 
blue Hg 436nm 
green Hg 546nm 
orang~ (doublet) Hg 578nm 

red Ar 696nm 
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Plot the refractive indices you measured vs. wavelength (in 
nm). This is known as a dispersion curve. Each glass type 
has its own characteristic dispersion curve, measured with 
high accuracy and published in the form of coefficients to a 
curve-fit on the measured data. Assuming that the prism you 
measured is a type of flint glass, use the following dispersion 
information for SF7 glass to calculate the expected index 
values at the wavelengths you used. Plot this data on the 
same graph with your measured values. 

Formula: n2 = AO + A 1 • 12 + A2 • 1'2 + A3 • 1 -4 + A4 • l-e 

Coefficients: AO = 2.6129703 
A 1 = -8.9265027E-3 
A2 = 2.4553061 E-2 
A3 = 9.n00411E-4 
A4 = -2.6551022E-5 

(NOTE: wavelengths must be entered in microns in the fonnula) 

How accurate would the measurement be if you could determine both A 
and D to 1 second of arc? 

Experiment 4-2 - Deviation: 
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Prisms are often used to replace a combination of mirrors. At first it may seem 
wasteful but prisms offer several advantages over mirror assemblies. Prisms often do not 
require reflective coatings because of TIR. Mirrors require cumbersome mechanical 
mounts to maintain position. Prisms are often cheaper than front surface mirrors and are 
far easier to clean. There are many specialized configurations of prisms, and we will look 
at only a few of the most common types. 

Determining how a complex combination of mirrors forms an image can be difficult. 
There are mathematical methods for dealing with this but they are beyond the scope of 
this course. For our purposes, we need only to understand the differences between 
image rotation and image parity, or handedness. Image rotation refers to the rotation of 
an image in its own plane, about the optical axis. Image parity is changed by a rotation 
of the image about an axis orthogonal to the optical axis. Fig. 3.8 illustrates these 
concepts. 
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mJ @i 

rotation O· rotation 180· 
handedness RH handedness RH 
parity even parity even 

rro rro 
rotation O· rotation 180· 
handedness LH handedness LH 
parity odd parity odd 

Figure 3.8. Image parity. 

We note that a single reflection from a mirror or prism surface changes a right 
handed system to a left handed system and vice versa. In other words, a single reflection 
changes the handedness, or parity, of an image. This leads to the following point: An 
odd number of reflections changes the parity of the image. An even number of 
reflections does not change the parity. 

The following information on prisms is taken from the Optics Guide 4, published 
by Melles Griot, and also from the Military Handbook on Optics, MIL-HDBK-141. 

Prisms are, essentially, blocks of optical material with flat polished sides which are 
arranged to be at preCisely controlled angles to each other. The angular specifications 
of prisms are of prime importance since small angular face errors can lead to Incorrect 
functioning of the prism. 

Optically, prisms are equivalent to a plane parallel plate. Uke an actual plate, they 
are incapable of forming real images. Instead, they form virtual images. To understand 
this, consider the drawing below of a right angle prism. In this drawing, the situation is 
shown as it actually occurs. A viewer looks through the prism at an object and sees a 
virtual image. This image may be displaced from the original object, such as in the 
example, or it may coincide with the object, as we will see in the case of a Dove prism. 
In either case, it is a virtual image. Furthermore, the orientation of the image, or 
handedness, may differ from that of the object. The right angle prism shown below has 
reversed the sense of left and right in this situation. Note that this is different than a 
simple rotation of the image in its own plane. 
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~ 
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,. .~~. -' Virtual Image 
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Figure 3.9. Virtual image formed by reflection at the hypotenuse. 

The next drawing shows the same situation with the convention used in all 
subsequent drawings, and most all texts on optics. A real image is shown; its orientation 
is a result of the action of the prism. It must be kept in mind, however, that a real image 
would only be formed if there were some sort of imaging optics in the system. The prism 
by itself always forms a virtual image. The virtual image will have the same orientation as 
the real image shown, but it can only be viewed by an observer looking back through the 
prism system. Also, its location is not where the real Image is shown in the drawing, but 
rather in the location shown in the first drawing. 

Object 

Projected Image 

Figure 3.10. "Image" as shown in typical illustrations. 

In order to provide illustrations which require the minimum mental orientation to see 
both object and image correctly, the object is portrayed as the letter IR",lIIuminated from 
behind by a collimated beam, the central ray of which is indicated by an arrow. The 
image is illustrated by the appearance of the projected image that would be produced 
if a direct vision screen, such as frosted glass, were held normal to the emergent beam. 
This is the same image orientation seen by an observer looking back into the prism 
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system, along the optical axis. To observe either object or image, you should view them 
as if the central ray from them were directed at your eye. 

As you complete your observations for each prism. look at the 3-D computer 
drawings of the same prism. using the program -SOV.- Make a sketch of what you see 
on the computer saeen and compare it to your observations of the actual prism. 

In ALL of the following exercises, draw the virtual image that you see when 
orienting the prism and object (a parity card) as shown in the drawings. Indicate the 
number of degrees the image has been rotated, the parity, and the handedness. 

Right Angle Prism: 

This can be used as a dispersing prism or to redirect a beam 90 0 with odd parity 
or 180 0 with even parity (Fig. 3.11). Use the "parity card" and try the two deviating 
configurations. For part (a) with 90 0 deviation, orient yourself so the prism is between 
you and the Object. 

Image 

(I) 

Object 

(~ 

Figure 3.11. Right angle prism used with odd or even parity. 
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Porro Prism Combination: 

The Porro prism is simply a right angle prism used to deviate a beam 180·. Two 
together are often used in binoculars to erect the image and fold the optical path. Orient 
the object and prisms as shown below. Draw the image. Rotate prism A 90·. Draw the 
image. 

Object 

Prism B 

Image 

Figure 3.12. Porro prism combination. 

Amici Prism: 

This is a right angle prism with the hypotenuse face made into a 90· corner instead 
of a single plane surface. Give n the appearance of this corner, it is called a roof. The 
prism itself is often called a roof prism. The image undergoes two reflections in the roof 
and is deviated 90·. The result is an even parity image instead of odd parity produced 
by the right angle prism. Compare the Amici to the right angle prism using the parity 
card. As you did for the right angle prism, orient yourself so the prism is between you 
and the object. 
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Image 

Figure 3.13. Amici prism. 

The Penta Prism: 

This is equivalent to two mirrors at 45' and deviates a beam by 270' regardless 
of the angle of incidence. Demonstrate this fact with the penta prism. 

* 

Image 

Object 

Figure 3.14. Penta prism. 

Show by graphically tracing a ray (angle of incidence I = O' and 20-) that 
the penta prism (BK-7 @ 632.8 nm) deviation is independent of the angle 
of incidence. 
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Dove Prism: 

This is used to rotate an image by an arbitrary amount. It is a right angle prism 
with the right angle truncated. Observe the properties of this prism. Place the parity card 
on the table and hold the dove prism above it, oriented as shown below. Rotate the 
prism clockwise and draw the image every 45· . 

* 

* 

Figure 3.15. Dove prism. 

If the dove is rotated an angle 8, by how much does the image rotate? 

The parity of the dove is odd. What modification would produce an even parity 
image? 

Cube Corner: 

This deviates a ray 180· (with a slight displacement) independent of its angle of 
incidence. It is useful as a bicycle reflector and as part of range finding experiments. 
(One hundred of them are sitting In an 18 Inch square array 240,000 miles from here, 
having been placed on the moon during the Apollo II flight - liThe Lunar Laser Reflector," 
Sci. Am., March 1970.) Investigate the behavior of a cube corner. Describe what you 
see. 
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Lab 4: Ideal Imaging 

Theory: When a ray strikes an object, typically it is absorbed and reradiated as many 
rays (diffuse reflection Fig. 4.1). If a screen is placed near a diffusely reflecting object, 
each paint on the screen will receive light from many object points, and no image will 
form (Fig. 4.2). To produce an image, rays from any object point should strike only a 
single paint on the screen. The easiest way to effect this condition is by using a pinhole 
(Fig. 4.3). 

Figure 4.1. Diffuse Reflection Figure 4.2. Rays from several object 
points overlap. No image is formed. 

Figure 4.3. Pinhole Imaging 

Experiment 4-1: Pinhole Imaging 
Place an open or clear aperture in the shape of an IIFII over the light source. The plain 
white card serves as an observing screen. Place it on the optical rail next to the source 
and observe it as you move the screen away from the source. Describe what you see. 
Now cover the IIF" aperture with a piece of mylar drafting vellum. Repeat the experiment. 
Describe what you see. 

* What is the purpose of the Mylar film over the aperture? 
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Start with the diffuse source and the medium-size pinhole with the large card around it. 
(The large card serves to block any stray light outside of the pinhole from reaching the 
image plane.) Place the pinhole between the source and observing screen and note the 
inverted image of the source. Vary the distances between the source, pinhole, and 
screen and qualitatively observe the image. Choose 5 combinations of object and image 
distances and measure the object and image heights and distances each time. Calculate 
the appropriate ratios to verify the following formula: 

MAGNIFICATION. M,- • m _ ImaRe Height _ Image Distance 
Object Height Object Distance 

As a variation on this, keep the object distance constant and measure the image height 
at 10 different image distances. Graph the image distance (y-axis) vs. magnification 
(x-axis). 

* 
* 

* 

What should the graph look like? 
Does the image form in only certain locations or anywhere behind the pinhole? 
Explain. 
What is the orientation of the image? Explain. 

Finally, substitute the other pinholes and observe the effect of pinhole size on image 
brightness and sharpness. Describe (qualitatively) your observations. 

If the object distance is held constant: 

* What happens to image brightness as the image distance is changed? 

Image brightness may be thought of as the light energy in the image divided by the 
image area. (A more correct definition will be given later.) H the object distance is held 
constant: 

* 
* 

How much will the magnification change if the Image distance is doubled? 
How much will the image brightness change if the image distance is doubled? 

A lens can also be used to produce a one-to-one correspondence between object and 
image (Fig. 4.4). 



Figure 4.4. Ught from different object points does 
not overlap, as in Fig. 4.2. The result is that an 
image forms. 

Experiment 4-2: Lens Imaging 
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Replace the pinhole with the biconvex + 75mm focal length lens (KBX058) (the large card 
is no longer needed). The image no longer forms anywhere behind the lens but only at 
a specific place. Move the observing screen back and forth along the optical axis to 
locate the paint where the lens reproduces the sharpest or most distinct version of the 
object. At this location the lens forms an image. and the image is said to be in focus. 
Notice that the image is much brighter than the one formed by the pinhole, but is still 
inverted. 

One of the sources of error in this experiment is that it is difficult to precisely locate the 
image plane. Very carefully move the screen and notice that there is a region over which 
a given paint in the image appears reasonably sharp. This is called depth of focus, and 
will be considered in more detail later in the lab. For now, locate the image at the point 
of sharpest focus. 



I IMAGE IS 'IN FOCUS' I 
WITHIN THESE LIMITS 

FlQure 4.5. Depth of Focus. 
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Measure the image height and image distance for 10 different object distances. Compute 
the magnifications using the ratios of heights and distances, as in Experiment 4-1. 

Consider the formula which relates the object and image distances, sand s· respectively, 
to the focal length f of a given lens: 

I 
1 
s' 

1 1 
= 

s f (4.1) I 

Thus, a graph of 1/s vs. 1/s' should be linear with a y-intercept of 1/f (convince yourself 
of this). Graph your data in this way. (Use units of meters for a better-scaled plot.) 
"Eyeball" a best-fit straight line to the data, and draw it in. Measure the y-intercept of this 
best-fit line. Calculate the focal length from this value. 

* 

* 

* 

How close is your measured value of focal length to the known value of 75.6 mm 
for this lens? Quote your answer as a % error. 

Why does the lens form an image at a specific place, vs. the pinhole? Explain with 
a drawing showing a lens and two paraxial rays. 

Why is the image inverted? Explain using the drawing above. 

Experiment 4-3: Image Quality 
Use the large surplus lens for this experiment and the same diffuse "F" object. Examine 
the image formed by this lens. Place a small piece of black tape near the center of the 
lens. (Generally, you should not place anything on a lens, particularly if it is coated, 
which is why you are using a cheap lens for this experiment.) Comment qualitatively on 
the image sharpness, brightness, and magnification with and without the tape. Suppose 
several small pieces of black tape are randomly distributed over the lens. What will 
happen to image sharpness, brightness, and mangification? Try it and note the results. 
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Experiment 4-4: F-Number 

The concept of F-number, or F/#, is defined for a lens or mirror, and is usually quoted 
as an optical specifi.cation for that component. For an object at infinity, a 
(positive/negative) lens produces an image located at its (rear/front) focal point, and the 
F/# of the lens is defined as: 

F/# = focal length 
lens diameter 

This is the lens Fl# quoted in an optical catalog. Keep in mind this is true only if the 
beam fills the full opening, or aperture, of the lens. 

If the aperture is limited in size estopped down"), or if the object is not at infinity (the 
image is no longer at the focal point), then the beams in object or image space may be 
described by an F/#, often called the "working" F/# of the lens. The F/# of an optical 
beam may be defined as the distance from an arbitrary plane perpendicular to the beam 
to the beam's point of divergence or convergence, divided by the beam diameter in the 
plane. It is a measure of how fast a beam is converging or diverging. The smaller the 
F/#, the faster the beam converges or diverges. A beam that is collimated has an F/# 
approaching infinity. 

The following examples in Figure 4.6 should help clarify the concept. In all examples, 
distances are relative to a lens radius of 1 unit of length. 

Use the 100 mm focal length lens (KBX064) and a diffuse pinhole source to investigate 
the concept of F/#. Assume the lens diameter to be 25 mm. What is the F/# of the 
lens? 

Arrange the source and lens so the object distance is 200 mm. What is the calculated 
F/# of the beam in image space? Measure the F/# of the beam in image space. Note 
the image brightness. Now move the lens to produce an F/16 beam in Image space 
(leaving the source fixed). Measure the F/# of the beam as before. What happened to 
the image brightness? 
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FIN = 2 
r'# = 2. 

.- . 

I~ (=4 ---"~I I~ (=-4 ----4 

..... FIN = 3 (=2 F/# = 1.5······ 

---......: .. ~I+- s'=3. ..I 

Figure 4.6. The concept of F-Number (F/#). 
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Experiment 4-5: Depth of Focus 

Image the diffuse "F" object with the large-diameter copy lens and locate the best focus 
using a white card. (Use an object distance of about 500 mm, measured to the center 
of the copy lens.) Measure the image distance, taken from the center of the lens to the 
image. Observe and measure the approximate depth of focus (in mm). Stop down the 
lens by holding the small aperture against the rear vertex. Again, observe and measure 
the approximate depth of focus. 

* Calculate the F/# of the beam in each case. 

* In a qualitative sense, how does depth of focus vary with F/#? 

* What was lost (traded off) in the image to obtain a greater depth of focus? 



195 

Lab 5: Thin Lenses 

Measuring the focal length of a lens is a common problem. This lab presents six 
different ways to measure focal length. Each method will be used to measure the focal 
length of a positive test lens. For each method, measure the focal length five times and 
calculate the mean and standard deviation of the mean. The writeup should compare the 
accuracy and precision of each method. 

Object-Image Relationships: 

Take the positive lens provided (focal length of 150.0 mm) and measure the image 
distance for five different object positions. Compute the lens power and focal length for 
each pair of measurements and take the averages. How close do you come to the 
nominal lens power? How close do you come to the known value of focal length? 

As in a previous lab, graph 1/s vs. 1/s' (using units of meters). The basic problem 
with this approach is that depth of focus makes it difficult to locate the image plane 
precisely. A statistical data analysis can overcome random error to some extent, but 
systematic errors will not be eliminated. On the graph of 1/s vs. 1/s', draw 3 lines of 
best-fit, maximum, and minimum slope that pass through the data points. Extend these 
back to intersect the y-axis, providing a measure of the possible error in the intercept of 
the best-fit line. Use this to calculate the error in the focal length. (In other words, if you 
know fly, the error in the intercept, what is flf, the error in focal length?) 

Method of Conjugates: 

Using the same lens, image the source onto the screen. Note the object and image 
distances. Without changing the position of the source or screen move the lens to the 
other position where an image is formed. Measure the distance that the lens was moved 
(0), and the distance between source and screen (S). Use equation 5.1 to calculate the 
focal length. Repeat for five different values of S, and calculate the average value of focal 
length. 

(5.1) 

The main advantage of this technique is that it overcomes systematic errors in locating 
the image since f is calculated from the difference between image planes. 

* How would you measure a minus, or negative lens? 
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Both these methods are cumbersome, especially for negative lenses. They may 
require very long benches if the lenses have long focal lengths. If the lenses have short 
focal lengths (a few millimeters) special mounts to get close to the lens are required and 
the error in the focal length will be large. 

The Spherometer: 

This device measures surface height relative to a plane defined by the three legs. The 
center post is equidistant from each leg. This is the distance labelled (0) in Fig. 5.1. The 
radius of curvature (R) of a spherical surface is related to the sagittal depth or sag (5) by: 

A I 
S = R-R'1-

R2 

expanding the radical and rearranging, 

R .. 

(5.2) 

(5.3) 

(5.4) 

For purposes of this lab, we will neglect the second term and use the following 
expression: 

R • 0
2 

2S 

s 

FlQure 5.1. The sag of a spherical surface. 

(5.5) 
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Determine the power and focal lengths of the test lens and the negative lens (both are 
BK7; n_=1.5168 at 587nm) by measuring the radii of curvature of the surfaces and 
applying the thin lens formula: 

(n I - n).o, + (n' - n).o2 

.. (n lenll - 1).0, + (1 - n,.,.).o2 
(5.6) 

+ 
(1 - n,.,J 

How do your results compare with the known values as shown below? (Give a 
quantitative comparison--no need to use statistics.) 

KPX100 KPC040 

power [m·1
] 6.6667 -20 

focal length [mm] 150.00 -50.00 

* A good spherometer can measure sagittal depth to an error of 10 microns. If D= 1 
cm and R= 154 mm, to what accuracy (% error) can the power of a surface of a lens be 
determined? (assume that the refractive index of the lens is known exactly). 

HINT: Derive an expression for the % error in R, (Le. 14RRI ), in terms of 14SS1 . 

Numerically calculate 14RRI. 

Derive the relationship between 14:1 and I~RI' 
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The Double Pinhole: 

Invented by Scheiner in the 1600's, many variations of this technique are used today. 
For example, the modern autofocus camera uses this basic method. Figure 5-2 illustrates 
the technique. Cover the positive test lens with a double pinhole aperture. Place an 
object a known distance greater than f in front of the lens. Near the image plane, you will 
see two slightly displaced images (you may wish to use the microscope to view them). 
Move the ground glass screen until the images overlap. This accurately locates the 
image plane. As in the first experiment measure the image distance for five object 
distances using the double pinhole method to locate the image plane. Compare your 
results with this technique to the first experiment. 

roBe 
PNota.E 

Each pinhole produces a sepetatelmage. 
At the focal plane the lmag .. overtap. Near the focal 
plane, the !magee are dllUnct but slightty displaced. 

Two fairly Iharp but dIII*ad 
imageI ...... 1n thIe .. 

A SIngle Image II Seen H .... 
(the two ...,.,atelmag .. overlap). 

(~ 

FlQure 5.2. The Double Pinhole Method. 
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Autocollirnation: 

This method is both rapid and accurate. Place a mirror immediately behind the 
positive test lens and tilt it slightly. Place a piece of paper next to the diffuse pinhole 
source in the same plane. When the reflected image is in focus the object and image are 
at the focal pOint. The depth of focus problem is largely overcome. Measure two positive 
lenses in addition to the test lens and see how close you come to the nominal values as 
shown below. To measure a negative lens with this method place a known positive lens 
in contact with the test lens and measure the focal length of the combination. Calculate 
the power of the combination, then use equation (5.6) to calculate the power and focal 
length of the negative lens. 

KPX088 KBX064 KPX100 KPC031 
(KPX088) 

II f.l. [mm] 75.6 100.0 150.0 -150.0 

The Foucault Knife Edge Test: 

This technique will be used in a later lab as it is also useful in studying aberrations. 
A collimated point source is imaged by a lens. Near but not necessarily at the focus, a 
knife edge is introduced part way into the beam, and the shadow produced by the knife 
edge is observed on a screen (Fig. 5.4). If the knife is between focus and the screen, the 
shadow moves in the same direction as the knife. If the knife is between focus and the 
lens, the shadow moves oppositely to the knife edge. Observe what happens when the 
knife edge is exactly at the focus. 

A He-Ne laser can be used for a point source. At the expense of having less light, 
a thermal source (light bulb) and pinhole can also be used. The lens under test images 
the pinhole a distance S' away, producing a point image. Place the test lens about 50cm 
away from the pOint source. This is the object distance s. Place a screen about a foot 
behind the image so you see a circle of light. Use the knife edge to locate the focus. 
Measure the image distance s I for the test lens five times. Measure the object distance 
s, and calculate the five values of focal length using the imaging equation: 

1 = 1 _ 1 
f 8' S 

Average the five values of focal length for your final answer. 

(5.10) 

The problem with the knife edge test is that in a sense it is too accurate. Near the 
focus, the shadow patterns become difficult to interpret. This is due to aberrations and 
will be taken up in more detail in subsequent labs. The purpose of this experiment is to 
become familiar with the knife edge test as a means of measuring focal length. 
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Figure 5.4. The Knife Edge. 
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Lab 6: Thick Lenses 
The concepts of thin and thick lenses are often confusing to the student of optics. 

The words inherently seem to imply something about the actual thickness of a lens, 
automatically placing it into one of two categories. The temptation is to consider lenses 
that look "thin" to be thin, and lenses that appear "thick" to be thick lenses. In fact, either 
term may be applied to a given lens. A more general distinction is needed. 

In order to discuss thin or thick lenses, we must understand the concept of principal 
planes. First consider a single refracting spherical surface, shown in Figure 6.1. In the 
paraxial limit, we may replace the curved surface with a plane surface having the same 
refracting properties. The location of this plane is defined to be at the intersection of the 
rays in image and object space, and is known as the prinCipal plane. This plane is found 
to be tangent to the vertex of the curved surface and normal to the optical axis. Any ray 
striking the principal plane will be refracted at this plane according to the equations 
describing paraxial imaging. 

Now consider two refracting surfaces spaced a distance apart-a lens, in other words, 
as shown in Figure 6.2. Each surface has a principal plane associated with it. The 
location of each of these planes may be found from the definition of a prinCipal plane. 

For the first surface, consider rays that leave the front focal point F,. By definition in 
the paraxial limit, these rays leave the second surface parallel to each other. The 
principal plane of the first surface is found where the diverging rays in object space 
appear to intersect the parallel rays in image space. The refraction that occurs at the first 
surface may now be thought of as occuring at the front principal plane. In effect, we 
have replaced the first curved surface with an equivalent refracting plane surface. The 
point of intersection of this principal plane with the optical axis is called the front prinCipal 
point, H,. 

For the second surface, consider parallel rays that strike the first surface. By 
definition in the paraxial limit, these rays leave the second surface and converge to the 
rear focal pOint Fz• As before, the principal plane of the second surface is located where 
the parallel rays in object space appear to intersect the converging rays in image space. 
The point of intersection of this rear principal plane with the optical axis is called the rear 
prinCipal pOint, Hz. 

Note that in the general case, H, and Hz may be located anywhere with respect to the 
vertices of the lens. This is a function of how the lens is shaped, or "benf', as shown in 
Figure 6.3. For a biconvex or biconcave lens, H, and Hz are located symmetrically with 
respect to the vertices of the lens. 



202 

The principal planes are the paraxial refracting surfaces equivalent to the actual 
curved surfaces of a lens. Through the use of principal planes, one can more easily trace 
a ray from an object to the front principal plane, and then trace a ray from the rear 
principal plane to the image. The question yet to be answered is, how does one trace 
a ray between the principal planes themselves? Figure 6.4 provides the answer. This 
figure shows a lens with its associated principal planes HI and Hz. Two rays are shown-
one parallel in object space, and the other parallel in image space (each one is refracted 
at the appropriate principal plane). From the geometry shown, it is apparent that the 
height of a ray is the same at the front and rear principal planes. In other words, the 
principal planes are conjugate planes of positive unit magnification. Once the ray height 
at the front prinCipal plane is found, the transfer to the rear principal plane is made with 
a positive magnification of m= 1. 

In addition to principal points, a lens has associated with it two points of unit 
angular magnification, called nodal points. A ray that enters a lens at angle 9 with the 
front nodal point NI , leaves the lens at the same angle 9 with the rear nodal point Nz• The 
six optical points of interest of a thick lens, namely the front and rear focal points, 
mincipal points, and nodal points are called the cardinal points of the lens. Figure 6.5 
shows a lens, with the cardinal points labelled. 

For convenience, the cardinal paints are referenced and measured from the 
vertices of the lens. The vertices are convenient in that they are physically accessible 
when making measurements. The equations giving the distances between the principal 
planes and their respective vertices are: 

~l !I A1Hl = +n(~). P2 
n' P 

(6.1) 

~2 iI ~H2 = -nll(..t). P1 
n' P 

This completes the paraxial description of a lens. If the actual thickness of the lens 
is not neglected, we treat the lens as being a thick lens. In the paraxial limit, this thick 
lens may be replaced with two prinCipal planes separated from the vertices and each 
other by some calculated amount. If the thickness of the lens is neglected, t=O in the 
above equations, and the lens may be replaced by two principal planes that coincide at 
the center of the lens. 

Finally, a system of lenses is treated the same as a thick lens. The intersections of 
object and image space rays define the location of the system principal planes. 
Equations used to locate the principal planes of a single lens are also used for a system 
of lenses. The result Is that the entire system of lenses may be replaced with just two 
equivalent refracting plane surfaces. 
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The difficulty in measuring the power of thick lenses is that the locations of the 
principal planes are unknown with respect to the physical landmarks of the lens (i.e. the 
vertices). This lab looks at two different methods for locating the cardinal pOints of thick 
lenses. 

M 
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FlQure 6.1. Spherical refracting surface. 
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FlQure 6.2. Principal planes-location. 
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Figure 6.3. Principal planes--shape factor. 
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Figure 6.4. Principal planes--transverse magnification. 
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FlQure 6.5. Cardinal pOints of a thick lens. 
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Experiment 6-1: Focal Length by Newtonian Distance 

Until now, we have used the lensmaker's equation (Gaussian equation) in determining 
the relationship between the focal length of a lens and object and image distances. 

1 1 1 = - -f -;; s (6.2) 

The object and image distances are measured from the principal planes. In the case of 
a thin lens, these planes are taken to coincide with the physical center of the lens. This 
point is easily located experimentally, and is one of the advantages in using the thin lens 
approximation. 

For a thick lens, however, the location of these planes must be known and used as 
the reference point for measuring distances. In practice, these planes may not always 
be easy to measure from, as they are usually located inside of the lens. In some cases, 
more convenient reference points are the front and rear focal pOints, F, and Fa. These 
pOints are located outside of the lens and are easily found by shining a collimated beam 
of light onto each side of the lens. The autocollimation technique of measuring focal 
length is easily used to locate F, and Fa. 

The equation that describes image formation with object and image distances 
measured from F, and Fa is called the Newtonian form of the imaging equation: 

where 

x • x, = f2 

x is the distance from F, to the object, and 
x, is the distance from Fa to the image. 

(6.3) 

It is interesting to note that this equation was first published in Newton's Opticks in 1704. 

The general outline of how to use the Newtonian distance method is as follows. The 
front focal point F, is first located by autocollimating from the front side of the lens. A 
microscope is then used to measure the front focal distance, FFD. The lens is then 
moved a distance x to form an image on a plane a fixed distance away from the source. 
Finally, the rear focal point Fa is found by collimating from the back side of the lens, with 
the source now in the image plane. The distance the lens must be moved to position Fa 
in the image (now the source) plane is x,. From this information the cardinal points of 
the lens may be calculated. The use of this technique will now be described in step-by
step detail. 
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STEP (1) Refer to Figure 6.6 (a). 

Mount a positive thick lens on the bench and place a diffuse pinhole aperture on both 
sides of the lens. The apertures should be separated by a distance slightly greater than 
four times the focal length of the lens. Place a source behind one of the pinholes and 
using autocollimation move only the lens so that the pinhole is in the focal plane. 

Record the positions of the lens and the source pinhole aperture. Remove the source 
and place the microscope on the rail in its place. Focus the microscope on the pinhole 
aperture. Record the location of the microscope. Remove the pinhole aperture and 
move the microscope to focus on the front surface of the lens. Record the location of 
the microscope. Calculate the front focal length (FFl) as the difference in the two 
locations of the microscope. Remove the microscope and reposition the pinhole aperture 
in its original location. Replace the source behind it. 

The focal length is still undetermined since the location of the front principal plane is 
unknown. However, the front focal length (FFl) has been measured. 

STEP (2) Refer to Figure 6.6 (b). 

Next, remove the mirror used in autocollimation and move only the lens to the right 
until the pinhole source is clearly imaged on the second pinhole aperture. Record the 
position of the lens. The distance the lens was moved is x in Newton's equation. 
Calculate the distance x. 

STEP (3) Refer to Figure 6.6 (c). 

Move the light source behind the second pinhole aperture, and using autocollimation, 
move the lens so that the second aperture Is at the back focal plane. Record the position 
of the lens. The distance the lens was moved is x' in Newtons's equation. Calculate the 
distance X I. 

STEP (4) 

Remove the light source and position the microscope In its place. Focus the 
microscope on the pinhole aperture. Record the location of the microscope. Move the 
microscope until it is focused on the rear surface of the lens. Record this location of the 
microscope. Calculate the back focal length (8Fl) as the difference In the two locations 
of the microscope. 

At this pOint, you have all the Information needed to calculate the cardinal pOints of 
the lens. Calculate these values (referenced from the vertices of the lens) and report 
them. 
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Figure 6.6. Newtonian distance method. 
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Experiment 6-2: The Nodal Slide 

The nodal slide is an instrument used for locating and measuring the cardinal points 
of a lens or a system of lenses. It allows F,. F2, Ht, H2, N,. and N2 to be located with 
respect to the vertices of the lens or lens system. This is important, as the vertices are 
the only physical landmarks of a lens accessible for alignment and measurement. The 
cardinal points themselves are usually points in space or in the interior of a lens that are 
difficult or impossible to align to. Refer back to Figure 6.5 which shows a lens and the 
nomenclature used for this lab. 

If the indices of object and image space are identical, the nodal points and prinCipal 
points of a lens coincide (Htand Nt are coincident, and H2 and N2 are coincident). 
Assume that a lens or system of lenses is illuminated with a collimated beam of light. 
When the lens or system of lenses is rotated about the secondary nodal point N:z. the 
image appears stationary. Even though the lens rotates, the image does not. At this 
point, N2 and H2 are known to be located over the axis of rotation. Measurement of the 
distance between the rear vertex and the image gives the back focal distance (BFO). By 
next positioning the rear vertex of the lens over the axis of rotation, O2 is measured. At 
this point, the positions of H2, N2, and F2 are known with respect to the rear vertex. The 
lens is turned around end-for-end and the process repeated to find the other three 
cardinal points. 

A drawing of the nodal slide used in this lab appears in Figure 6.7. A rotation stage 
slides along the optical rail on a carrier that may be locked down at any position. The 
rotation may also be fixed with a locking screw, located on the side of the stage. Note 
that the center of rotation is coincident with the marker line on the carrier. On top of the 
rotation stage is fixed a precision slide stage, with a lens holder on the movable part of 
the stage. The position of the lens on the slide is read with a vernier scale, having a 
resolution of 1/20 mm, or 50 microns. 

This arrangement of stages allows any part of the lens to be positioned over the 
center of rotation of the rotary base. It is this feature of the nodal slide that allows the 
cardinal points of a lens to be measured, in particular the nodal pOints themselves, Nt 
and N2. Note that the vernier scale is not referenced to any particular point. The 
readings taken will be referenced to the vertices and cardinal points of the lens under 
test. 

The detailed use of the nodal slide is now outlined. Follow the steps given to 
determine the cardinal points of the lenses provided. 
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Figure 6.7. Nodal slide-mechanical layout. 



(0) 

(b) 

(c) 

Figure 6.8. Use of the nodal slide. 
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(1) FORM AN IMAGE WfTH TI-lE LENS 

Mount a lens in the holder on top of the nodal slide. Position the light source so the 
diffuse pinhole aperture is on the optical axis of the lens. Lock down the position of the 
source. Position the microscope at the opposite end of the rail and lock it down on one 
of the rail markings. Form an image of the source in the microscope by moving the 
entire nodal slide along the optical rail. Adjust the height of the microsopce until the 
image is in the center of the crosshairs. Lock down the position of the nodal slide along 
the rail. Record the location of the microscope. 

(2) POSmON H.z AND Nz OVER TI-lE AXIS OF ROTA1l0N 

While looking through the microscope at the focused image, rotate the nodal slide 10-20 
degrees in either direction. Notice that at this point the image will also rotate. Move the 
slide stage in one direction, refocus the image by moving the entire nodal slide, and 
again rotate the nodal slide. If the image rotation appears less, repeat this process until 
the image appears stationary with rotation of the nodal slide. If the image rotation 
appeared greater after the first attempt, move the slide in the other direction and repeat 
the process until the image appears stationary. At this point, Ha and Na are over the axis 
of rotation of the nodal slide. Figure 6.8 (a) shows the situation. Record the reading of 
the vernier scale on the nodal slide. 

(3) MEASURE TI-lE BACK FOCAL LENGTI-I (BFl) 

Move the microscope forward until it is focused on the rear vertex of the lens (closest to 
the image). A small amount of dust on the lens surface makes this easy to do. Record 
the location of the microscope. Calculate the back focal length (BFLl as the difference 
in locations of the microscope in steps (1) and (31. 

(4) POSmON THE LENS VERTEX OVER THE AXIS OF ROTA1l0N 

Rotate the nodal slide. Observe the image of the lens surface. Move the slide stage a 
small distance, refocus the microscope on the vertex, and rotate the nodal slide. Observe 
the image of the lens surface. If the image rotates, continue this process until the image 
appears stationary. At this point the lens vertex is over the axis of rotation of the nodal 
slide. Figure 6.8 (c) shows the situation. Record the reading of the vernier scale on the 
nodal slide. Calculate the distance O2 as the difference In vernier scale readings (4)-(2): 

Oa = (4)-(2) 



ROTATE THE NODAL SLIDE 180· TO MEASURE THE OTHER SIDE OF THE 
LENS. 

DO NOT ROTATE JUST THE LENS OR ITS HOLDER. 

(5) posmON Ht AND Nt OVER THE AXIS OF ROTATION 
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Repeat the procedure in step (2) above to position Hand N over the axis of rotation of 
the nodal slide. Record the reading of the vernier scale on the nodal slide. Calculate 
H,H, as the absolute value of the difference in readings in steps (2) and (5): 

H,H, = I (2)-(5) I 

Record the location of the microscope. 

(6) MEASURE THE FRONT FOCAL LENGTH (FFL) 

Move the microscope until it is focused on the back surface of the lens (actually the front 
vertex now that the lens has been rotated 180·). Record the location of the microscope. 
Calculate the front focal length (FFL) as the difference in locations of the microscope in 
steps (5) and (6). 

(7) POSmON THE LENS VERTEX OVER THE AXIS OF ROTATION 

Repeat the procedure in step (4) above to position the lens vertex over the axis of 
rotation of the nodal slide. Record the reading of the vernier scale on the nodal slide. 
Calculate 0, as the difference in readings in steps (5) and (7): 

0, = (5)-(7) 

(8) In addition. you also have enough data to calculate the thickness of the lens. 
Calculate t. the lens thickness. as the absolute difference in readings of the nodal slide 
vernier scale in steps (4) and (7): 

t = I (4)-(7) I 

CALCULATE AND REPORT THE LOCATION OF THE CARDINAL POINTS IN 
RELATION TO THE VERTICES OF THE LENS. 
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Experiment 6-3: The Focometer 

This is a method for conveniently measuring the focal length of thin lenses. However, 
understanding the technique requires a knowledge of principal planes. Consider two thin 
lenses of powers P, and P2, separated by a distance d equal to the focal length of the 
first lens (d=f,=1/P,). The power of the combination is: 

PT = P1 + P2 - d.p1.p2 

but so, (6.1) 

We come to the interesting result that the power of the combination is the same as the 
first lens alone I The positions of the principal planes and the source, however, do 
change by: 

'2 
Refer to Figure 6.9 for the following discussion. 

(6.2) 

Use the 100mm biconvex lens of the trial set for lens 1. Using autocollimation place 
the diffuse pinhole aperture at the front focal plane. About a foot behind the first lens 
place another lens with a focal length f = 150 to 200mm. The only purpose of this lens 
is to image the source. Place a viewing screen in the plane where this lens forms an 
image of the source. 

Place a test lens in the rear focal plane of the first lens (use a positive or negative lens 
but the focal length should exceed 100mm). The most accurate way to do this would be 
to use autocollimation, but the easiest way with the hardware is just to place the test lens 
100mm away from the first lens. With the test lens in place, move the object until it is 
again imaged on the screen. Calculate the power of the test lens from the distance the 
object moved. Test at least two plus and two minus lenses. How well do your results 
agree with the nominal values? 



* Why must the focal length of the test lens. I f I. be greater than 100mm? 
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Figure 6.9. The focometer. 
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Lab 7: The Eye 
(major contributions to this lab were made by Edmond H. Thall, M.D.) 

Until relatively recently, the eye was the only optical imaging detector of any high 
quality. While the situation has changed dramatically, state-of-the-art cameras still don't 
come close to matching the optical performance of the human visual system. In addition, 
the majority of optical instrumentation is still designed for visual use, to be looked 
through. Consequently, some knowledge of the eye is helpful when trying to understand 
the performance of an optical system. 

Anatomy 

Refer to Figure 7.1 to review the basic anatomy of the human eye. Figure 7.2 
shows an "optical schematic" of the human eye. Both figures are taken from Optical 
Design. MIL-HDBK-141. The front, or anterior surface of the cornea is the major refracting 
surface. This is due to the large difference in refractive index betweeR air and the cornea. 
The rear or posterior corneal surface actually functions as a weak negative lens. The iris 
is the aperture stop, located just in front of, or anterior to the crystalline lens. This name 
is something of a misnomer, as the lens is pliable, changing shape to account for the 
focusing capability of the eye. This process is called accommodation. Finally, the image 
plane is the retina. 

If resources permit, obtain a fresh (or preserved) cow's eye for dissection. Using 
scissors and a scalpel, trim away any fat and muscle tissue from the outside of the globe. 
At this point, the optic nerve should be visible at the point where it enters the eye. Next, 
carefully cut into the eye around its circumference, in a plane vertical and perpendicular 
to the optic axis of the eye. The sclera is tough and somewhat difficult to cut through. 
The immediate discovery will be that the vitreous fluid is jelly-like, and tends to actually 
remain inside of the eye. Carefully remove the vitreous and observe the two halves of the 
eye. The retina and optic nerve will be visible on the back half. The posterior side of the 
lens and iris will be visible on the front half. Carefully dissect out the lens, trying not to 
puncture its outer layer, the (clear) capsule. Take note which side of the lens was 
anterior and posterior. Observe the shapes of the two surfaces. As in the human eye, 
the posterior surface is more highly curved than the anterior surface. If you were 
fortunate to obtain a fresh eye, the lens will be relatively clear (preservatives quickly turn 
the lens cloudy). Carefully support the lens around its circumference, using tweezers. 
Try to form a real image with the lens I (the back focal distance is quite small). Cut the 
lens in half, in the same manner you cut the globe. Observe the many "onion-skin" layers 
that make up the lens (here is where a preserved specimen is easier to work with, 
because it is harder). If a microscope is available, take the time to look at various parts 
of the eye under magnification .. 
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Refractive Error 

By definition, refractive status refers to the unaccommodated eye's ability to image 
distant (>20 ft or 6m) objects clearly on the retina. If the retina coincides with the eye's 
rear focal plane the eye is normal or emmetropic. 

If the retina is posterior to the rear focal plane the eye is near-sighted or mvopic. 
As an object is brought closer to the eye it will eventually be clearly imaged on the retina. 
Hence the use of the term near-sighted. This condition is treated with negative corrective 
lenses to reduce the overall power of the eye. 

If the retina is anterior to the rear focal plane the eye is far-sighted or hyperopic. 
In this case, distant objects will be seen more clearly than nearby objects. Hence the use 
of the term far-sighted. Actually, if the degree of hyperopia is mild, the eye compensates 
by accommodating, and both near and far objects can be focused. However, since 
accommodation is lost over time, these people require reading glasses at a younger age. 
High degrees of hyperopia are treated with positive corrective lenses to increase the 
overall power of the eye. 

Astigmatism is confusing because the term has a couple of meanings. Generally 
in optics, it refers to one of the off-axis third-order aberrations, but with respect to the eye 
it refers to a lack of radial symmetry. In other words, the power of the cornea or lens 
varies with radial direction. This is due to the surfaces being toric instead of spherical in 
shape, producing astigmatism. 

Human Eye Experiments 

Ught Response 

Observe a subject's pupils when varying amounts of light are shined in one of their 
eyes (a sma" penlight works we" for this). Notice that both pupils constrict with 
increasing light, and to the same degree. Many factors affect pupil size, but the entrance 
pupil of the eye averages about 3mm in diameter. 

Accommodation 

If one focuses on a distant object, its Image will be formed on the retina. At the 
same time, the image plane of a nearby object will be we" behind the retina. In other 
words, nearby objects will appear blurry. Experience tells us, however, that we are able 
to change our point of focus, seeing clearly over a great range of object distances. This 
is because the power of the crystalline lens changes to keep objects imaged on the 
retina. The change of power is due to the lens changing shape, a process known as 
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accommodation. This is controlled unconsciously just as breathing and heart rate are. 

The power of the lens cannot increase beyond a certain limit. As a result, there 
is a lower limit to object distance. Objects too close to the eye cannot be seen clearly, 
and appear blurry. Observe this for yourself. Look at the tip of a finger and slowly bring 
it towards your eyes. At some point it begins to blur. This point is called the near point, 
and has a standard average value of 25 cm. This distance increases with age, as the 
lens loses its ability to increase in power (it becomes less pliable). With time, it becomes 
difficult to read at a close, comfortable distance. Reading glasses of positive power are 
needed to treat this condition. 

Measure the distance from your nose to your near point (keeping your corrective 
lenses on if you use them). Remember this number and check it every five years. You 
will notice it increasing. 

An interesting experiment is to observe your lens accommodating. Place a positive 
lens of 200-500 mm focal length in front of one eye and block the other eye. (If you wear 
corrective lenses, leave them on for this experiment.) Observe a distant point source 
(NOT A LASERI) in an otherwise darkened room (a street light at night also works well). 
The point source is seen as a blurry circle. As you stare at the point source the diameter 
oscillates, due to the changing power of the lens as it tries to focus. 

The Blind Spot 

There are no photoreceptors in the region of the retina where the optic nerve 
enters the eye. Thus, a blind spot appears in the field of view, about 15 degrees lateral 
to fixation (the point at which you are focused). The blind spot is lateral to fixation 
because the optic nerve enters the eye medially to the fovea, the region where the image 
is being formed. Think about this and use geometrical optics to convince yourself that 
the blind spot should appear laterally to the point of fixation. 

Use Figure 7.3 to investigate your blind spot for each eye. Close your left eye, 
hold the figure at arms length, and look at the X (putting its image on your fovea). Slowly 
bring the page closer, and at some point the circle is not visible, because its image is 
falling on the optic nerve. Notice that the X simply disappears. You still see the white 
paper, and not a black spot. The brain 'fills in" the blind spot with the surrounding image, 
in this case the color white. To repeat the experiment with your left eye, rotate the page 
180 degrees and again focus on the X. Explain why rotating the page was necessary. 
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x 

Figure 7.3. Pattern to demonstrate the blind spot. 

Fusion 

We have two eyes but see objects singly because of fusion. The process can be 
interrupted by a wedge prism. Place the apex of a thin wedge horizontal in front of one 
eye. You will see two vertically displaced images. We can partially compensate for 
image disparity to some degree, particularly if the disparity is horizontal. Hold the wedge 
so the apex is vertical and you will see Singly, although it may take a moment to fuse the 
images. Observe the eyes of a subject looking at a distant object while one eye is 
covered with a wedge, oriented with the apex vertical. Remove the prism and observe 
the eye moving to pick up fixation again. 

Stereopsis 

There are many fascinating demonstrations of binocular depth perception, but the 
simple one in Figure 7.4 suffices to prove the point. View the two diagrams with a 
stereoviewer, or preferably by relaxing your eyes to fuse the two. Notice how two dots 
appear closer than the other two and none are in the plane of the paper. 

83~ 
~ ~ 

FlQure7.4. Demonstration of stereopsis. 
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Blue Field Entoptic Phenomenon 

You can see white blood cells traverse the capillaries in your retina. Look at a 
clear blue field of light (the blue sky on a clear day works well--just don't look at the 
sunl). Cover one eye and fill the field of your open eye with the blue light. After some 
observation you will see small black circles moving rapidly in a random fashion about 
your view. These are the white corpuscles (actually, the shadows of them cast across 
your retinal). Notice that no circles appear in the very center of your vision, since there 
are no capillaries in the very center of the fovea. Also notice that the circles do not move 
at a constant speed but oscillate in phase with your pulse. 

Physiological Zoom and the Moon Illusion 

Look at your hand at arms length and then bring your hand to your near point. 
The image of your hand on the retina has doubled or tripled, but the apparent size of 
your hand is marginally changed. This is because the visual system is constantly scaling 
the retinal image to make it "look right." 

When the moon is low over the horizon, it is scaled relative to the surroundings 
(mountains, trees, etc.) and appears larger than when it is high overhead and is scaled 
arbitrarily. This is the so-called moon illusion, and has nothing to do with refraction of the 
atmosphere, etc. It is the result of scaling within the visual system. Observe this 
phenomenon some night, especially pronounced when there is a full moon. 

If a camera is available, take sequential pictures of the full moon as it traverses the 
sky. (Make sure all pictures are taken without changing the camera's focus or zoom 
settings.) Develop the film and measure the sizes of the various moon images. They will 
all be the same I 
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Figure 7.2. Optical schematic for a "standard eye." 
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Lab 8: Aberrations I 

In ideal imaging, rays originating from one object pOint converge to a single image 
point. Every point in the object is mapped to a unique point in the image. The result is 
a perfect image of the object (with the appropriate change in magnification). In reality, 
this is never quite achieved. The ideal image point becomes a small blur of light. When 
all of the image points are considered, the final image may now appear blurry or 
distorted. The image is said to be aberrated. or to contain aberrations. 

Aberrations may be classified into two general types: monochromatic and chromatic. 
The monochromatic aberrations occur even if just one color of light is present in the 
optical system, while chromatic aberration occurs when two or more wavelengths are 
present. The five monochromatic aberrations are: 

1. Spherical aberration 
2. Coma 
3. Astigmatism 
4. Field Curvature 
5. Distortion 

In this lab we consider spherical aberration, and chromatic aberration. 

It is important to understand that an image becomes aberrated due simply to the 
nature of the curved surfaces in the optical system used to form the image. It is not a 
manufacturing defect or glass defect that gives rise to aberrations. A perfectly-made lens 
or mirror will still inherently produce some aberration. It is the goal of the optical engineer 
to understand the origins of aberrations, and to understand how to design the surfaces 
in an optical system to reduce the aberrations. 

The main assumption of paraxial optics was the small-angle approximation, namely 

that sin ii r:s ii and sin u r:s U. • This allowed for paraxial ray tracing to find the paraxial 

properties of a system. In order to determine the actual properties of an optical system 
and its associated image, the sines of the angles need to be calculated. The sine of an 
angle may be represented as a series expansion: 

u3 US u7 
sinu = u--+---+ 

31 51 71 
(8.1) 

If only the first term is used, we have the case of paraxial, or first-order optics. If the next 
term is also used, we have an example of third-order optics. The monochromatic 
aberrations begin to show up when rays are traced under the more-correct assumptions 
of third-order optics. It is interesting to consider the history behind these third-order 
aberrations: 
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"Aberrations based on third-order theory are often called von Seidel aberrations, 
named after Ludwig Philipp von Seidel (1821-1896), German mathematician and 
astronomer, professor at the University of Munich. After working on divergent and 
convergent series, von Seidel became interested in stellar photometry, probability theory, 
and the method of least squares, studied the trigonometry of skew rays, and became the 
first to establish a rigorous theory of monochromatic third-order aberrations which led to 
the construction of much improved astronomical telescopes. L Seidel, "Ueber die 
Entwicklung der Glieder 3ter Ordnung, welche den Weg eines ausserhalb der Ebene der 
Axe gelegenen Uchtstrahles durch ein System brechender Medien bestimmen," Astron. 
Nachr. 43 (1856), 289-304, 305-20, 321-32." 

(from Jurgen R. Meyer-Arendt, Introduction to Classical & Modern Optics, 3rd ed., 1989, 
p.109) 

Spherical Aberration 

Consider a lens or mirror and imagine its clear aperture to be divided up into many 
rings shaped like donuts, all centered on the axis. The width of each ring can be made 
arbitrarily small, but not exactly zero. Each of these rings is termed a mD.!! of the lens 
or mirror. If a mask is made with an opening around only one zone, then only light 
passing through that zone will appear in the final image. This mask is termed a zone 
plate. In this way, the ability of the lens or mirror to focus light from outside of the 
paraxial region may be studied. 

Spherical aberration arises from the fact that different zones of a spherical surface 
have slightly different focal lengths. Rays from outside of the paraxial region come to 
focus at different pOints, giving rise to an aberrated image. The cross-section of the 
beam at any of these focal pOints will be a circularly symmetric blur. 

When rays from all zones are traced through the lens or mirror, the outer portion of 
the ray bundle in image space defines a surface known as the caustic. The caustic 
surface arises from the fact that rays in adjacent zones cross each other before coming 
to their respective focus. Figure 8.1 shows the caustic surface. The point along the 
caustic where the beam diameter is a minimum is known as the circle of least confusion. 
This location coincides with the point where the marginal (peripheral) ray crosses the 
caustic surface after passing through its focus. It may be shown that the distance 
between the paraxial focus and the circle of least confusion is three-fourths the distance 
between the paraxial and marginal foci. It may also be shown that the ratio of beam 
diameter at the circle of least confusion to the beam diameter at the paraxial focus is 0.25. 

Positive spherical aberration is illustrated in Figures 8.1 and 8.2. 
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Graphics on this page courtesy of Dr. Roland Shack 
Optical Sciences Center, University of Arizona 

END OF CAUSTIC 

MARGINAL RAYS 

EXTERNAL CAUSTIC 

SPHERICAL ABERRATION CAUSTIC 

FlQure 8.1. Spherical aberration and the caustic surface. 
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Figure 8.2. Longitudinal and transverse spherical aberration. 
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Begin your study of spherical aberration by considering Figure 8.3 (a)-(t). In each 
part, the notation used is as follows: 

X a SHAPE FAcroR = 
C1 + C; 
C1 - C; 

(8.2) s' + s p a POSmON FACI'OR = --
s' - s 

K = CONIC CONSTANT 

Part (a) shows a collimated beam of light incident on a spherical mirror. As already 
described, different zones of the mirror bring rays to focus at different points along the 
axis. In effect, each zone has its own focal length. The result is spherical aberration. A 
solution to this problem is to use a parabolic surface. A parabola has the unique 
property that every zone has the same focal point. The result is that a parabola produces 
no spherical aberration, demonstrated in part (b). 

The proper use of a plano~convex lens in reducing spherical aberration is shown in 
parts (c) and (d). For both examples, a collimated beam is incident on the lens from the 
left. With the planar side towards the source, part (c), all of the refraction occurs at the 
second surface. The large variation in angle of incidence along this surface causes large 
amounts of spherical aberration. By turning the lens around so the curved surface is 
toward the source, part (d), the spherical aberration is reduced. This is because the 
overall refraction of each ray is distributed between both surfaces. 

The same principle of distributing the refraction applies when a lens is used at 2f-2f 
conjugates (object distance = image distance = 2f, P=O). In this case, minimum 
spherical aberration occurs when a biconvex lens is used. This is illustrated in parts (e) 
and (t). 
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Figure 8.3(b) Parabolic mirror. 
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Figure 8.3(e) Plano convex lens. 
2f-2f Imagery. 

= " 0-

" X 

U1 :z 
UJ 
....J 

X 
UJ 
> 

8 
a :z 
< 
....J 
0-

231 

~ ...., 
en "" en ...., 

LJ""I 
1.0 

en "" 
"" ,.... = ..,. 
"" ..,. 
~ 

1.0 u 

"" «I 
'-.... f-

u 
0 

«I 
OJ .... 
'" 0 
f- f-



Figure 8.3(f) Plano convex lens. 
2f-2f Imagery. 
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The Caustic: Graphical Exercise 

Use part Figure 8.3(c) to study the properties of the caustic surface produced by 
spherical aberration. 

* Locate and label the paraxial focus. 
* Locate and label the marginal (peripheral) focus. 
* On the bottom half of the ray bundle, trace out the caustic surface. 
* On the top half, locate and label the point where the marginal ray crosses the 

caustic at the point of minimum beam diameter. This is the circle of least 
confusion. 

* Measure the ratio of beam diameters at the circle of least confusion to the 
paraxial focus. Compare to what this ratio should be. 

* Measure the distance between the circle of least confusion and the marginal 
focus. Measure the distance between the paraxial focus and marginal 
focus. Calculate the ratio and compare to what it should be. 

Shape Fader: Computer Exercise 

Use the computer to study the effect of lens shape factor on spherical aberration. 
Consider an object at infinity (position factor P=1). For the first example, consider a 
100mm focal length lens (n=1.5168) used at a wavelength of 0.587 #-,m. 

* Using the following shape factors (and associated file names), calculate the 
geometrical spot size (in #-'m) in the paraxial focal plane. 

* Plot the spot size (in #-'m) vs. shape factor. 

For the second example, consider a 100mm focal length lens used in the infrared at the 
CO2 laser wavelength of 10.6 #-,m. 

* Using the following shape factors (and associated file names), calculate the 
geometrical spot size (in #-'m) vs. shape factor. 

* On the same graph, plot the spot size (in #-'m) vs. shape factor. Label each 
curve. 

* Locate and label the point of minimum spherical aberration for each curve. 
* What Is the shape factor at these minimum points? Compare your results to the 

expected values (P=1) calculated from: 

X (minimum spherical) = 2' (n
2 

- 1) (8.3) 
n+2 
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Shape Factor: Experiment 

Use the large lens to investigate spherical aberration. Note that one side of the lens 
is nearly planar, while the other side is steeply curved. Use the aperture provided to limit 
the rays that pass through the lens to one of three zones. 

* Locate the image of the source for each of the zones. Describe what you see 
while doing the experiment. Relate the Intensity distribution in the beam at 
marginal and paraxial focus to Figure 8.3 (c). Explain what you see. 

* Measure the distance between the marginal and paraxial focus. 
* Turn the lens around and repeat. 
* Which lens orientation gave minimum spherical aberration? 
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Spherical and Parabolic Mirror: Experiment 

Spherical aberration of a lens or mirror may be quantified by experimentally 
measuring the focal length of different zones in the lens or mirror. To isolate various 
zones, a zone plate is placed over the clear aperture of the lens or mirror. Ught is 
allowed to pass through only one zone at a time by blocking all other holes. Although 
zone plates come in many different designs, the one we will use is shown in Figure 8.4. 
This design is useful for finding the paraxial, peripheral, and mid-peripheral focus. 

As we have seen, the focal length for marginal (peripheral) rays is not the same as 
for paraxial rays. The knife edge test can be used to demonstrate this. In use, the knife 
edge is placed between the marginal and paraxial foci, and a white screen is placed 
behind the paraxial focus. As the knife edge is translated laterally into the beam, patterns 
similar to those in Figure 8.5 are seen. 

FlQure 8.4. Zonal screen for knife edge testing. 

Mid Peripheral Fooul Far Peripheral Fooul Paraxial Fooul 

FlQure 8.5. Knife edge patterns from spherical aberration. 
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When the knife edge is not at the focal plane for a particLdar zone, only one of the two 
ray bundles will be blocked. When the knife edge is at the focus, both ray bundles 
darken simultaneously. 

The experimental setup for measuring spherical aberration from a mirror is shown in 
Figure 8.6. Note that the knife edge can be translated along the axis of the beam as well 
as perpendicular to it. Also note that the angle of incidence equals zero by using the 
beamsplitter to remove the image space beam from the path of the object space beam. 

* Use the knife edge to measure the Longitudinal Spherical Aberration (LSA) for the 
spherical mirror. Report your value in millimeters. 

* Use the knife edge to investigate the focal region of the parabolic mirror. Do you 
expect to see any spherical aberration? Describe what you see. 

EEN1SPI..ITTER 

KNIFE EIXE 

_.:... -...:."- SCREEN 

FlQure 8.6. Experimental setup for knife edge testing of a mirror. 
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Chromatic Aberration 

The refractive index of a material depends on the wavelength of light. Generally, for 
glass in the visible region, the index for blue light is significantly higher than for red light. 
We saw this when we measured the dispersion curve for the prism. For a positive lens, 
the result is that it has a longer focal length for red light than for blue light. This results 
in a separation of colors along the optical axis, termed longitudinal chromatic aberration, 
(LCA). The corresponding separation of colors transverse to the optical axis is called 
transverse chromatic aberration, (TCA). 

In this part of the lab you will qualitatively study both LCA and TCA of a positive 
100mm focal length lens and a 100mm achromat. 

* Select the single 100mm focal length lens and use the microscope and ground glass 
screen arrangement to study the distribution of colors through the region of paraxial 
focus. Make drawings of what you see. Explain the order of colors that you observe, 
both in the longitudinal and transverse directions. 

* Repeat for the 100mm focal length achromat. 
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Lab 9: Aberrations II 
In this lab we consider the remaining Seidel aberrations: Coma, Astigmatism, Field 

Curvature, and Distortion. Unlike Spherical aberration, these aberrations only occur for 
object pOints off-axis. Spherical aberration is the only Seidel aberration to occur on-axis 
as well as off-axis. The main point of this lab is to qualitatively observe these aberrations 
and to understand some of their properties. 

Coma 

This is difficult to demonstrate in isolation and is usually mixed with other aberrations. 
Pure coma is shown in Figure 9.1. Use the large lens illuminated by a point source to 
observe a coma pattern on a screen. Investigate the nature of the image as a function 
of location along the optical axis and off-axis angle (rotation angle of the lens). 

y 

- aau"/an Im.g" 

x 
IMAGE PLANE 

Figure 9.1. lIIustrati~n of coma. 

* Make drawings of the image seen at three locations along the optical axis for off-axis 
angles of 0·, ±10·, and ±20·. 

* Were the observed aberration patterns symmetrical with respect to the image location 
or to the field angle? 
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Astigmatism 

Astigmatism is caused by the fact that the radius of curvature of a spherical surface 
is different in two orthogonal planes for an off-axis object pOint. The result is that a pOint 
object gets imaged into two orthogonal lines. Figure 9.2 shows an off-axis object point 
and two orthogonal fans of rays that traverse obliquely through the lens. 

TangentIal Imags 

OPTICAL SYSTEM 

(lin. focus) \, ~~_~ 
""" '-.:: aglltal Imags 

--

Tangential 
Fan of Rays. 

OBJECT 
POINT~--

Sagittal 
Fan 01 Rays 

(llns focus) ----__ - ,."f..\S 
__ - OP1\C"''-

Figure 9.2. Sagittal and tangential foci. 

The tangential plane is defined as the plane containing the object point and the 
optical axis. The sagittal plane is defined as the plane which is perpendicular to the 
tangential plane and contains the optical axis. Notice that the line images from rays in 
these two planes are rotated 90 degrees from their respective plane. In other words, the 
tangential image is formed in the sagittal plane, and the sagittal image is formed in the 
tangential plane. Study Figure 9.2 to make sure you understand this geometry. As with 
spherical aberration, there is a circle of least confusion located midway between the 
tangential and sagittal line images. The circle of least confusion will be a circular blur if 
no other aberrations are present. Refer to Figure 9.2 to answer the following questions: 

* Where do rays in the tangential plane come to focus? 

* Where do rays in the sagittal plane come to focus? 

* Which rays produce the tangential line image? 

* Which rays produce the sagittal line image? 

* Explain the astigmatic images of a spoked wheel, shown in Figure 9.3. 
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Astigmatism is easily demonstrated. Set up a collimated point source incident on a 
concave mirror. Rotate the mirror and note the two linear foci. As the amount of rotation 
is increased, the distance between the foci is increased. Demonstrate the same effect 
using a lens. 

For the mirror setup, investigate the nature and locations of the line images as 
compared to Figure 9.2. 

* Measure the separation of the line foci as a function of field angle. 

* Describe and explain any differences from this figure. 

Occlude the mirror with the aperture shown in Figure 9.4 (Hartman test). 
Alternately open and block the apertures and look at the line foci. 

* Which apertures contribute to the tangential and sagittal foci? 

Sagittal 
Imags 

Figure 9.3. AstigmatiC images of a spoked wheel. 

Figure 9.4. Hartman screen. 
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Field Curvature 

Field curvature is an abberation that affects the axial location of the ideal image plane 
for off-axis object points. Figure 9.5 illustrates field curvature. Paraxial optics shows that 
the image from an optical system forms on a flat surface, the image plane. In other 
words, an ideal system takes a flat, planar object and produces a flat, planar image. 
Field curvature describes the fact that any real optical system takes this flat object and 
forms an image on a curved surface. The shape of this surface, known as the Petzval 
surface, can be calculated for any optical system. For a single spherical surface, the 
Petzval surface will also be spherical. In general, the Petzval surface will not be spherical. 
An optical system may be corrected for field curvature by using a number of elements 
properly separated. If this is done, the system is said to have a flat field. 

Exit Pupil 

E' 

-------:-----

FlQure 9.5. Field curvature. 

Petzval 
Surface 

Gaussian 
Image 
Plane 

Diffusely illuminate a piece of graph paper over as large an area as possible. 
Produce a real image of the graph paper using an achromat at a magnification of 1/3 to 
1/4. Adjust a viewing screen until the center is sharp. You will note that the periphery 
is not sharp. Move the screen until the edges are sharp. The center will not be. 

* Based on which way you moved the screen, is this positive or negative field curvature? 
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Distortion 

Distortion is caused by changes in the transverse magnification of the chief ray (the 
image) as the object point moves off-axis. Figure 9.6 shows the effects of distortion, and 
Figure 9.7 shows how distortion is affected by location of the stop. Suppose the object 
is a square grid array. If there is no distortion, the image will look like the object, as in 
part (a). If the magnification of the chief ray decreases as the field angle increases, the 
image suffers from barrel distortion (so named because the image looks like a barrel). 
If the magnification of the chief ray increases as the field angle increases, the image 
suffers from pincushion distortion (so named because the image looks like a pincushion). 

Use a piece of graph paper as the square grid object. Form an image with a positive 
and a negative lens and you will see pincushion and barrel distortion. 

* Place the graph paper inside the front focal point of the positive lens and observe the 
virtual image. What kind of distortion is observed? 

* Produce a real image of the graph paper with the lens. Place the aperture stop 
between the object and the lens. What kind of distortion is observed? 

* Using the same setup, place the stop between the lens and the image. What kind of 
distortion is observed? 

* What simple optical system have we studied which is free from distortion? 

y 

Undlstorted 
Image 

x 

Barrel 
Distortion 

Pincushion 
Distortion 

Figure 9.6. Barrel and pincushion distortion. 
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STOP STOP 

FlQure 9.7. Effect of stop location on distortion. 

Distortion is readily explained as follows. The lens in Figure 9.7 forms an image of 
object MN on the screen on the right. While point M is imaged (correctly) into M', point 
N, because of astigmatism and curvature of field, is imaged into N', which lies to the left 
of the screen. But when the rays forming N' have reached the screen, they have 

expanded into a blur circle with the chief ray at its center, Yo' If a circular aperture is 

placed to the right of the lens, the blur circle contracts and its center moves to Y' (solid 

line), which is farther away from the axis. This results in pincushion distortion. 

On the other hand, if the stop is placed to the left of the lens, Yo moves to Y', 
which is closer to the axis; this results in barrel distortion. To eliminate distortion, the stop 
should be placed between two lenses. 

(from Jurgen R. Meyer-Arendt, Introduction to Classical & Modern OptiCS, 3rd ed., 1989, 
p.122) 
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Lab 10: Refracting Telescopes 
History: (from Hecht and Zajac, Optics, 1976, p. 151-155) 

'It is not at ail clear who actuaily invented the telescope. In point of fact, it was probably invented 
and reinvented many times. Do recall that by the seventeenth century spectacle lenses had been in use 
in Europe for about three hundred years. During that long span of time, the fortuitous juxtapositlonlng 
of two appropriate lenses to form a telescope seems almost unavoidable. In any event, it is most likely 
that a Dutch optician, possibly even the ubiquitous Zacharias Jenssen of microscope fame, first 
constructed a telescope and in addition had inklings of the value of what he was peering into. The 
earliest indisputable evidence of the discovery, however, dates to October 2, 1608 when Hans Uppershey 
petitioned the States-General of Holland for a patent on a device for seeing at a distance (which is what 
teleskopos means in Greek). Incidentally, as you might have guessed, its military possibilities were 
immediately recognized. His patent was therefore not granted; instead the government purchased the 
rights to the instrument and he received a commission to continue research. Gailleo heard of this work 
and by 1609 he had fashioned a telescope of his own using two lenses and an organ pipe as a tUbe. 
It was not long before he constructed a number of greatly improved instruments and began to astound 
the world with the forthcoming astronomical discoveries for which he is so justly famous.' 

For a wonderful history of the telescope, including an image of the first-known 
sketch of a telescope, point your Internet web browser to: 
http://es.rice.edu/ES/humsoc/GalileolThings/telesceope.html 

Theory: 

A telescope is used to image and magnify a distant object. In its simplest form, 
a telescope consists of 2 optical elements--an objective and an eyepiece separated by 
the sum of their focal lengths. These may be either refractive or reflective elements 
(lenses or mirrors, respectively). While the objective always has positive power, the 
eyepiece may have either positive or negative power. If the eyepiece has positive power, 
the telescope is a Keplerian or Astronomical telescope, shown in Figure 10.1 (a). If the 
eyepiece has negative power, the telescope is a Galilean telescope, shown in Figure 10.1 
(b). Note that in both cases the distance between the two elements is equal to the sum 
of the focal lengths of the elements (positive or negative signs taken into account). 

For this lab, we will consider objects to be near or at infinity, so that the rays in 
object space are parallel. The concept of infinity does not strictly mean the object is at 
an infinite distance, as is essentially the case when looking at astronomical objects. 
Rather, an lIinfinite" object distance is one for which the object distance s is much greater 
than S' in the Imaging equation: 

1 
f 

= 1 
8' 

1 
8 

(10.1) 



In this case, s may be ignored and the equation reduces to: 

1 
f 

1 
or -

8' 
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(10.2) 

which says that s' ::::: f. In other words, an image is located at the rear focal point, F', 
of the objective. This intermediate image in turn becomes the object for the eyepiece. 
Because this intermediate image is located at the front focal pOint, F, of the eyepiece, the 
eyepiece forms the final image at infinity. Stated another way, the rays leave the eyepiece 
parallel, just like the rays in the original object space. The relaxed eye can then bring 
these parallel rays to focus on the retina. In actual telescopes, this is done by moving 
("focusingll) the eyepiece with a mechanical stage until the front focal point F coincides 
with the intermediate image. 

An optical system for which the rays in object and image space are parallel, or 
equivalently a system for which the object is at -00 and the image at + 00 (infinite 
conjugates) is termed an afocal system. Afocalliterally means without a focal length. The 
telescopes you will build in this lab are all afocal systems. The following theory applies 
for afocal telescopes. 

Magnification 

The magnification of a telescope (afocal optical system) is described in terms of 
the angular magnification Mil' also called the magnifying power Mp. The angular 
magnification is defined as the ratio of the angular size of the image subtended at the eye 
(seen through the telescope) to the angular size of the object subtended at the eye (seen 
without the telescope). Stated another way, the angular magnification is the ratio of the 
apparent size of the image seen looking through the telescope to the apparent size of 
the object seen with the unaided eye. For an object at infinity, the angular size of the 
object subtended at the eye is essentially the same as the angular size of the object 
subtended at the aperture stop of the telescope (the objective). It is the angular subtense 
at the objective that will be used for the derivation of angular magnification. 

Figures 10.2 and 10.3 show the marginal rays (MR) and chief rays (CR) for 
Keplerian and Galilean telescopes, respectively. By definition, the angular magnification 
Mil is given as the ratio of the chief ray angle in image space to the chief ray angle in 
object space: 

(10.3) 
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While this is fine as a definition, it does not lend itself well as a working definition 
of angular magnification. The following derivation relates angular magnification to 
physical parameters that are easily measured for an actual telescope. 

Consider the chief ray height y at the eye lens, or eyepiece, in Figure 10.2: 

tan u' = _L 
s' 

(10.4) 

In order to find where the eye lens forms the exit pupil E', use the imaging equation 

(10.1), substituting 8 .. - (to + t.) to give: 

Further substitution gives: 

1 
s' 

(10.5) 

(10.6) 

For small angles (i.e. for small fields of view), tan jj • jj and tan u' • u' . The final 
result may now be obtained: 

(10.7) 

The magnifying power of a telescope is the ratio of the focal length of the objective 
to the focal length of the eyepiece. If f. Is positive, M, is negative and the image is 
inverted (Keplerian). If f. is negative, Mil is positive and the image is upright (Galilean). 

Finally, consider the entrance and exit pupils as shown in Figures 10.2. If the 
diameters of the entrance and exit pupils are E and E' respectively, then by similar 
triangles: 

_ fo = E 
fe E' 

(10.8) 
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The final equations for angular magnification are then: 

I (10.9) I 
where the absolute value signs are used for consistency with the fact that E and E I are 
both positive quantitites. 

The Keplerian or Astronomical Telescope: 

In its simplest form, this consists of a long focal length objective and a short foeal 
length eye lens (ocular or eyepiece) separated by a distance equal to the sum of the 
focal lengths, as shown in Figure 10.1 (a). 

Construct the following series of Keplerian telescopes as shown in Figure 10.4 
([1]-[8]). Note that distant objects are enlarged (magnified) but inverted. There are 
several problems with this simple design, which we will also investigate. 

Magnification 

Begin by constructing telescopes [1], [2], and [3]. In each ease, the foeallength of 
the objective is the same but the foeal length of the eye lens Is different. For each 
telescope, first calculate Me as the ratio of the focal lengths and then measure Me as the 
ratio of the diameters of the pupils. This is easily done by placing an illuminated piece 
of diffuse mylar against the front side of the objective (the aperture stop and entrance 
pupil E) and locating its image. This is the exit pupil E I itself. Measure the diameter of 
the exit pupil in order to calculate Me. It should be noted that the proper use of a 
telescope is to place your eye in the exit pupil when looking through the instrument. 

* Compare your results: Me = to with Me = ~ 
~ E' 

The eye relief is defined as the distance from the rear vertex of the eye lens to the exit 
pupil E'. For each of these three telescopes. mea!:3ure the eye relief. 

* How does the eye relief seem to vary with M.? 
* For the three telescopes, calculate where E' is "located. 

Use the optical design program ZEMAX to compare your results to predicted 
values for these three telescopes: 

*(C) What is Me as calculated from u' / u ? (use files K1, K2, and K3). 

*(C) Where is the exit pupil E' located? (use files K1, K2, and K3). 
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Chromatic Aberration 

Construct telescope [4]. Observe the edge of a white object and notice the 
rainbow. This is chromatic aberration, and will be discussed in a later lab. Sketch the 
orders of the colors vs. field position. Replace the objective with an achromat by 
constructing telescope [5]. An achromat is a cemented pair of lenses constructed of two 
different glasses so that chromatic aberration is decreased. Observe the difference and 
make another sketch. Even more improvement could be obtained by replacing the eye 
lens with an achromat or color-corrected eyepiece. 

Vignetting 

Vignetting in an optical system occurs when not all of the rays in the original on
axis bundle make it to the final image plane. This happens as the object pOint moves off
axis, i.e. as the field of view increases. The result is that towards the edge of the field of 
view the brightness of the image decreases. While this may not be readily apparent 
visually, a piece of film recording the image can easily show the unwanted effects of 
vignetting. Figure 10.6 illustrates the vignetting caused by the eye lens in a Keplerian 

telescope as the field of view increases (as u increases). 

The problem is overcome by placing a field lens at the intermediate focus between 
the objective and eye lens. This will produce a wider field of view, and the field will be 
uniformly illuminated. This is shown in Figure 10.7. The field lens is at the image plane 
so the power of the telescope is unchanged. However, any dust or scratches on the 
surface of the field lens would be seen in the final image. 

Construct telescope [6]. Note that this is the same as telescope [1] except for the 
field lens. Observe an image with and without -the field lens in place. Describe any 
differences. Measure the location of the exit pupil with and without the field lens in place. 

* What happens to the location of E' with the use of a field lens? 
* What happens to the vignetti':1g with the use of a field lens? 

Now investigate the effect the field lenses have on the field of view, as shown in 
Figure 10.7. Measure the full field of view with and without the field lenses in place. This 
is easily done by positioning a meter stick in the field of view a large distance away from 
the telescope. Measure the distance between the meter stick and telescope, d, and 
measure the full height of the meter stick, h, seen looking through the telescope. The full 
field of view is then calculated as: 

FOV • 2 u = 2· arctan(2~) (10.10) 
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* What was the measured full field of view (in degrees) with and without the field lens in 
place? 

*(C) What is the full field of view calculated using ZEMAY:? (for files K1 and K6). 

* Calculate the magnifying power Me for the telescopes, with and without the field lens. 
How does the field of view change as Me changes? 

Inverted Image 

In all of the Keplerian telescopes you have constructed so far, the image has been 
inverted. This is not a problem for stargazing, but it is for many terrestrial applications. 
Binoculars use a Porro-Abbe prism combination to invert the image. This is why the axis 
of the eyepiece is displaced from the objective axis in most binoculars. 

Another approach is to use a relay lens. A relay lens is used to relay an image from 
one point in space to another. Most relay lenses are designed to work at 2f-2f, the 
condition of minimum conjugates. As part of a complete optical system, this extra image 
relay has the effect of inverting the final image to an upright orientation. Figure 10.1 (c) 
shows a Keplerian telescope with an erector, or relay lens in place. 

Investigate the effect of using a relay lens by constructing telescope [7]. This is done 
by placing the relay lens a distance twice its focal length behind the first intermediate 
image plane. Reposition the eye lens so that the second image plane is at the front focal 
point of the eye lens. Note the upright orientation of the final image seen through the eye 
lens. 

The vignetting problems still exist. They can be overcome by adding a field lens to 
the system. Using a 75mm field lens, construct a Keplerian having both a field lens and 
a relay lens. This configuration is telescope [8] in Figure 10.4. 

* When you have correctly built this telescope and understand how it works, show it to 
the lab instructor for creditl 

Questions: 

(1) Use the thick lens equations for a general two-lens Keplerian telescope to determine 
the overall power. Where are the prinCipal planes located? 
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The Galilean Telescope: 

To see an image of Galileo's original lens that he used to discover the moon's of Jupiter, 
point your Internet web browser to: http://galileo.imss.firenze.it/museo/4/eiv01.htrnl 

This is a long focal length positive objective and a short focal length negative eye lens 
separated by the sum of the focal lengths. Note that because the focal length of the eye 
lens is negative, the length of the system is shorter than for the Keplerian. This too is an 
afocal system. Unlike the Keplerian, the image is upright, so no relay lens is required. 
This design is often used in field glasses and opera glasses. A more common use is in 
high power laser beam expanders. (An afocal telescope may be 'lj:urned around" and 
used to expand a beam as well. The objective and eye lenses are interchanged.) The 
Galilean design is ideal for high power laser beams because there is no intermediate 
focus as in the Keplerian. Such a focus can easily concentrate the laser power high 
enough to break down the surrounding air and cause, in effect, lightning streaks 
(interesting, but nasty stuff!). The Galilean design avoids this problem. 

The major drawback of the Galilean telescope is the location of 1he exit pupil. 

* Assuming that the aperture stop is at the objective (a different assumption than used 
in Figure 10.3), derive an equation that locates the exit pupil E' with respect to the eye 
lens. For the Galilean telescopes in Figure 10.5, calculate where the exit pupil is located. 
How does the location change as the power of the eye lens is changed? 

Construct the Galilean telescopes [9] and [10] in Figure 10.5. For these examples, 
the power of the eye lens remains fixed while the power of the objective is changed. 

* Is there as much chromatic aberration as in the Keplerian? 

* Where does it seem to be the best position to place your eye while looking through 
these telescopes? 

* Calculate the magnifying power Me of each of the Galilean telescopes. How does the 
field of view change as Me changes? 

Questions: 
(2) Use the thick lens equations for a general two-lens Galilean telescope to determine 
the overall power. Where are the principal planes located? 

Use ZEMAX and files G9 and G10 to answer the following questions: 

*(C) What is Me? (from the top of the screen). 
*(C) Where is the exit pupil E' located? 
*(C) What is the full field of view? 
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Figure 10.1. The three basic types of telescopes. 
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Figure 10.2. Keplerian telescope : marginal and chief rays. 
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Figure 10.3. Galilean telescope : marginal and chief rays. 
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FlQure 10.4. Keplerian telescope : experimental variations. 
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FlQure 10.5. Galilean telescope : experimental variations. 
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UNVIGNETTED 50% VIGNETTED TOT ALL Y VIGNETTED 

Figure 10.6. Vignetting: eye lens of a keplerian telescope. 
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Figure 10.7. The action of a field lens in increasing the field of view. 
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Lab 11: The Compound Microscope 
For interesting descriptions and images of early microscopes, point your Internet 

web browser to: http:/twww.duke.edU/ ... lj/histlhist_mic.html 

The microscope is a widely used optical instrument. In its simplest form, it consists 
of two lenses (Figure 11.1). An objective forms a real inverted image of an object which 
is a finite distance in front of the lens. This image in turn becomes the object for the 
ocular, or eyepiece. The eyepiece forms the final image which is virtual, and magnified. 
The overall magnification is the product of the individual magnifications of the objective 
and the eyepiece. 

Objective 

Object 

," . , , ... . ' 
Virtual Image 

Ocular 

Figure 11.1_ Images in a compound microscope. 

1> 

To illustrate the concept, use a 38mm focal length lens (KPX079) as the objective, 
and a 50mm focal length lens (KBX052) as the eyepiece. Set them up on the optical rail 
and adjust them until you see an inverted and magnified image of an illuminated object. 
Note the intermediate real image by inserting a piece of paper between the lenses. 

* Can you demonstrate the final image by holding a piece of paper behind the eyepiece? 
Why or why not? 

The eyepiece functions as a magnifying glass, or simple magnifier. In effect, your 
eye looks into the eyepiece, and in turn the eyepiece looks Into the optical system-·be 
it a compound microscope, a spotting scope, telescope, or binocular. In all cases, the 
eyepiece doesn't view an actual object, but rather some intermediate image formed by 
the "fronf' part of the optical system. As we have seen with telescopes, this intermediate 
image may be real or virtual. With the compound microscope, it is a real intermediate 
image formed by the objective lens. In all cases, the function of the eyepiece is to form 
a virtual, magnified image for your eye to view. 
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The Simple Magnifier: 

We begin by considering how a simple magnifier works. For this we use a large 
single lens similar to what Sherlock Holmes made famous. Our magnifier could just as 
well be the lens or system of lenses (eyepiece) found in a modern compound 
microscope. As already stated, a magnifying lens is used to form a virtual, magnified 
image for your eye to view. 

The magnification of the image depends on where the image is located. When 
viewing the image with your eye, we will consider two special locations of the image and 
the corresponding magnifications. Figure 11.2 shows a lens used to magnify an image 
for an eye placed just behind the lens. In 11.2 (a), the object is positioned at the front 
focal point F of the lens to place the image at infinity. In 11.2 (b), the object is positioned 
inside the front focal point to place the image at the near point (N.P.) of the eye, a 
distance of 25cm in front of the eye. 

The magnification of the image is given by the following equations. For the image 
at infinity: 

25crn Me (00) = 
f 

where f is the focal length of the magnifier in cm. 

For the image at the near point: 

Me (NP) = 25 em +1 
f 

(11.1) I 

(11.2) I 

Note that in both cases, the eye is properly positioned just behind the magnifying 

lens. In this manner, the chief ray angle ii that is subtended by the eye is the same 

chief ray angle that the object subtends at the lens. This has an important implication for 
using a simple magnifier: FIRST HOLD THE LENS UP TO YOUR EYE, THEN BRING THE 
OBJECT UP TO THE LENS UNTIL IT IS IN FOCUS FOR COMFORTABLE VIEWING. 

Take the magnifier lens and use it to form a magnified, virtual image of a flat object 
such as a piece of paper. Form the image while viewing it with your eye relaxed. At the 
same time, have a lab partner measure the distance between the lens and the object. 
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* Given that the power of this magnifying lens is 60, calculate where the image was 
located. Was the location closer to infinity or the near point? 

* Use the appropriate equation to calculate the magnification of the observed image. 

* Derive the two equations given for magnification at infinity and the near point. 

Image .een 
at Infinity ". ". ". -0. _ .. ... -.. -.. -., '.. -.. ... -.. ".. -.. ... -.. 0.. _ .. ...... ·0. 

'" 

Object 

':., ~""" .. , .......... ".""., ""'" """:,:~ ., 
.. 

Image Object 

FlQure 11.2. A simple magnifier. 

(a) 
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The Compound Microscope: 

The microscope is a combination of an objective lens and a magnifier, or eyepiece. 
As such it is often called a compound microscope, to distinguish it from the simple 
magnifier just discussed. Figure 11.3 shows a more detailed drawing of a basic 
compound microscope. The modern-day version differs only in that the objective and 
eyepiece are each made up of many lens elements, to correct for aberrations. 

The microscope is such a useful device that it has been extensively developed and 
has been standardized. There are two basic types--metaliurgicaJ and biological. The 
former are used in reflection (since metals are not transparent), and do not allow for a 
cover slip. The latter are used in transmission and are compensated for the cover glass. 

The optical tube length (OTL) is defined as the distance between the back focal 
point of the objective and the front focal point of the eyepiece. The optical tube length 
has been standardized to be 160 mm. Even the thread sizes for the mechanical lens 
mounts have been standardized. The advantage of these standards is that parts become 
interchangeable from one manufacturer to another. . 

Evaluating standard components can be difficult since the focal points usually lie 
within the mechanical housing. We will use the following techniques to measure the focal ' 
lengths of the objective and eyepiece of an Ealing handheld microscope. Knowing these 
values, we will be able to calculate the overall magnifying power of this microscope as 
a function of the actual tube length. 



Image at 00 

T 
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~ 

T 

Optical Tube Length 

1 
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EntranCB pupil 
Objective 
Aperture Stop 

Figure 11.3. A compound microscope. 
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Objective Focal Length -- fo 

Y' 

Figure 11.4. Objective focal length. 

The two shaded triangles in Figure 11.4 are similar triangles. Thus, 

yl X, 
Mo = Y = fo 

OTL 
II --

fo 
(11.3) 

We can determine fo by measuring the magnification at two different image distances. 

Thus, 

(11.4) 

Finally, 

X' X, 1 - 2 

fo 
(11.5) 

Solving for the objective focal length: 

xf -~ (11.6) 
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Determine the focal length of the Ealing objective by measuring the magnification 
at two different image distances. Place a diffuser (Opal glass) and ruler on the light 
source. Image the ruler with the objective and determine the magnification by measuring 
the image size. Move the ruler and note the change in image position. Again determine 

the magnification and calculate fa . 

* Compare your measured value to that marked on the objective itself. 
* Measure the clear aperture to calculate the Numerical Aperture (N.A.). Compare to the 

value marked on the objective. 

Eyepiece Focal Length - fE 

Construct a Keplerian telescope using the eyepiece to be tested (Ealing 10x 
Huyghenian) and the 100mm focal length lens (KBX064) as an objective. Focus the 
telescope on a distant object. The diameter of the exit pupil can be measured by placing 
a diffuser in front of the objective and illuminating it. Place a piece of paper behind the 
eyepiece and image the exit pupil. The eyepiece focal length is then: 

where 

E' 
fE = fa' E 

E' = The diameter of the exit pupil 
E = The diameter of the objective (25mm) 

(11.7) 

* Assume the eyepiece is used to form an image at infinity. Calculate the magnifying 
power and compare to the value marked on the eyepiece itself. 

* Assume the eyepiece is used to form an image at the near pOint. Calculate the 
magnifying power and compare to the value marked on the eyepiece itself. 

Total Magnification 

The overall magnification is the product of the magnifications of the objective and 
the eyepiece. Depending if the final image is formed at infinity or the near paint. the 
equations are: 

M (00) = elL ( 25 an) : M (NP) = elL ( 25 em + 1) (11.8) 
~ ~ ~ ~ 



* Estimate the minimum OTL for the Ealing microscope. 
magnification assuming the image is at the near pOint. 
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Calculate the overall 

* Estimate the maximum OTL for the Ealing microscope. Calculate the overall 
magnification assuming the image is at the near point. 

* Does this match what you measure experimentally? 

Model Microscope 

While hardly a commercial instrument, much can be learned by constructing a 
microscope from the lens set. Figure 11.5 shows the layout. Use the 50mm focal length 
lens (KBX052) as an objective. Use a reticle as an object, and illuminate it with the. 
diffuser and light source as before. This will provide helpful fiducial markings. Use the 
100mm focal length lens (KBX064) as the eyepiece. Assume an OTL of 160mm, and 
place the eyepiece the proper distance in back of the objective. Place a reticle (millimeter 
scale on the clear ruler) at the intermediate image plane. 

* Calculate the position of the exit pupil and locate your eye there. 

While looking through the microscope, move the source reticle until it appears in 
focus. At this pOint, the final image in the exit pupil should fill your field of view through 
the instrument. If not, move your head back and forth until your eye is positioned in the 
exit pupil. As with a telescope, this is the proper location for your eye when looking 
through the instrument. 

Finally, place a beamsplitter between the exit pupil and eyepiece so that the 
distance from the exit pupil to the top of the optical table is 25 cm. With your eye in the 
exit pupil, the top of the table is then at the near point. Place a reticle (millimeter scale) 
at this location of the near pOint. Center the reticles across the diameter of the exit pupil. 

* Look through the microscope and describe what you see. 

* With the reticles in place, describe a procedure to measure: 
--the magnification of the objective Mo 
--the magnification of the eyepiece Me 
--the overall magnification of the microscope 

* Measure and report these magnifications. 
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Exit PupIl 

Figure 11.5. Model microscope. 

Observe the image as the object is translated along the optical axis (moved in and 
out of focus) slightly. Even though the object is a little out of focus you can still see it 
fairly clearly. However, the magnification of the out-of-focus object changes dramatically. 
This can be quite annoying when observing objects of even modest thickness. However, 
the magnification of the out-of-focus object can be held constant by judicious placement 
of the stop. Position an iris so that it is at the back focal point of the objective and close 
it sufficiently to insure that it is the aperture stop of the system. Then move the object in 
and out of focus slightly and notice that its size remains constant. This is called a 
telecentric stop and the microscope is now said to be telecentric in object space. 

* With a drawing, show why this arrangement acts to maintain constant magnification as 
the object position is changed. (HINT: draw the microscope and the appropriate 
chief ray with the stop in place.) 
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Lab 12: Radiometry 

DEFINITION 

Radiometry is the science of the measurement and calculation of radiant energy 
transfer. For our purposes, we will consider radiant energy to be in the visible portion of 
the electromagnetic spectrum. More generally, radiometry deals with energy in any part 
of the spectrum, from the ultra-violet to the far infrared and even beyond to radio waves. 
Radiometry attempts to answer the questions of how much energy is transferred from 
one point in space to another, and how accurately this energy can be measured. It is an 
old science rich with history and careful detail to experimental technique. 

INTRODUCTION 

Up until now, the entire course has dealt with the geometry of optical systems. We 
have discussed in detail how a lens or mirror changes the direction of a ray of light. This 
was done using the geometrical shape of the lens or mirror to calculate its power. The 
power was used to then locate the paraxial image of an object. Rays were traced, 
heights and angles were calculated to relate image points to object points. All of this was 
based on geometry. (Note also that the concept of a ray is itself a geometrical one. A 
ray of light is defined as the line which is normal to a wavefront in any plane in an optical 
system. This allows the wavefront, which is what really travels through the optical system, 
to be talked about in geometrical terms.) 

The question that has not been addressed yet is HOW MUCH LIGHT passes 
through a particular optical system, (perhaps just a simple lens). Consider the ray traces 
you have done throughout the course. From a given object point, you probably traced 
one, maybe two rays through an optical system to the corresponding image point. These 
rays were but a couple of many rays that could have been traced from this object to 
image point. In fact, there is an infinite number of rays that can be" traced from one 
object point to its corresponding image point. These rays merely describe the smooth, 
continuous 3-dimensional wavefront that travels from this object to image point. It is this 
wavefront that physically carries ENERGY or the AMOUNT OF LIGHT from one object 
point to its image point. By considering all of the points in an object plane, and the 
wavefronts that each point emits, we can calculate the AMOUNT of light energy that the 
optical system will pass through to the image plane. The ability to calculate and measure 
this energy is the basis of the science of radiometry. 

The ray and wavefront pictures need more explanation at this point. Consider a 
perfect point source of light in space, emitting light uniformly in all directions. One may 
think of this by drawing an infinite number of rays leaving the paint source, all diverging 
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uniformly into 3-dimensional space. However, the equivalent wavefront picture is much 
simpler. Because the rays are normal to the physical wavefront at any point in space, the 
wavefront can be drawn as a 3-dimensional spherical surface centered on the point 
source. The rays are just a geometrical representation of the wavefront, more convenient 
for tracing the actual wavefront through the optical system. As time passes, the 
wavefront travels away from the point source, and the rays become longer in length. It 
may now be seen that the rays are just the radius of curvature of the spherical wavefront 
centered on the point source. 

The concepts of wavefronts and point sources as they relate to radiometry may 
now be more fully understood. Two important quantities go into any radiometric 
calculation or measurement, that of AREA and SaUD ANGLE. When considering a 
source of light that has a finite extent, or area, we can think of it as being made up of a 
large number of pOint sources each radiating spherical wavefronts. The total energy 
emitted by the extended source is contained in all of these wavefronts. The fraction of 
this total energy intercepted by a surface some distance away from the source is 
governed by a solid angle. Note that this surface may be the entrance pupil of an optical 
system used to create an image of this extended-source object. 

A solid angle is the 3-dimensional equivalent to the angle we ordinarily think of in 
2-dimensions. The units of solid angle are steradians, abbreviated sr. Just as there are 
TC (pi) radians in a semi-circle, there are 27r steradians in a hemisphere, and 4TC steradians 
in a full sphere. In radiometry, we use the concept of a projected solid angle, Q, in which 
there are TC sr in a hemisphere, and 27r sr in a sphere (the reason for this is left for 
another semester ... ). Perhaps the best way to envision a solid angle in 3-dimensions is 
to think of a pOinted ice cream cone. The projected solid angle is defined as the 
projected area of the open end of the cone (the area projected onto the plane containing 
the tip of the cone) divided by the square of the distance from the open end to the 
pointed tip. We say that the solid angle of the ice cream cone subtends a certain number 
of steradians at the pointed tip. Note that the measure of steradians, area [m2j divided 
by distance squared [m2j, is unitless. Figure 12.1 shows the concepts involved. 
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FlQure 12.1. Solid angle, 
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If a paint source of light is now placed at the tip of this ice cream cone, the amount 
of light collected in the open end of the cone is proportional to the solid angle of the 
cone. In terms of the full 3-dimensional spherical wavefront emitted by the paint source, 
this solid angle divided by 471 represents the fraction of the energy in the wavefront that 
crosses the plane of the open end of the cone. Again, if an optical system such as a lens 
is placed at the open end of the cone, the solid angle subtended by the lens at the point 
source, divided by 471, is the fraction of total energy emitted by the point source that is 
collected by the lens. 

DEFINITIONS AND UNITS 

We start off with a few definitions and units. 

Power, 4>, measured in watts, is the fundamental measure of the rate of energy flow in a 
beam of light. Depending on the source of light, more convenient units might be 
microwatts (from a flashlight bulb), milliwatts (from the lasers in our lab), to megawatts 
(from lasers designed to cut or weld metal). 

Radiant exitance, M, measured in watts per square meter, is the amount of power emitted 
by an extended source divided by the area of the source. It is Interesting to note that a 
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1 square meter surface at room temperature, say of a wall or blackboard, emits about 
460 watts of powerl 

Radiant incidence, E, measured in watts per square meter, is the amount of power 
intercepted by a surface divided by the area of the surface. This term is more commonly 
called irradiance. 

Intensity, I, measured in watts per steradian, is the amount of power that a point source 
emits into a unit solid angle. 

Radiance, L, measured in watts per square meter per steradian, is the amount of power 
that an extended source emits into a unit solid angle, divided by the area of the source. 
Radiance is equal to the radiant exitance of a source divided by the projected solid angle 
into which the source radiates. For a source radiating into a hemisphere, L=M/n. 

BASIC CONCEPTS IN RADIOMETRY 

Four important concepts are vital to understanding radiometry and this lab: the 
equation describing transfer of power, the property of a Lambertian source, the 1/f fall-off 
of power from a pOint source, and the throughput of an optical system. 

Transfer of Power 

Consider two small surface areas, dA1 and dAz, separated by a distance r (shown 
in Figure 12.2). Each surface is allowed to be at some angle (61 or 6J with respect to the 
line between them (a distance r). Suppose surface 1 emits radiation with a certain 
radiance, L(6,t/». The question is how much power is transferred or radiated to surface 
2? 
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r 

FlQure 12.2. Transfer of power. 

The element of solid angle subtended by surface 2 at surface 1 is given as: 

(12.1 ) 

The element of solid angle subtended by surface 1 at surface 2 is given as: 

(12.2) 

Note that these expressions do not yet represent projected solid angles. That will come 
in the next step. 

We start with the definition for radiance: 

• RADIANCE (12.3) 

where d<&>21 is an incremental solid angle, and d<&>21 cosells an Incremental projected solid 
angle. 

Solving for d2~ gives: 

x..(O,~) cIA. coso. ~ coso:. 
r2 

(12.4) 
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This is the incremental amount of power that is transferred from the elemental area on 
surface 1 to the elemental area on surface 2. The total power transferred from surface 
1 to surface 2 is found by integrating this equation over areas 1 and 2. To make this inte
gral easy, it is assumed that the radiance of surface 1, ~, is independant of the direction 
of radiation, i.e., ~ is independant of 8 and cp. Integrating over the areas to arrive at 
power: 

(12.5) 

With some simplifying assumptions, the final answer is given by: 

I cI» = LA Q (12.6) I 
NOTE: This is valid to 1 % if r Is greater than 10 times the maximum dimension of either 
AI or~. 

The assumptions made in arriving at this expression were: 

(1) The radiance L is independant of the direction of radiation. 
(2) The surfaces are normal to each other, so co581 = co58a = 1. 
(3) The solid angle subtended by surface 2 at surface 1 is small (r» 1 0 times the 

maximum dimension of Alar AJ. 

The final result cp is the amount of power transferred to surface 2 from surface 1. Note 
that it depends on a radiometric quantity, radiance L, and two geometrical quantities, area 
A and projected solid angle O. 

lambertian Source 

A Lambertian source is defined as one for which the radiance is constant, 
independant of the direction of radiation. This is just the assumption we made in 
equation (12.5). A source is Lambertian if it emits or reflects radiation with a constant 
radiance. In other words, a Lambertian source emits or reflects equally in all directions. 
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Point Source and 1/f 

Refer to equation (12.4). If the area AI becomes small (approaches zero), then 
(L * AI *cos8l ) becomes equal to the intensity I of what now may be considered a point 
source. The power on surface 2 may then be written: 

(12.7) 

If area 2 is normal to the line between it and the point source, then cos82 equals 1 and 
the equation for power simplifies to: 

= I~ (12.8) 

As long as the area Az remains constant, (and the intensity of the source doesn't 
change), the power received by surface 2 depends only on the inverse square of the 
distance from surface 1. If Az represents the area of a detector, then the output Signal 
will fall off as 1/f as the detector is moved away from surface 1. 

Throughput T and the Lagrange Invariant M 

The product of geometrical quantities area and projected solid angle in equation 
(12.6) is called the throughput, abbreviated T. This "An product" describes the efficiency 
with which power gets transferred from one surface to another, either in free space as 
was just shown or through an actual optical system. An important point is to be made 
as to which area and solid angle are to be multiplied together to calculate throughput. 
Given an area A, it is the solid angle subtended at this area A by the surface to be 
transferred to. An easy way to remember this is to consider the solid angle to always 
have its tip at the area, as shown below: 

Figure 12.3. Throughput. 
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A very important point to understand is that the throughput is a constant quantity 
for a given transfer of power, either in free space or through an optical system. Consider 
Figure 12.2 shown earlier for power transfer from surface 1 to surface 2. The throughput 
in transferring from surface 1 to surface 2 is calculated and compared to the throughput 
in transferring from surface 2 to 1: 

(12.9) 

with the conclusion being that Tt = T2• In other words, throughput is conserved, or is said 
to be invariant. This is true also for an optical system, shown below: 

l/J = LAsCloa = LAoOso = LAo 000 = LAo 000 

Figure 12.4. Throughput in an optical system. 

The throughput may be related to the Lagrange Invariant in the following manner. 
Consider the transfer of power between the lens and detector in the figure above. The 
height of the chief ray is zero at the lens, and the height of the marginal ray is zero at the 
detector. Therefore: 

(12.10) 

0do = ~ sin2 U Cod = ~ sln2 u (12.11) 

In the paraxial approximation, sin(u) ~ u: 
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Cdo = n; U 2 Cod = n; U 2 (12.12) 

The throughput is invariant, therefore: 

A Cdo = A COd = AC = n;2y 2ij 2 = n;2y 2U 2 (12.13) 

At a pupil plane (the lens, for example), y = 0: 

(12.14) 

At an image plane (the detector, for example), Y = 0: 

(12.15) 

Therefore: 

I (12.16) I 
and the power transferred through an optical system is: 

I ~ = LAC = L M2 • (1t2/n~ (12.17) I 
The result is that the amount of optical power which can be transmitted through an 
optical system is related to the square of the Lagrange invariant. 



EXPERIMENTAL 

The following experiments are to be carried out in this lab: 

(1) observe and measure the properties of a Lambertian source 
(2) measure the 1/f fall-off from a point source 
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(3) measure the power transmitted through an optical system as a function 
of the Lagrange invariant 

NOTE: In the following experiments. record the absolute value of the detector 
voltage. 

Lambertian Source 

* Slowly walk around an arc in front of the source and describe what you see. 
Does the source transfer the same amount of power to your eye at all angles? Why 
or why not? How does the amount of power received by your eye vary with angle? 

* Umit your field of view with a stop held in front of your eye and repeat the 
experiment (observations and questions, as above). 

* Describe how the full moon looks (i.e. does it appear as a round sphere or as 
a flat surface)? Relate this to what you just observed, knowing that the source in the lab 
closely resembles a Lambertian source. 

* Repeat the experiment using a detector instead of your eye, with no stop. Plot 
the output of the detector vs. angle. 

* Repeat the experiment using a detector, with a stop. The size of the stop has 
been chosen to limit the detector's field of view. The detector sees only the central 
portion of the source, and nothing outside of this. On the same plot as above, plot the 
output of the detector vs. angle. 

* Normalize both sets of data so the maximum y-value equals 1 in both sets. 

* Explain the differences in the two curves. How should the curve with no stop 
vary with angle? What does the shape of the curve using the stop tell you about the 
source? 

* Make a scale drawing of the setup for 8=0· , with and without the stop in front 
of the detector. (The detector is located 1mm behind the hole in the case.) Draw the 
rays that leave the edge of the detector and graze the opposite edge of the stop. Is the 
field of view with the stop small enough so that the detector sees only the source? 
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1/f Fall-off from a Point Source 

* Measure the output of the detector M as a function of the distance r [mm] from 
the source. Start as close to the source as possible, while keeping the output below 13 
volts. For the first 200mm or so, move the detector every 10mm. After that, move the 
detector every 50mm until the signal is around 0.2-0.3 volts. Record the voltage as a 
function of distance, r. 

* Correct the data for the offset of where the source and detector are located with 
respect to the marker lines on the rail carriers. 

* Plot the output M vs. distance [mm]. Does the curve look like what you would 
expect for a 1/f fall-off? 

* Rearrange (recalculate) the data to plot the output M vs. 1/f. What should a 
plot of this data look like if the output in fact fell off as the inverse square of the distance? 

* Plot this data and comment on the results. How would a deviation from a 1/f 
fall-off show up on this new plot? Do you see any evidence of this on your plot? 

Throughput T and the Lagrange Invariant M 

* Measure the output of the detector as a function of the size of the aperture stop. 
Independently calculate the throughput (the An product) and the Lagrange invariant of 
the system in each case. 

* Plot the output of the detector M vs. the calculated optical throughput * 1 E4. 
What should the curve look like? 

* Plot the output M vs. the calculated Lagrange invariant squared * 1 E6. What 
should the curve look like? . 
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APPENDIX B: 

OPTI 226L LAB MANUAL 

This appendix contains the lab manual for OPTI 226L, Physical Optics Lab, taught 

at the Optical Sciences Center, University of Arizona. It is reproduced here complete, in its 

entirety. The experiments described have been used for the last six years to teach geometrical 

optics to second-semester Sophomores. These experiments have been tested and revised a 

number of times. The information contained in this manual is thought to be correct and 

accurate. However, I would appreciate hearing about any errors, or suggestions for further 

improvement. Please contact me at: 

Michael Nofziger 

Optical Sciences Center 

University of Arizona 

Tucson, AZ 85721 

e-mail: nofziger@gas.uug.arizona. edu 
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OPTI226L 

PHYSICAL OPTICS 

LAB MANUAL 

Copyright © 1995 by Michael James Nofziger. 

All rights reserved. No part of this publication may be reproduced, stored in a 
retrieval system, or transmitted, in any form or by any means, electronic or 
mechanical, photocopying, recording, or otherwise, without the prior written 
pennission of the author. No patent liability is assumed with respect to the use 
of the infonnation contained herein. Although every precaution has been taken 
in the preparation of this manual, the author assumes no responsibility for errors 
or omissions. Neither is any liability assumed for damages resulting from the 
use of the information contained herein. Commercial materials and equipment 
are identifed in this manual. This identification does not imply endorsement by 
the author or the University of Arizona, nor does it imply that the identified 
material or equipment is the best available for the purpose. 
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SIGN CONVENTIONS 

The subject of sign conventions has caused more confusion than any other subject in 

the teaching of geometrical optics. The sign conventions used in the lab manuals for both 

OPTI 210L and OPTI 226L are the same as those used in the graduate program at the 

Optical Sciences Center. They are as follows: 

• Light is assumed to travel from left to right. 

• Distances measured from an axis point to the left are negative. Distances measured 

from an axis point to the right are positive. For example, object distances (s) 

measured to the left of a surface vertex are negative, and image distances (s') 

measured to the right of a surface vertex are positive. 

• The radius of curvature of a surface is measured from the surface vertex. If the center 

of curvature lies to the left of the vertex, the radius is negative. If the center of 

curvature lies to the right of the vertex, the radius is positive. 

• Heights measured upward from the axis are positive. Heights measured downward 

from the axis are negative. 

• Angles are positive if measured counter-clockwise from the optical axis or from a 

surface normal. Angles are negative if measured clockwise from the optical axis or 

from a surface normal. 
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LAB #1 - INTRODUCTION 

Lab 1 is designed as a qualitative introduction to the world of physical optics. You 
will have a chance to explore and observe phenomena associated with the wave-like nature 
of light--interference, diffiaction, and polarization. 

Until now, our study of optics has been based on geometry. We used the concept 
of rays together with the laws of reflection and refraction to find the location and size of 
images. Rays were sent, or traced, from one point in space to another and were treated as 
independent, non-interacting paths of light. The outer boundaries or edges of our lenses, 
mirrors, or aperture stops were assumed to sharply truncate these light rays into bundles. 
The region outside a bundle was considered as a geometrical shadow, defining an infinitely 
sharp boundary between light and dark. All this was done using familiar geometrical 
concepts--straight lines, points, and angles. 

The actual behavior of light is not adequately described by geometry alone. Sharp 
edges do not produce ideal shadows. Cameras often record points of light as star patterns. 
Light travelling over two different paths in space may combine with an intensity greater than 
the algebraic sum of the two separate intensities. Conversely, the two beams may combine 
to produce a totally dark image. Soap bubbles often appear brightly colored. The daytime 
sky is always blue, but at sunset appears red. A variety of insects and birds have brilliantly 
colored markings. All of these phenomena require more than a geometrical picture of light 
for an explanation. They require a wave-like picture of light, and an understanding of 
physical optics. 

Physical optics is in fact based on a wave picture of light. This entire semester will 
be devoted to understanding waves, and how waves of light can interact with each other and 
with material surroundings. Physical optics does not somehow supercede our study of 
geometrical optics, or replace it. One is just as important as the other, and both go hand in 
hand. This is an important point to remember. 

Lab 1 is designed as a qualitative introduction to physical optics. You will have a 
chance to explore and observe phenomena associated with the wave-like nature of light. 
Interference, diffraction, and polarization effects will be observed in this first lab. These 
terms are probably new, and will have quantitative meaning as the classes and labs progress. 
For now, take the time to explore these phenomena visually to get an appreciation for the 
world of physical optics. 
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LAB EXERCISES 

INTERFERENCE 

A. Speckle 

Visible laser light scattered from or transmitted through a finely irregular (rough) 
surface shows a speckled appearance caused by interference effects of the waves of light 
emanating from each element of the scatterer. This basically means that each wave that gets 
scattered from a rough point on the surface interferes with the other waves scattered in the 
same manner to produce the effect of speckle. 

One of the easiest interference patterns to observe is that of laser speckle. Place the 
laser at one end of the rail, a 25mm fllens (KBX046) in front of the laser, and a white card 
at the other end of the table. Describe the appearance of the laser spot on the card. Look 
at the spot up close (from 1 foot or so) and then move your head back 8 or 10 feet. What 
happens to the size of the speckles? 

From a distance of I foot again look at the laser spot. Now hold the small aperture 
(black dot, white card) in front of your eye. What happens to the size of the speckles? 

Shine a flashlight to the side of the laser spot. Do you see any speckles in the 
flashlight spot? This points out the fact that the laser exhibits spatial coherence, a term we'll 
learn about later. The flashlight on the other hand does not. 

From a distance of3 or 4 feet away from the card slowly move your head from side 
to side and observe the speckle pattern. Do the speckles appear to move? If so, in what 
direction? (If you wear glasses, remove them for this experiment.) Speckles will appear to 
move with the motion of your head if you are farsighted (hyperopic), and opposite to the 
motion of your head if you are nearsighted (myopic). The speckles will appear stationary 
if your vision is fully corrected. 

B. Microscope Slide (simple interferometer) 

--**NOTE: In the following exercises, be VERY CAREFUL when handling the glass 
microscope slides. They break easily and their sharp edges can cut. 

An optical instrument designed to produce interference patterns is called an 
interferometer. Basically, an interferometer divides a light wave into two waves, allows 
them to propagate through space, and recombines them. In the process of recombining, 
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interference occurs and regions of light and dark may form. These light/dark patterns are 
referred to as mnges. The details of this process will occupy a good part of this semester, 
but for now, visually observe some of these interesting fringe patterns. 

One simple optical component that can act as an interferometer is a glass plate. The 
simplest example of such is a microscope slide. An incident light wave is divided into two 
waves by partial reflection from the first surface. The second wave reflects off the rear 
surface, is transmitted back through the glass, and recombines with the first wave in front 
of the plate. 

Place the laser at one end of the rail, a 25mm fllens (KBX046) in front of the laser, 
and a microscope slide (horizontal) 300-400mm in front of the lens. Rotate the slide to 
position the reflected beam 90 degrees from the incident beam. Observe the reflected beam 
on a white card. Describe what you see. Rotate the slide to position the reflected beam as 
close to the laser as possible. Again observe the reflected beam and describe what you see, 
including a drawing. What happened to the spacing between the fringes? Is their general 
shape still the same? Now rotate the slide to a vertical position and describe the fringe 
pattern. 

MULTIPLE BEAM INTERFERENCE 

There exists a class of interference effects that occur in very thin layers of air or 
liquids, such as oil or water. Known as multiple beam interference, these types of fringes 
may be observed in white light. While the details of such fringe formation will be studied 
later in the semester, take this chance to observe the colorful patterns of mUltiple beam 
interference. . 

A. Air Films 

Take two clean microscope slides, sandwich them together, and lay them flat on the 
black surface of the rail. Look at light reflected from the two slides and describe the fringe 
pattern. (Use the hand magnifier to see the fringes more clearly.) Press on the top slide and 
watch how the pattern changes. The fringes are formed by the very thin layer of air trapped 
between the slides. 

Take the KPXl18lens and gently lay it on the rail, with the letters KPXl18 oriented 
upright. Take the KPX124 lens and gently lay it on top of the first lens, with the letters 
oriented in the same way. (The two lens surfaces now in contact have slightly different radii 
of curvature, forming a thin air gap.) Observe the fringe pattern and make a drawing. 
Again, use the hand magnifier to magnify the fringes. What happens to the fringes when you 
rock the top lens from side to side? 
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B. Liquid Films 

At the sink, hold a clean microscope slide lengthwise vertically at about 45 degrees. 
Drop a few drops of alcohol on the slide and let it run off the bottom edge. As the top of 
the alcohol film evaporates, observe and record what happens. Note carefully the very top 
of the fringe pattern and describe its appearance. 

Repeat a similar experiment using a soap film. Dip the cup into the soap solution 
and lay it on it's side over the edge of the sink in the beam of light. Look at the white light 
reflected off of the soap film and observe and record what happens. Why do the colors start 
to form at the top of the film? As time progresses, just before the film breaks, describe what 
you observe at the top edge of the film. 

DIFFRACTION 

Ditrraction is an important optical phenomena we will study this semester. When 
an aperture (or obstacle) is placed within the cross section of a beam of light and the 
transmitted light is observed on a screen, the resulting distribution of light is called a 
diffraction pattern. It arises from the wave-like nature of light as you willieam in class. For 
now, have fun observing. 

A. Single Edge 

Place a laser at one end of the rail with a 25mm fllens (KBX046) in front of it. 
Place a white card at the other end of the table and adjust the lens to center the beam on the 
card. Place a razor blade (BE CAREFUL!) in the beam about 100mm in front of the lens. 
Observe the diffiaction pattern on the card. Make a drawing of what you see. 

B. Wire 

Remove the razor blade and replace it with the thin wire, 200mm in front of the lens. 
Sketch the observed ditrraction pattern. Move the wire toward the lens and describe what 
happens. Repeat the same experiment with the thick wire and compare the patterns to the 
thin wire. Make sketches. 

c. Single Slits 

Remove the lens and place the single slit aperture plate 9165-A about 30mm in front 
of the laser. Place the white card 700mm away from the aperture plate and position slit A 
in the beam. Make a sketch of the pattern and measure the distance (in mm) between the 
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first two dark spots. Repeat for slits B-D. How does the distance between the dark spots 
relate to the width of the slit? (slit widths are printed on the aperture plate). 

Describe what happens when you rotate the slits 90 degrees. In general, how does 
the diffraction pattern relate to the orientation of the slit? 

D. Double Slits 

Place the double slit aperture plate 9165-B in the holder. Observe the diflTaction 
patterns for slits A-D. What determines the distance between the first two dark bands on 
either side of the central group of bright spots? What determines the number of small bright 
spots within the central group? 

E. Circular Apertures 

Place the circular aperture plate 9165-D in the holder, and position the card 300mm 
in front of the holder. Carefully position first the 40 micron pinhole and then the 80 micron 
pinhole in the beam. Make a sketch of the diffraction patterns, know as Airy disk patterns. 
How does the size of the central spot vary with hole diameter? How many rings can you 
count in each pattern? 

F. Complex Apertures 

Slide this same aperture plate over to the left and observe the diffraction patterns 
from the two apertures on the right of the pinholes. Make sketches of each pattern. Based 
on what the diffraction pattern looked like for a single slit, predict (in a sketch) what the 
aperture on the far right must look like. 

POLARIZATION 

Polarization is a property of a light wave that describes how the electric field vector 
oscillates in space. If the electric field vector oscillates in only one plane as the wave travels 
through space, the light wave is said to be plane polarized. It is this property which we shall 
now qualitatively look at. 

The dark gray circular piece of glass in front of you is called a polarizer. It transmits 
light at maximum intensity when its plane (or direction) of polarization coincides with the 
plane (or direction) of polarization of the light wave. (The direction ofpoiarization of the 
polarizer is along a line 90 degrees to the diameter containing the small handle.) 
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A. Reflected Light 

Hold the polarizer (by the edge) along its direction of polarization. Look at light 
reflected off of the tile floor and rotate the polarizer until you see maximum transmission. 
Is the light reflected off of the floor polarized horizontally or vertically? Light that is 
reflected at glancing incidence off of a variety of surfaces often becomes polarized. This is 
particularly true for light reflected off of a lake or a roadway surface. To reduce the glare 
from these surfaces, (assuming they polarize light the same way the floor does), what 
direction of polarization should Polaroid sunglasses have? 

B. Laser Light 

Loosen the top two screws on the laser mount and rotate it so the word 
"SHUTfER" is on top. Shine the raw laser beam on a card. Using the polarizer as above 
while holding it in the beam, determine which direction the laser beam is polarized. (Be 
careful of stray reflections off of the polarizer when doing this.) Now rotate the laser 90 
degrees in its holder. What do you predict will happen to its plane of polarization? What 
do you actually measure with the polarizer? 

Finally, put the 25mm fllens (KBX046) in front of the laser and place the white card 
at the other end of the rail. Look at the speckle pattern through the polarizer. As you 
rotate the polarizer through 360 degrees what do you observe? What does this imply about 
the polarization of the beam reflected from the card? 
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LAB #2-WA VE MOTION 

Lab 2 is an introduction to the study of waves and wave motion. We have seen that 
many optical phenomena cannot be explained by geometrical optics and rays. What is 
needed is a description of light as an electromagnetic (EM) wave. This picture of light as 
a wave does not take the place of our geometrical description of light as rays, but rather 
compliments it. Both are necessary for a full understanding of optics. In this lab, we will 
investigate the behavior of wave motion in two common situations--vibrating strings and 
water waves. 

SIMPLE HARMONIC MOTION 

The starting point to understanding waves is to understand the principles of a body 
or particle moving in a repetitive, oscillatory manner known as simple harmonic motion. 
The following treatment was adopted from University Physics, Sears, Zemansky, and 
Young, 5th ed., 1977. 

First, consider a particle at rest in some equilibrium position. When displaced from 
this position the particle experiences a restoring force proportional to the displacement. The 
restoring force causes the particle to undergo a back-and-forth motion past the point of 
equilibrium. This general type of particle motion is known as simple harmonic mot!on, often 
abbreviated SHM. The particle undergoing SHM is called a simple harmonic oscillator, 
abbreviated SHOo When the position of the particle is plotted as a function of time, the 
variation about the equilibrium point is observed to be sinusoidal. Equation (2.1) describes 
the behavior of SHM: 

y{l) = A sin ( ~ ! °1 + 0.) (2.1) 

where: 

y(t) is the distance away from the equilibrium position at any instant in time. [m] 

A is the amplitude of oscillation, equal to the maximum value of ly(t)l. The total 
range of motion is therefore equal to 21AI. [m] 

k is a proportionality constant called the force constant that relates the restoring 
force to the position y. [N/m] 
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m is the mass of the particle. [kg] 

t is the time in seconds. [ sec] 

eo is the initial phase angle of the oscillation at time t=O. [radians] 

Various examples display this type ofoscillation--a pendulum, a mass on a spring, 
the balance wheel in a watch, the pistons in a gasoline engine, and the strings in a musical 
instrument are just a few examples. 

TRAVELING WA YES 

The concept of SHM may now be extended to waves. A wave may be considered 
to be any disturbance from an equilibrium position which travels or propagates with time 
from one point in space to another. Imagine a medium consisting of a large number of 
particles, each connected or coupled to its neighbors by elastic material. Examples of this 
include a pool of water or a stretched string. If one end of the medium is disturbed or 
displaced in any way, the displacement does not occur immediately at all other points in the 
medium. The original displacement gives rise to an elastic force in the material adjacent to 
it; then the next particle is displaced, and then the next, and so on. In other words, the 
displacement is propagated along the medium with a definite speed. Finally, if the original 
displacement is that ofSHM, the motion at any other fixed point along the direction of wave 
travel will be that of SHM. The speed of the wave is then the speed at which a point of 
constant phase of the SHM moves through the medium. The relationship between the speed 
of the wave, v, its frequency f, and its wavelength l is expressed as: 

v = fol (2.2) 

A wave that moves through space is called a traveling wave, and may be described 
by the following equation: 

y(z,t) = A sin(kz - c..>t) (2.3) 

or equivalently as: 

y(z,t) = A sin [ 2)." o (Z_vt)j (2.4) 
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where: 

k is called the wavenumber, equal to . 

y(t) is the amplitude of the wave at any point in space and time. 

l is the wavelength, or distance between any adjacent points of constant phase 
in the wave. [m] 

z is the distance coordinate along the direction of travel of the wave. [m] 

t is the time, in seconds. [sec] 

v is the speed of travel of the wave. [m/sec] 

Note that if the direction of displacement, y, is in a plane normal to the direction of 
travel of the wave, the wave is said to be a TRANSVERSE wave. This is the nature of 
light waves. 

STANDING WAVES 

The concept of standing waves involves an understanding of the PRINCIPLE OF 
SUPERPOSITION of waves. This principle states that the actual displacement ofa wave 
at any point in space and time is the algebraic sum of all the displacements of the waves 
existing at the same point. The usual case is to consider a wave traveling in the +z direction, 
being superimposed on a wave traveling in the -z direction at the same time. 

Consider a wave traveling in the +z direction: 

Yl (z,t) = A sin(kz -wt) (2.5) 

and a wave with the same wavelength and frequency traveling in the -z direction: 

Y2(Z,t) = A sin(-kz-wt +'Jt) (2.6) 

The resultant disturbance at any point is the sum of these two waves: 
Ytot = Yl (t) + Y2(t) 

(2.7) 
= A [sin(kz - wt) + sin( - kz - wt + 'Jt) 
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This may be simplified to the following: 

II Ytot(z,t) = 2A sin(lcz)ocos(wt) (2.8) II 

This resulting wave is called a standing wave. It has a sinusoidal spatial variation with the 
same wavelength as the original wave, and an amplitude that varies cosinusoidally with the 
same frequency as the original wave. Note, however, that this wave does not travel, and 
is therefore called a standing wave. It is the type of wave that we will observe when looking 
at the vibrating string. Figures 2. 1 graphically shows the fonnation of standing waves, and 
Figure 2.2 simulates a time exposure photograph of the first four modes of a vibrating 
string. 

1" 
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Figure 2.1. Fonnation ofa standing wave. 
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In describing various kinds of wave motion, it is the particles of the medium in which 
the wave travels that oscillate with SHM. Water waves are a good example of this. Each 
individual element (or droplet) of water in a large body of water oscillates with SHM. 
However, it is important to note a significant difference for light waves. For 
electromagnetic waves in general, the quantities that oscillate are the electric and magnetic 
fields, not the particles of the medium in which the wave is traveling. 

In the early investigations of light, it was thOUght that for light to travel through 
space as a wave, it must have some elastic medium ("sea of particles") to propagate 
through. This was called the ether, and was considered necessary to support wave 
propagation as understood at the time (all other kinds of waves were known to have some 
kind of medium). With the formulation of Maxwell's equations and the experimental work 
of Michelson and Moorley, the ether was shown not to exist. Electromagnetic waves could, 
and can, propagate through a vacuum, containing no particles at all. It is, in fact, the 
electric and magnetic fields of the wave that oscillate with SHM. 

Figure 2.2. Simulation of a time exposure of a vibrating string. 
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EXPERIMENT: TRAVELING WA YES 

WA TER WAVES IN A RIPPLE TANK 

Use the ripple tank to create water waves. The use of your finger or pencil eraser 
bobbing in the water acts as a point source for the waves. Observe the behavior of the 
waves in order to answer the following questions: 

• (A) What do the waves look like generated by a stationary point source (near the 
point source)? 

• (B) What do the waves look like generated by a stationary point source (far 
away from the point source)? 

• . (C ) What do the waves look like after reflection off of a plane surface? 

• (0) What do the waves look like after reflection off of a curved surface (inside 
the focal point)? 

• (E) What do the waves look like after reflection off of a curved surface (outside 
the focal point)? 

• (F) What is the focal length of the curved surface? 

• (G) What does the wave look like from a moving point source? (Make a sketch.) 

• (H) What happens to the wavelength and frequency in front of the moving point 
source? 

• (I) What happens to the wavelength and frequency in back of the moving point 
source? 

PHASOR DIAGRAM 

The phasor diagram is used to represent the behavior of SHM, or equivalently a 
traveling wave. In the diagram, the amplitude and phase angle of the wave are both 
represented. The amplitude is the projection ofthe vector along either the x- or y-axis, and 
the phase is the angle the vector makes with the positive x-axis. Note that the vector has 
a constant length representing the maximum amplitude of the wave. Figure 2.3 shows the 
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phasor diagram for a wave having an amplitude A and phase angle e at a given instant in 
time. 

y-axis 

Asln9 

- _____ ~...I...._i_---... x-axis 
Acos9 

Figure 2.3. The phasor diagram. 

As time progresses, the wave travels forward and the phase angle of the wave 
increases. On the phasor diagram, this corresponds to a rotation of the vector in a 
continuous counterclockwise direction. The projection of the vector along the x-axis as a 
function of time describes the amplitude of the wave as a function of time. This is 
represented by a point moving back and forth along the x-axis. If the projection of the 
rotating vector along the axis is mapped onto a moving surface 90 degrees to the plane of 
the diagram, the sinusoidal nature of the wave will appear directly on this surface. 

One novel approach to demonstrate this is to build a mechanical version of the 
phasor diagram. The tip of the vector corresponds to the head of a screw that rotates in a 
circle. A collimated beam of light illuminates the rotating point, shining in the plane of the 
diagram along the x axis. A sheet of paper moves in a plane 90 degrees to the plane of the 
diagram at a constant speed. The setup allows you to trace out the position of the shadow 
of the rotating screw tip on the paper as a function of time. The result appears as a 
sinusoidal waveform on the paper. Although perhaps obvious, the result is instructive and 
clearly demonstrates the connection between the nature of wave motion and its 
representation with the phasor diagram. 
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Figure 2.4. Mechanical version of a phasor diagram. 

Familiarize yourself with the workings of the apparatus and the connection between 
the phasor diagram and sinusoidal wave motion. Use the apparatus to trace out the shadow 
of the rotating "vector" for three different rates of rotation. For each of the three trials. 
measure and record the rate ofrQtation of the vector, and the linear speed of the paper. 
Answer the follow questions: 

• (1) Measure the frequency fofthe recorded wave for each of the 3 trials. 

• (K) Measure the wavelength A of the recorded wave for each of the 3 trials. 

• (L) Calculate the f. A product for each of the 3 trials. 

• (M) What does the reA product represent about the wave in each of the 3 trials? 

• (N) What does the f. A product physically represent in the apparatus? 

• (0) How do the values of f·A from step (L) compare to the measured linear 
speed of the paper (i.e.--the "velocity" of the wave)? 
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EXPERIMENT: STANDING WA VES 

STANDING WAVES ON A VIBRATING STruNG 

Consider a string of length L fixed at both ends so they cannot move. A driving 
force exhibiting SHM of frequency f is applied to the string. The question to ask is how 
does the string respond as the frequency of the driving force is changed? 

Start by referring to Figures 2.1 and 2.2. We define a ~ as being any point along 
the string that has a (constant) amplitude of zero. The ends of the string, being fixed, are 
therefore always nodes. At the same time, we define the points along the string having the 
largest amplitude as antinodes. It may be seen from the figures that the distance between 
nodes or antinodes is one-half the wavelength, iJ2, of the standing wave on the string. Note 
that at the lowest frequency of vibration, called the fundamental frequency, 2 nodes and 1 
antinode exist on the string. The string will vibrate at higher frequencies, called overtones, 
such that an integer number of half-wavelengths of the standing wave exist on the string. 

The experimental setup provides you with a string of a given length fixed at both 
ends. Our setup uses a wire-wound guitar string, held fixed at one end and draped over a 
pulley at the other end. A weight at the end of the string keeps the string pulled tight over 
the pulley. Both ends are effectively held fixed, as the string cannot vibrate at either end. 
A very strong permanent magnet is located near the fixed end of the string. The magnet 
faces are vertical, with the string passing in-between them. As a result, a magnetic field is 
applied in the horizontal plane, perpendicular to the string. Finally, our generator of SHM 
is a variable audio oscillator, driving an audio power amplifier. The amplifier output is 
connected in series with the (conductive!) guitar string, in tum connected to an 8 ohm 
resistor. 

The physics of why the string vibrates is quite simple. An alternating electric current 
flows along the guitar string, in step with the driving voltage from the audio oscillator. This 
alternating current is sinusoidal in nature, and interacts with the magnetic field according to: 

F = qv x B (2.9) 

where: 

F is the force exerted on an electron 

q is the charge of an electron flowing in the wire 
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V is the velocity of the electrons 

B is the magnetic field. 

More appropriately, this may be written as: 

F = j L xB (2.10) 

where: 

F is the force exerted on an electron (and hence the string) 

j is the current flowing through the string 

L is the length of the string (over which the magnetic field exists) 

B is the magnetic field. 

The result is that the string experiences a force alternating up and down, and the 
string vibrates in the vertical plane. Vary the frequency of the driving force and observe 
how the string responds to answer the following questions: 

• (P) How does the string vibrate as a function of frequency? (qualitative answer) 

• (Q) What is the fundamental frequency of the string? 

• (R) Make sketches of what you observe as a function of frequency. 

(S) Derive an equation that relates the allowed wavelengths of the standing wave 
to the length L of the string. 

(T) Derive an equation that relates the allowed frequencies of the standing wave 
to the length L of the string. 

(U) How does the number of nodes relate to the number of half-wavelengths in 
the standing wave on the string? (quantitative answer) 

• (V) What was the maximum number of nodes that you observed? 
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ELECfRO-MAGNETIC (E-M) STANDING WAVES ON A TRANSMISSION LINE 

A direct analogy to standing waves on a string, when talking about light waves, is 
the study ofE-M radio waves on a transmission line. Radio waves have the nice properties 
that their wavelengths are large enough to be directly measurable, and they are easily 
generated. Just like the vibrating string mechanical analog, E-M standing waves can be 
generated on a transmission line. In this case, however, we refer to the change in amplitudes 
of the electric and magnetic fields along the transmission line instead of the mechanical 
displacement of the string along its length. 

The generation ofE-M standing waves on a transmission line is directly analogous 
to the generation of mechanical standing waves on a string. A driving force at one end of 
the transmission line generates traveling waves that move down the line. The driving force 
is typically a radio transmitter. Upon reaching the far end of the transmission line, the E-M 
wave can encounter one of two situations. 

The first is that the line is terminated in an electrical impedance equivalent to the 
impedance of the line itself. This usually takes the form of an antenna or a resistor. In this 
case, the antenna completely radiates all of the energy in the traveling wave, or the resistor 
absorbs all of the energy. Either way, no part of the wave is reflected back down the 
transmission line and therefore no standing wave is set up. (This is the desired situation 
when broadcasting radio waves!) 

The second situation is what we are interested in for our lab. In this case, the line 
is terminated with a resistor, but of a different impedance than the line itself. The resistor 
will absorb some of the energy, but the remainder is reflected back down the line in the form 
of a traveling wave heading back towards the source. It is this reflected wave that adds to 
the forward traveling wave (by linear superposition) to create the standing wave along the 
line. 

Like the standing wave on the vibrating string, the E-M standing wave exhibits the 
same relationship between nodes and wavelength. The distance between nodes along the 
standing wave is one-haIfthe wavelength of the two traveling waves. (Note that unlike the 
string, nodes mayor may not form at the ends of the transmission line.) 

Figure 2.5 shows a diagram of the experimental setup. The transmission line 
consists of two parallel wires spaced a fixed distance apart. The impedance of this line is 
calculated to be approximately 400 ohms. At one end of the line is a radio transmitter 
operating at a frequency of 145.00 MHZ, and at the other end is a 200 ohm resistor. The 
transmitter emits a sinusoidal E-M wave of constant frequency and amplitude. 
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A detector is used to measure the amplitude of the standing wave along the 
transmission line. The detector consists of a coil of wire, wound around a split ferrite core. 
This design allows the coil to be clamped around one of the wires along the line and slid 
back and forth along its length. Figure 2.6 shows the complete circuit of the detector. The 
coil acts as a step-down transformer, sampling a small portion of the current at any point 
along the transmission line. Diode 01 rectifies the sampled current and Rl and Cl act to 
filter the alternating current providing a DC voltage at the output. In effect, the detector 
circuit is a relative radio frequency (RF) ammeter. Its ouwut voltage is directly proportional 
to the amplitude of the electric field of the standing wave existing along the transmission 
line. 

A plot of the output voltage of the detector vs. position along the line will yield the 
"shape" or amplitude variation of the standing wave. Familiarize yourself with the operation 
of the detector, and record the output vs. length over a distance of 3-4 nodes . 

••• 
TRANSMISSION LINE 

TRANSMITTER 

Figure 2.5. E-M standing waves--experimental setup. 
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Figure 2.6. Schematic diagram of the detector. 

• (W) Record the output vs. length over a distance of 3-4 nodes. 

(X) Plot the detector probe output [m V] vs. distance [ em] along the transmission 
line. 

(Y) From this plot, what is the measured wavelength of the source? 

(Z) What is the calculated value of ~ • AIOUR:C ? 

(AA) What should this be equal to and how does it compare? 

• (BB) What is the wavelength of the standing wave compared to the wavelength 
of the two traveling waves? 

• (CC) What is the wavelength of radio waves emitted by KNST, the UA Wildcats 
AM sports station operating at 790 kHz? 

• (DO) What is the wavelength of radio waves emitted by your favorite FM station? 

(EE) Derive equation 2.8, the equation ofa standing wave. 
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LAB#3-INTERFERENCE: 
DIVISION OF WAVEFRONT 

This lab is an introduction to interference of light waves by division of wavefront. 
In the next lab, we will look at interference by division of amplitude. Two experiments will 
be done this week-Young's Double Slit (a classicI) and Lloyd's Mirror (simple but elegant). 
Briefly, we will use the Lloyd's Mirror experiment to measure the wavelength of a He-Ne 
laser, and Young's Double Slit is cast into a "real-world" type of problem, complete with 
error analysis. 

INTERFERENCE AND INTERFEROMETERS 

An interferometer is an optical device which takes an input beam of light, splits it 
into two (or more) beams, then recombines the two beams back into one. This process of 
recombining is known as interference. The beam output by the interferometer will have a 
spatially-varying pattern of light and dark regions known as fringes. The intensity of a 
bright fringe may be greater than the sum of the intensities of the individual two beams, and 
a dark fringe may have zero intensity (totally dark). This process occurs when the light 
waves of the two beams have a predictable phase relationship with each other--i.e., when 
the beams are coherent with each other. A laser beam has a high degree of coherency, so 
we will use a laser as the source in our two experiments. The basic principle of how an 
interferometer works is shown in Figure 3.1. 

INPUT ""--":---11 Recomblne,l_ OUTPUT 
"------' 

Splitter 

Figure 3.1. Block diagram of an interferometer. 
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There are two general ways of splitting the input beam into two beams to pass 
through an interferometer. The first method physically splits the input beam into two 
separate beams, and is called division of wavefront. This is usually done by placing two 
apertures in the beam, as shown in Figure 3.2. The second method creates two beams by 
partially reflecting and partially transmitting the beam, and is called division of amplitude. 
This is often done using a beamsplitter, as shown in Figure 3.3. 

Sum' 

S.am 2 

Figure 3.2. Interference by division 
of wavefront. 

Beam.plltter 

Figure 3.3. Interference by division 
of amplitude. 

Young's Double Slit and Lloyd's Mirror experiments both use the method of 
division of wavefront. In Young's Double Slit, an ap'erture with two narrow slits creates 
two beams, which recombine by expanding as they travel beyond the aperture. Lloyd's 
Mirror uses a mirror (I) to re-direct the path of part of the beam, in effect creating two 
beams. As in Young's Double Slit, they recombine by expanding as they travel beyond the 
mirror. 

Young's Double Slit 

Thomas Young (1773-1829) was an English physician and physicist who discovered 
that light waves can interfere with each other, essentially proving the wave theory of light. 
However, the theory was still not fully accepted by English scientists until many years later, 
when the work of French physicists Arago and Fresnel confirmed it. Young performed his 
now-famous experiment in 1801, and aside from the fact that our lab uses a laser as a 
source, it is the same experiment. An interesting side-note is that while he was a medical 
student, Young discovered the mechanism by which the eye focuses on objects at various 
distances, known as accomodation. 
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The setup for Young's Double Slit experiment is shown in Figure 3.4. A laser is 
used as a source of light to illuminate two slits, SI and S2' separated by a distance d. In 
practice, the slit widths are on the order of SO microns, and are equal to each other. The 
distance d is on the order of a couple hundred microns. The distance D, from the slits to the 
plane of observation is much larger, on the order of one or two meters. Fringes are created 
throughout the space where the two beams overlap, but distance D is made large so that the 
fringes are large enough to be observed clearly. 

Vlllwlnll Scrlliln 
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Figure 3.4. Setup for Young's Double Slit experiment (NOT TO SCALE). 
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Figure 3.S. Optical paths in Young's Double Slit experiment. 
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The physics behind the experiment may be explained with the help of Figure 3.5. 
Note that Figure 3.5 is a top-view of the situation, showing a horizontal slice through the 
geometry involved. Two slits are illuminated by some wavefront, perhaps a plane wave from 
a laser. Huygen's principle says that each point in the slits emits a spherically-expanding 
wavefront. Taken as a collection of point sources, each slit may be thought as emitting a 
cylindrical wavefont. The phases of these two wavefronts at each slit, at any instant in time, 
are the same. This is because the illuminating beam from the laser has a constant phase 
across it's wavefront. In other words, the laser beam has a high degree of spatial coherence. 

The distances r1 and r2, from the center of each slit to an arbitrary point P in the 
observation plane, are nearly the same but differ by an amount ar. This difference is a 
function of the slit separation d, and the angle 6 between the on-axis point A and 
observation point P. The geometry shows that ar is equal to d·sin6. As a result of this path 
difference, the phase difference 0 between the two beams, at point P, is equal to 

~ = "2X( ~r) 
(3.1) 

where 0 is given in radians. 

Constructive interference occurs when the path difference equals ml, an integer 
number of wavelengths, where m=O, 1,2, .... In this situation, the two wavefronts arriving 
at point P have an absolute phase difference equal to an integer number times 21t. Because 
the waves are sinusoidal functions, this is equivalent to saying that the relative phase 
difference is zero, that crests from both waves arrive at P, and that the waves are in-phase. 
A bright fringe of maximum intensity is then observed at point P. Note that m=O describes 
the on-axis observation point A, where the path difference is zero. 

Destructive interference occurs when the path difference equals (m+~)A, an odd 
number of half-wavelengths, where m=O, I, 2,.... In this situation, the two wavefronts 
arriving at point P have an absolute phase difference equal to an integer number times 1t. 
Again, because the waves are sinusoidal functions, this is equivalent to saying that the 
relative phase difference is 180 degrees, that a crest and a trough from the waves arrive at 
P, and that the waves are out-of-phase. A dark fringe of minimum (zero) intensity is then 
observed at point P. 

At points in-between these, the two waves arriving at the observation point have a 
relative phase difference between 0 and 180 degrees. The intensity of the fringe produced 
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at this point is correspondingly between the maximum and minimum values as described 
above. 

The distance Ym, from the on-axis point to an observation point of maximum 
intensity, may be written as follows. Because angle a is small, we may write that 

mOl. Ym = D·e = 
d (3.2) 

By measuring Ym' d, and D, one can calculate A, the wavelength of light. This is exactly. 
what Young did to measure the seven wavelengths of light that Newton had earlier 
predicted from his experiments with prisms and refraction. Conversely, one can know A, 
measure Ym and D to calculate the slit width d. This is the basis for our experiment that 
follows. 

YOUNG'S DOUBLE SLIT EXPERIMENT 

We will use this experiment as an example ofa real-world problem in acceptance 
testing. Suppose you have just started working for an optical laboratory, and your boss 
hands you a package that she purchased from Company P. Of interest are the double slits, 
as they will be used your company's next generation of optical spectrometer. You are asked 
to measure the spacing between the two slits, as this is the important parameter needed in 
the company's current initial design effort. Company P has supplied information that the 
"A" slit on slide 9165-B has a center-to-center spacing of250 microns, with a tolerance of 
± 5 microns. She wants to know if this information is accurate or not. Depending on your 
results, the design engineers will know whether or not to trust the data from this particular 
company. If this information is valid, you are to go ahead and order 500 of these slits (at 
considerable cost) for the first production run of the spectrometer. You are asked to do this 
as soon as you can, with as little expense as possible .... (usually that means by tomorrow). 
All that is asked of you is to make the most accurate measurement that you can with 
equipment available. 

You quickly think to yourself, "this is an optics lab, not a measurements lab .... how 
does she expect me to do this?" The only tools you have available are a laser, some optical 
mounts (not even as nice as you had in optics lab in school), a small microscope, and a 
translation slide. If only you had one of those brand new, expensive measuring 
microscopes ..... or how about an electron microscope ..... that's really what's needed, you 
think. After a few cups of coffee, you begin to remember something about what you learned 



304 

in Physical Optics, some relationship between slits and fringes. After reviewing Young's 
Double Slit experiment, you realize that maybe this is possible after alL .... 

You begin to think .. .1 need to know the wavelength of this laser and the angle 
subtended by the dark fiinges at the slit for a particular order of fringe (the center of a dark 
fringe may be easier to locate than the center ofa bright fringe). Ok .. .! can calculate that 
angle if I know something about the distance between the slits and the fringes, and also the 
fringe spacing. Before starting work, you realize that she wants to know HOW 
ACCURATE your measurement is .... for simplicity you'll assume all errors to be 
independent, allowing them to add in a RSS fashion. After some quick math, you realize 
that you'll need to consider or estimate the errors involved in your measurements. As a 
starting point, you decide the following: 

• The error in knowing the laser wavelength is so small that you'll set it equal to zero. 

• Given the optical bench that you have, you will consider the error in measuring the 
distance from the slit to the fringes to be ± 1 mm. 

• Let's see ... the microscope and stage are pretty good, and after some practice in 
measuring the fringes, you decide that you can locate the center of a dark fringe to 
within ± 10% of the width of one dark band, or fringe. 

• For more accuracy, you decide to measure across more than one fringe with the 
microscope. 

• The angles involved are so small that sine = e. 

With that, (and with the equipment in front of you), you get started. What do you 
report to your boss the next day? (This answer and how well you support it is how this 
part of the lab will be graded.) 
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Lloyd's Mirror 

Lloyd's Mirror was first described in 1834, and is another classic demonstration of 
interference by division of wavefront. In our experiment, as in the original description, we 
will use the method to determine the wavelength of a source of light. Figure 3.6 shows the 
setup used for Lloyd's Mirror. 
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Figure 3.6. Setup used for Lloyd's Mirror (NOT TO SCALE). 

A laser is used as the source of monochromatic light. The beam is focused through 
a small pinhole, on the order of 50 microns in diameter. This pinhole becomes the point 
source for the remainder of the experiment. A positive lens is placed a distance a away from 
the pinhole, and focuses the point source onto a screen a further distance b away. The 
overall distance from the pinhole to the screen is on the order of 1-2 meters. Next, a plane 
front-surface mirror is brought up into the beam, so that its surface lies just below the 
optical axis. This proper location is found when a second point image appears a small 
distance c away from the original point image. The height of the mirror is adjusted so that 
distance c is between 2-5 mm. At this point, the mirror is removed, and straight-line 
interference fringes are observed on the observation screen, just as in Young's Double Slit 
experiment. 

The physics behind Lloyd's Mirror is essentially the same as in Young's Double Slit, 
and is shown in Figure 3.7. In Lloyd's Mirror, the mirror is used to divide the original 
wavefront into two, in effect creating a second, "virtual" point source PH'. Ray #1 travels 
directly from the pinhole PH to the observation point P. Ray #2 reflects from the mirror, 
arrives at point P, but appearS to originate from a second pinhole PH'. The height of the 
mirror changes the apparent separation of these two point sources--the closer the mirror 
surface is to the optical axis, the closer the point sources appear to be to each other. 
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Correspondingly, this also changes the fringe separation. The closer the point sources, the 
more widely separated are the fringes. The farther apart the point sources, the more closely 
spaced are the fringes. (This is exactly the same relationship between slit separation and 
fringe spacing in Young's Double Slit.) 

As in Young's Double Slit, the path difference ~r is again equal to d'sin6, and 
fringes are formed in exactly the same manner as described earlier. However, there is one 
difference with this arrangement. Reflection from the mirror produces a phase change in the 
second beam of 180 degrees. The result is that the on-axis fringe is a dark fringe, of 
minimum intensity. In other words, the fringe pattern of Lloyd's Mirror is complemetary 
to that found in Young's Double Slit. In practice, the beam leaving the pinhole PH 
"overfills" the mirror, striking its front edge. This produces another set of fringes due to 
diffraction, which are seen at the bottom of the fringe pattern from Lloyd's Mirror. Be 
careful not to include these (more widely-spaced) fringes when measuring the fringes from 
Lloyd's Mirror. 
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Figure 3.7. Optical paths in Lloyd's Mirror experiment. 
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LLOYD'S MIRROR EXPERIMENT 

The purpose of this experiment is to use the interference pattern created by the 
divided wavefront to measure the wavelength of the He-Ne laser. For purposes of 
reference, the wavelength (in air) of the laser is 0.6328 microns. The experiment is 
interesting in that it shows how such a small quantity as wavelength can be found by 
measuring much larger quantities such as distances and fringe spacings. 

As it stands on the optical table, the experiment is set up and ready for data-taking. 
The following steps should be gone through with all questions answered in the lab writeup: 

(1) Carefully remove the mirror from the mount, without touching the mirror 
surface ... (please). 

(2) Place the lens on the rail, and focus the source point onto the ground glass screen. 
You may use the microscope to do this, BUT BE CAREFUL THAT THE 
LASER BEAM IS ATTENUATED BEFORE LOOKING INTO THE 
MICROSCOPE. 

(3) Carefully place the mirror on the mount and adjust its height until another spot is 
seen imaged on the ground glass screen. The separation of the two spots on the 
ground glass should be 1-3 rnm. 

(4) Estimate the location of the source point along the rail. 

(5) Measure and record the distances a,b, and c as shown in Fig. 3.6. The distance 
between the actual source point and the virtual source point is called d. 

(A) Based on what you know from geometrical optics, show (using a sketch) that: 

d = a'c 
b 

(3.3) 

This value, d, is exactly analogous to the slit separation in the Young's Double Slit 
experiment. 

(6) Carefully remove the lens carrier and observe the fringe pattern on the ground glass 
screen. Measure the fringe spacing with the microscope, BEING CAREFUL TO 
HA VE THE LASER BEAM A TTENUA TED WHEN DOING SO. Measure 
across 5 or 6 fringes for better accuracy. Is the fringe spacing constant across the 
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field? (measure this to find out). 

The equation for wavelength is given as: 
,. = d' sin(6) (3.4) 

but e is small, so: 
,. = d·6 (3.5) 

where e is the angle between any two dark fringes on the screen. Calculate the 
wavelength before leaving lab, as a check on your work. 

Report the following: 

• (B) Your values for a,b,c,d, and A. 

• (C) The fringe spacing. 

• (0) Was the measured fringe spacing constant (or nearly so) across the field? 

(E) How accurate were your results for wavelength compared to 0.6328 
microns? 

(F) If the z-location of the source point were, say, ± 5mm from your estimated 
value, what would the two new values of wavelength be? Are these values 
any more accurate than the one you originally obtained? 

(G) In this experiment, you measure fiinge spacing. By adjusting the mirror, you 
can obtain any fringe spacing desired. Explain why the calculated value of 
wavelength is independent of the chosen fringe spacing. 

(H) How does the fringe spacing vary as the distance between source points is 
changed? 
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LAB #4-INTERFERENCE: 
DIVISION OF AMPLITUDE 

THE MICHELSON INTERFEROMETER 

This lab is an introduction to interference of light waves by division of amplitude. 
Division of amplitude refers to a beam that is divided at one or more partially reflecting 
surfaces. At each surface, part of the light is reflected and part is transmitted. Each of the 
wavefronts maintains the same original width but has a reduced amplitude. After the beams 
are recombined an interference pattern is obtained. This lab demonstrates interference by 
division of amplitude using the Michelson interferometer. 

A small bit of the history of Michelson is in order. The following quote is from 
Fundamentals of Optics, (Jenkins and White, 1976, p.271): 

"AA Michelson (1852-1931). American physicist of 
genius. He early became interested in the velocity of 
light and began experiments while an instructor in 

physics and chemistry at the Naval Academy, from which he 
graduated in 1873. It is related that the superintendent 

of the Academy asked young Michelson why he wasted his 
time on such useless experiments. Years later Michelson 
was awarded the Nobel prize (1907) for his work on light. 
Much of his work on the speed oflight was done during 10 

years spent at the Case Institute of Tecbnology. During 
the latter part of his life he was professor of physics 

at the University of Chicago, where many of his famous 
experiments on the interference of light were done." 

To this day, the Michelson interferometer is one of the most fundamental and most useful 
optical instruments. It can be used for the determination of the wavelength of light, the 
width and fine structure of spectral lines, measuring lengths or displacements on the order 
of the wavelength of light, and the measurement of refractive indices. In this and the next 
lab, we will use the Michelson to measure the wavelengths of light, the spectral separation 
of the yellow sodium doublet line, and the refractive index of a gas. 

THEORY OF THE MICHELSON INTERFEROMETER 

The Michelson interferometer is shown pictorially in Figures 4.1 and 4.2. Please refer 
to these figures for the following discussion of the instrument. 
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The interferometer consists of two mirrors, Ml which can move along the optical 
axis, and M2 which is stationary. Both have tip-tilt adjustments to adjust their angular 
positions. Each mirror is planar, and highly reflective. Many interferometers use aluminized 
mirrors, but ours have dielectric coatings (multiple thin-film layers of different kinds of 
glasses). These have been designed to be highly reflective at the He-Ne laser wavelength 
of 633 nm. You will note that they appear nearly transparent when looking directly through 
them. At the same time, they look like a highly reflective gold mirror when looking at them 
at glancing angles. The source of light for a Michelson is a large-area, monochromatic 
source, such as a sodium (Na) lamp, a (filtered) mercury (Hg) lamp, or an expanded laser 
beam. In order to reduce the effects of non-uniform bulbs, the source is placed behind D, 
an opal glass diffuser. This piece of glass, in turn, becomes the source for the 
interferometer. 

In addition to the mirrors. the interferometer contains two other pieces of glass--a 
beam splitter BS, and a compensating plate CPo Both of these pieces of glass have highly 
polished, very flat surfaces. The compensating plate typically has no coatings, and is bare 
glass. The beamsplitter has a coating on one side of it, making it partially reflective and 
partially transmissive. This coating is sometimes a thin, partially transparent layer of 
aluminum, but again, in our instrument this is a dielectric layer much like those on the 
mirrors. Additiona1ly, the thickness of the compensating plate is made to exactly match the 
thickness of the beamsplitter. 

Refer to Figure 4.1 to study the optical paths through the interferometer. An infinite 
number of rays of light leave the diffuse source at all angles (only an on-axis ray is shown 
in the Figure 4.1). The ray first strikes the front side of the beamsplitter, and is partially 
reflected. This isn't shown in the figure, as only a small fraction (= 4%) of the light is 
reflected. The light is refracted into the beamsplitter, and is split into two beams by the rear 
surface of the beamsplitter. The optical design of the beamsplitter coating is such that SO% 
of the light is reflected and SOOIo transmitted (this gives two output beams of equal amplitude 
and highest fringe visibility). 

The reflected beam travels back through the beamsplitter, towards mirror Ml, where 
it is reflected back through the beamsplitter. Note that this beam has now passed through 
the beam splitter three times. At the beamsplitter's rear surface, just as before, SO% is 
reflected back towards the source (which is ignored) and SO% is transmitted through the 
coating into the output space of the interferometer. It is this transmitted beam that will 
interfere with the other beam to form fringes. 

The beam originally transmitted by the beamsplitter's rear surface travels towards 
mirror M2, first passing through the compensating plate. Upon reflection from M2, it once 
again passes through the compensating plate and strikes the rear surface of the beamsplitter. 
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Again, SOOIo of the energy is transmitted (ignored) and SOOIo is reflected. The reflected beam 
now overlaps the beam that passed through the other ann of the interferometer to form 
fringes. 

Note two things: first, that both beams have passed through the equivalent of 3 
thicknesses of glass. thereby traveling the same optical paths, and second, that only 50% of 
the total source energy makes it through the interferometer to form fringes in the output 
space. The other half of the energy is sent back towards the source. Fringes are, in fact, 
formed by this energy, but are not available for viewing, as the source is in the way. This 
is wasted energy, in effect. 

Different types offringes can be produced, depending on how the mirrors MI and 
M2 are oriented. Circular fiinges are produced with monochromatic light when mirror MI 
and the virtual image ofM2 (as seen in reflection by the beamsplitter) are perfectly parallel 
but displaced from each other. These circular fringes are the ones used in most kinds of 
measurements with the Michelson interferometer. A single bright or dark fringe (completely 
covering the field) is produced when mirror MI and the virtual image ofM2 are parallel and 
have no path difference between them. In practice, this is hard to achieve due to aberrations 
in the mirrors and beamsplitter. Straight-line fringes are produced when mirror MI and 
the virtual image ofM2 are tilted with respect to each other and have a small (= zero) path 
difference. When this path difference is made to be exactly zero, white light fringes may be 
produced. In practice, this is a difficult condition to achieve. Extremely stable and 
high-qUality optical components are required to maintain the mirror path difference to be 
exactly zero. 

ALIGNMENT OF THE INTERFEROMETER 

CAUTION: In the following alignment steps, it is important that you don't touch the 
surfaces of the mirrors or beamsplitter. This will ensure that we maintain the highest quality 
optical surfaces possible in the interferometer. Note also that the interferometer is a 
precision instrument, and as such, is to be treated with care and caution. 

• Each person is to individually align the interferometer to produce circular and 
straight line fringes. This will be checked for credit as it is done by each person in 
the lab. 

CIRCULAR FRINGES-SODIUM SOURCE 

NOTE: The sodium source, although bright, is eye-safe and does not emit UV light the way 
a mercury source does. It is still recommended, however, that one does not look into the 
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lamp due to its brightness. When looking into the interferometer and using the sodium 
source, the neutral density (ND) filter should be used to attenuate the source. 

(I) Position the sodium source in front of the interferometer, in such a manner that the 
beamsplitter will divide the beam to the two mirrors. Make sure the ground glass 
is in place on the source. 

(2) Center the source housing so the diverging beam is centered on the beamsplitter and 
on the two mirrors. 

(3) Carefully measure the distances between the two mirrors and the beam splitter 
(WITHOUT TOUCHING THE SURFACES). Loosen the hold-down screw on 
mirror MI and adjust it so the distance to the beamsplitter is 5 mm larger than in the 
other arm of the interferometer. Gently tighten the hold-down screw on mirror MI. 

(4) Remove the telescope (if in place) and place the NO filter at the output of the 
interferometer. (The filter may be propped against one of the magnetic holders.) 

(5) Look into the interferometer at mirror M2. Hold a sharp pencil point in front of the 
ground glass. Two images of the point should be seen, one coming from the first 
surface ofBS and the other from the reflection at its back surface. 

(6) Adjust the tip and tilt screws on mirror M2 until the two images coincide. At this 
point, interference fringes should appear, although they may be faint. Turning the 
micrometer screw 8-10 revolutions may make the fringes darker and easier to see. 
(The reason for this is part of next week's lab.) When they first appear, the fringes 
will not be clear unless your eye is focused on or near the back mirror M2. 

(7) When fringes have been found, continue fine-adjusting the screws on M2 to 
continually increase the width of the fringes. With proper adjustment at this point, 
a set ofcircu1ar fringes should appear centered in the field of view. At this point M2 
is exactly perpendicular to MI, although displaced axially from it. 

(8) Place the telescope at the output of the interferometer. With the telescope focused 
at infinity, center the fringe pattern in the field of view. 

• Show the fringe pattern to the lab instructor for credit. 

• (A) What are these circular fringes called? Explain your answer. 

• (B) Rotate the micrometer from small to larger numbers. (This moves mirror 
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MI). Describe the motion of the fringes. Is MI moving toward or away 
fromM2? 

• ( C) Rotate the micrometer from large to smaller numbers. Describe the motion 
of the fringes. Is MI moving toward or away from M2? 

STRAIGHT-LINE FRINGES-SODIUM SOURCE 

(1) Carefully measure the distances between the two mirrors and the beamsplitter 
(WITHOUT TOUCHING THE SURFACES). Loosen the hold-down screw on 
mirror MI and adjust it so the distance to the beamsplitter is the same as the length 
of the other arm in the interferometer. Gently tighten the hold-down screw on 
mirrorM!. 

(2) Place the compensator plate in the interferometer in the appropriate arm. 

(3) Repeat steps 4-6 listed above. 

(4) When fringes have been found, continue fine-adjusting the screws on M2 until a 
series of straight-line fringes appear centered in the field of view. At this point M2 
is located axially at the same point as MI, but is tipped at a slight angle with respect 
toM!. 

(5) Place the microscope at the output of the interferometer. With the microscope 
focused at M2, center the fringe pattern in the field of view. 

• Show the fringe pattern to the lab instructor for credit. 

NOTE: In two weeks you will have an individual lab quiz to demonstrate your ability 
to align the Michelson interferometer. You will be asked to align for circular and 
straight-line fringes, starting with an unaligned interferometer. Before leaving lab 
today, make sure you understand the proper alignment of the Michelson 
interferometer. 

• (0) What are these straight-line fringes called? Explain your answer. 

• (E) Rotate the micrometer from small to larger numbers. Describe the motion 
of the fringes. 

• (F) Rotate the micrometer from large to smaller numbers. Describe the motion 
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of the fringes. 

• (H) The straight-line fiioges, or fringes of equal thickness, that you produced in 
this part of the lab, are not the same as the "quasi-straight" fringes you get 
by first producing circular fringes and then tilting mirror M2. Explain the 
difference in the two patterns. 

LlOHT 
SOURCE 

* 

M1 

D ~B~S~ ____ 4-________ ~~ ____________________ ~ ____ ~ 

Figure 4.1. Diagram of a Michelson interferometer. 



315 

Viewing Screen 

<D 

o M1 
Movable Mirror 

Beamsplltter 

Stationary Mirror 

Figure 4.2. Optical layout of the Michelson interferometer used in the lab. 
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Lab 5 is an extension of the last lab, where we learned to properly align the 
Michelson interferometer. This lab is designed to show how a Michelson may be used to 
measure the wavelength of a source, the spectral separation of the sodium doublet, and the 
refractive index of air. Once aligned, the interferometer may be used to quickly perform all 
of the tasks in this lab. 

MEASURING WA VELENGTH-THEORY 

The equation describing the fringes is given as: 
rnl = 2ndcos(l) (5.1) 

where m is the fringe order number, A. is the wavelength of light, d is the optical path 
difference (OPD), 1 is the angle of inclination of the mth order fringe, and n is the refractive 
index. For the on-axis fringe, angle 1=0 and cos(l)= 1. Setting the refractive index equal to 
1, the equation then simplifies to: 

m 1 = 2 d (5.2) 

In practice, the OPD is changed and the change in fringe order number is observed. In other 
words, d is changed and the number of fringes that pass by the on-axis point are counted. 
The wavelength is then calculated: 

mIl = 2dl (starting point) 
(5.3) 

(after changing th: OPD) 

Subtracting, gives: 

(5.4) 

Note that the absolute value ofm, the fringe order number, does not have to be calculated. 
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It is only the difference in order number that is needed. However, the relationship between 
the micrometer and mirror movement DOES have to be known in order to calculate (d2-d1). 

For our instrument, the mechanical linkage between the micrometer and mirror is arranged 
to give: 

1 division on the micrometer = 1 micron movement of the mirror. 

MEASURING WAVELENGTH-GREEN LIGHT SOURCE 

(1) Align the interferometer to give circular fringes. Use the telescope to view the 
central, on-axis fringe. 

(2) Move the micrometer to give a bright or dark fringe on-axis. Note the micrometer 
reading. 

(3) Move the micrometer slowly, counting 50 fringes. 

(4) Note the final setting of the micrometer. 

• (A) What is the wavelength, in microns, of the source? 

(B) Is this a He (helium), Na (soduim), Hg (mercury), or Ne (neon) source? 

(C ) Suppose you made a mistake in counting by one fringe. With counting 50 
fringes, what is the error in wavelength? 

(0) Assume the same error of one fringe when counting. To know the value of 
wavelength to within one angstrom, how many fringes would you have to 
count? 

MEASURING WAVELENGTH-YELLOW SODIUM SOURCE 

(1) Replace the green source with the sodium source. Center the beams on both mirrors 
and the beamsplitter. 

(2) Move the micrometer until the fringes appear darkest. 

(3) As above, count 50 fringes and note the settings of the micrometer. 
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• (E) What is the wavelength, in microns, of the source? 

• (F) In step (2) above, what measure of fringe quality are we referring to when 
adjusting for darkest fringes? How does this quantity change as the fringes 
become darkest? 

• (G) Look at the fringes and move the micrometer through a large range of its 
travel. Describe what happens. 

MEASURING SPECTRAL LINE SEPARA TION-THEORY 

The sodium source actually contains two spectral lines separated in wavelength by 
a very small amount. The term spectral line is used because if we plot the light intensity of 
this type of source vs. wavelength across the entire visible spectrum, we would see light 
output only at very discrete wavelengths on such a scale. In other words, the spectral width 
of each color that the source emits would be very much narrower than the resolution of our 
graph. The result would look something like the following: 

Ar 

Cd 

He 

Na 

sao 

J I 

J1 1 1 
I I 

1 I 
I 1 I II 

1 
1 1111 1 

I . • . . 
400 500 too 700 800 

Wavelength (nm) 

Figure 5.1. Low-pressure lamps useful for spectral lines. 
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The purpose of this next part is to measure the wavelength separation of the sodium 
doublet with the Michelson. 

The observations made when moving the micrometer through a large range of travel 
give evidence that two spectral lines exist, and not just one. This may be seen by 
considering that each wavelength will produce its own set of circular fringes with an on-axis 
intensity given by the standard expression for two-beam interference: 

II = 21 [1 + co{ ~7'2d) I 
Iz 21 [1 + co{ ~'2d) I (5.5) 

where AI ,A2 are the two wavelengths of the doublet and d is the mirror separation. The 
intensity one sees when looking into the interferometer, on-axis, is given by the sum of these 
two intensities: 

(5.6) 

When this sum is written out and simplified, the intensity becomes: 

~ = 41 [1 + co{ 2t'd) .co{ 2~~ 'd) I (5.7) 

where the following simplifications have been used: 

0'1 + l2) = 2l ll'~ = l2 (5.8) 

The intensity is seen to go through successive maxima or minima for mirror separations .1d 
given by: 

Solving for the wavelength separation gives: 

Al = l2 
2·Ad 

(5.9) 

(5.10) 
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The variation of intensity with mirror separation d is due to the fact that two 
wavelengths are present in the source. Physically, this variation is the spatial beat frequency 
between the two interference patterns from the two wavelengths. The second cosine term 
in (5.7) is this beat frequency modulation. In the language of optics, this is a sinusoidal 
variation in the fringe visibility. In the language of electrical engineering, this is a sinusoidal 
amplitude modulation of the carrier frequency (the fringe pattern itself). 

MEASURING SPECTRAL LINE SEPARATION-EXPERIMENT 

(1) The interferometer should already be aligned to produce circular fringes with the 
sodium source. If not, do so. 

(2) Move the micrometer to the end of its scale which it is closest to (either 0 or the 
opposite end, to minimize travel). DO NOT FORCE THE MICROMETER 
AGAINST TIlE END OF TIlE SCALE. GENTLY APPROACH THE LIMIT AT 
EITHER END. 

(3) Begin to move the micrometer through its full travel and observe the fringes. Stop 
when the fringes disappear for the first time. This null is a broad point and occurs 
over a range of motion of the micrometer. Estimate the point of sharpest null 
(minimum visibility) as best you can. Record the micrometer setting. 

. (4) Observe the fringe pattern and move the micrometer through 2 more nulls, recording 
the micrometer position at this point. 

(5) Use the two micrometer readings to get the distance in microns between the 
successive visibility minima. 

• (H) What is the calculated wavelength separation of the sodium doublet, in 
angstroms? (Use the value for wavelength in equation (5.10) that you 
measured in the previous section. This value may be considered to be the 
average wavelength of the two doublet lines.) 

• (I) How well does your value compare to the accepted separation of 6 
angstroms? (quote % error) 

(1) Derive equation (5.7), the intensity for the combined fringe patterns. Use 
the following trig identity: 
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cos(a) + cos(b) = 2' cos( a ; b) .cos( a ; b) (S.ll ) 

Hint: The expression will contain various combinations of II and l2. Set 
(lI+l2)=2l and AI·l2=l2. 

(1<) Derive equation (5.10), the expression for Al. This is easily done by 
considering when the second cosine term in (5.7), the modulation term, goes 
through a zero. These are the points of minimum fringe visibility. 

MEASURING He-Ne WA VELENGTH-EXPERIMENT 

NOTE: In all of the following steps, DO NOT LOOK INTO THE OUTPUT OF THE 
INTERFEROMETER. OBSERVE THE FRINGES ON A WHITE CARD AT THE 
OUTPUT OF THE INTERFEROMETER. 

(1) Remove the sodium source and the lens in front of the laser. 

(2) Gently move the entire interferometer until the laser spot is centered on the movable 
mirror. Rotate the entire interferometer about this mirror until the laser beam is 
returned in the vertical plane containing the input beam. Adjust the tilt screw on the 
laser holder to center this returned beam back down the throat of the laser. All of 
this may take a few iterations for proper alignment. 

(3) Look at the white card. You should see two sets of spots in the horizontal plane. 
Adjust the fixed mirror until the two sets coincide. With careful adjustment you will 
begin to see fringes. Because the source is not an extended source, you will not see 
circular fringes at this point. 

(4) Place the +25mm lens in the laser beam to diverge the beam into the interferometer. 
Adjust the lens position until the beam is centered in the beamsplitter and the two 
mirrors. In effect, you now have an extended source and the circular fringes will 
now be readily apparent. 

(5) As in previous sections, count past SO fringes, noting the settings of the micrometer. 

• (L) What is the wavelength, in microns, of the He-Ne laser? 
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(M) Now, in a sense, work this problem in reverse. Using the fact that the 
wavelength of the He-Ne laser is 0.6328 microns, calibrate the micrometer. 
How far does the mirror travel for every division of the micrometer? 

(N) How does your calibration compare to the company's calibration of 
1 division = 1 micron of movement? (quote a % error). 

MEASURING THE REFRACTIVE INDEX OF AIR-THEORY 

The Michelson interferometer can be used to measure the refractive index of gases 
as well as solids. In this experiment, we will measure the refractive index of a mixture of 
gases, namely air. 

The refractive index of air depends not only on temperature, as does a solid, but also 
on the atmospheric pressure, relative humidity, and of course wavelength. It also depends 
on the particular mixture of gases in the air when measured, but this will be assumed to be 
the "standard atmosphere"; 78% N2, 20.9% 02' .93% Ar, and .03% CO2, We will ignore 
the effects of relative humidity, but we will correct our data for the measured temperature 
in the lab. 

By definition, the refractive index of vacuum is 1. As the pressure of the air 
increases, so does the refractive index. Physically, the refractive index varies linearly with 
the density of a gas, and therefore varies linearly with pressure as well. A plot of index vs. 
pressure will be a straight line, having a positive slope and a y-intercept of 1. In this lab, we 
will measure the slope of this line, and use it to calculate the refractive index of air at local 
atmospheric pressure. 

The equation describing fringes in a Michelson has already been given in (5.1). If 
somehow the pressure in one of the arms of the interferometer could be changed, the index 
of refraction would change as just desribed. Likewise, the OPD would change and 
according to equation (5.1) so should the order number of the fringe at a fixed location. In 
other words, as the pressure is changed in one of the arms, the fringes should move just the 
same as ifone of the mirrors was translated. All of this is easily accomplished using a small 
cell with optical windows that is inserted in one of the arms of the interferometer. A small 
hand pump is used to change the pressure within the cell. 

Consider two pressures, PI and P2' The corresponding refractive indicies are nl and 
n2• The change in OPD between the two pressures is given by: 

(5.12) 
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where m2,m1 are the order number of a particular fringe, A is the wavelength of light, and 
D is length of the gas cell, EXCLUDING THE END WINDOWS. Equation (5.12) may be 
solved for the change in refractive index. Dividing by the change in pressure gives the slope 
of the curve we wish to plot: 

SLOPE !!! 
(~ - ml)l. 

= 
2D(P2 - PI) 

(5.13) 

The change in fringe order number, m2-m1, is the number of fringes counted as the pressure 
is changed. 

MEASURING THE REFRACTIVE INDEX OF AIR-EXPERIMENT 

(1) The Michelson should already be adjusted for circular fringes using the laser. If not, 
complete this step. 

(2) Position the gas cell between the beam splitter and movable mirror. The light beam 
should pass through the cell with no vignetting. Make any minor adjustments to 
obtain a clear set of circular fringes. (none should really be needed, just so the 
central fringe is visible). 

(3) Slowly pump the air out of the cell and observe the fringes. Stop pumping and 
watch the pressure gauge. If there are no leaks, the needle should remain constant. 
If the needle slowly moves, the system has a leak and needs to be checked before the 
next step. 

(4) Release air into the cell by rotating the small valve on the hand pump. The needle 
should be fully clockwise. 

(5) Slowly pump air out of the cell and stop when the needle is on one of the marks of 
the em Hg scale. Record this pressure. 

(6) Slowly continue to pump out the air, counting the number of fringes that pass 
through the center of the pattern. Stop when you have counted 20 fringes. Record 
the pressure reading on the cm Hg scale. 

(7) Release air into the cell, remove the cell from the interferometer, and use the calipers 
to carefully measure the length D of the cell. 

(8) Record the temperature of air in the lab. 
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• (0) What was the measured change of refractive index with pressure? (quote 
pressure as cm Hg) 

• (P) Plot the refractive index of air (y-axis) vs. pressure (x-axis) using an 
appropriate scale to show the slope. Make the maximum value of the x-axis 
100 cm Hg. (pressure at sea level is 76 cm Hg) 

• (Q) What is the measured value of the refractive index of air at the lab 
temperature? To answer this, take the atmospheric pressure in Tucson as 
925 millibar. (1" Hg = 33.8 millibar) 

(T) 

(R) What would be the refractive index of air at O°C? This is the standard 
temperature for quoting the index. Use the following formula to do the 
calculation: 

(0 - l)r-o 
= 1 + (0.OO367)·T 

(0 - l)r 
(5.14) 

where T is the lab temperature in degrees Centigrade. 

(S) How would the index change with temperature? 

Compare your results at O°C with those taken from the Handbook of Chemistry and 
Physics (page E-393). Use the following equation to calculate the accepted value 
of index at 0.6328 microns wavelength and at O°C: 

(0 - 1).107 = a + b + c 
A. 2.10-8 A. 4.10-16 

where a = 2875.66, b = 13.412, c = 0.3737, and l is in angstroms. 
(give the accepted value and your % error) 

(5.15) 

(U) An interesting application of this experiment is to measure, interferometrically, the 
height ofMt. Lemmon. This would work just like we have done the experiment in 
the lab-a change in pressure in going from the city to the top of the mountain would 
change the OPD and create a fringe movement. In concept, one could seal off the 
gas cell in the lab, then haul the Michelson up to the top of the mountain, counting 
the number offiinges that passed by. In practice, the inverse of this might actually 
be quite easy to do. Simply take the gas cell up to the top of the mountain (the ski 
lodge might be nice, especially at lunch time), open it up to the mountain air, and 
then seal it off. 
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Bring it down to the lab, place it in the interferometer, and slowly open it to the lab 
atmosphere, counting the number of fringes. Of course, miscounting the fringes 
might mean another trip up to the ski lodge! 

Let's just suppose that we in fact did this experiment, and found that, upon opening 
the gas cell back in the lab, we counted 6 fringes passing by a fixed point in the 
pattern. The question is, how high above sea level is Mt. Lemmon? 

To answer this, you need to know how the atmospheric pressure varies with altitude. 
The following data are taken from the Infrared Handbook: 

Height (Ian) 

o 
1 
2 
3 
4 
5 

Pressure (millibar mb) 

1013 
902 
802 
710 
628 
554 

For simplicity, assume a linear fit between the two appropriate pressures when doing 
your calculations. Also, use the fact that 1 km = 3281 feet to quote your answer in 
feet. 
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LAB #6-NEWTON'S RINGS 

Newton's rings provide the classic illustration of thin film interference of the Fizeau 
type. This lab demonstrates the mathematical relationship between the sizes of the rings, 
and at the same time illustrates the beauty of the ring pattern itself. 

If a shallow convex spherical surface is placed on an optical flat, a system of circular 
fringes is seen around the point of contact. These are Newton's rings. The fringes (light or 
dark) represent lines of constant separation between the surfaces. Thus, the fringe pattern 
seen can be thought of as a contour map of the space between the two surfaces. The 
surface separation (the spacing difference or gap) spanning adjacent light or dark fringes is 
one-half the wavelength of the illuminating light. The ring system is also seen with 
transmitted light but with a much smaller contrast (8 much lower fringe visibility). The ring 
pattern seen in transmission is exactly complementary to the ring pattern seen in reflection. 

The equations describing the ring patterns in reflection and transmission are taken 
to be: 

2d = rnA B(T), D(R) m=0,1,2, ... 

(m - !)A 
(6.1) 

2d = D(T), B(R) m= 1,2,3, ... 

where A. is the wavelength of the light source (0.5461 microns) and d is the thickness of the 
gap between the two surfaces. B(R) denotes a bright fringe in reflection, B(T) a bright 
fringe in transmission, D(R) a dark fringe in reflection, and D(T) a dark fringe in 
transmission. 

The equations that relate the fringe radii to the radius of curvature of the sperical 
surface are given as: 

rm = Jm·A.·R B(T), D(R) m =0,1,2, ... 

~(m -!)OH 
(6.3) 

rm = D(T), B(R) m= 1,2,3 ... 

where rm is the radius of the mth order fringe, m is the order number of the fringe, and R is 
the radius of curvature of the surface. 
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PROCEDURE: REFLECTED LIGHT 

(1) Place the light box in an upright position next to the microscope. 

(2) Place the optical flat on the black cloth on the table in front of the light box. 

(3) Place a piece oflens tissue on the optical fIat, and the spherical surface (lens) on top 
of that. 

(4) Focus the eyepiece of the microscope on the crosshairs. Then, focus the microscope 
on the tissue, through the lens. 

(5) Apply a slight amount of pressure to the spherical surface (the edge of the lens) and 
pull the tissue from between the two surfaces. This removes any dust particles that 
might have been trapped in the air gap between the two surfaces. 

(6) Look through the microscope and make any small adjustments to bring the ring 
pattern into a sharp focus. 

• (A) What should the center of the ring pattern look like at this point? Does it? 
If not, repeat step (5) until any dust is removed. 

• (B) Sketch the fringe pattern in reflection. 

(7) Move the vertical crosshair about 10-12 dark rings to the left of the center of the 
ring pattern. Make all measurements of the rings by moving the crosshairs only to 
the richt, from this point. This will keep out any backlash in the micrometer. 

(8) Move the vertical crosshair to the left edge of the m=O central dark fringe. Record 
the micrometer reading. 

(9) Move the vertical crosshair to the right edge of the m=O central dark fringe. Record 
the micrometer reading. 

(10) Repeat the last 3 steps 10-15 times, thereby gathering enough data to more 
accurately locate the center position of the dark central fiinge. 

(11) Move the vertical crosshair about 10-12 dark rings to the left of the center of the 
ring pattern. Move the vertical crosshair to the center of the left side of the m=6 
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dark ring. Record the reading. (Remember: m=O for the central dark fringe.) 

(12) Move the vertical crosshair to the centers of the left sides of the m=5,4,3,2, and 1 
dark rings, and then to the centers of the right sides of the m=I,2,3,4,5, and 6 dark 
rings, moving the crosshairs only to the right. Record the micrometer reading at 
each fringe. If you "overshoot" a fringe, backup the micrometer and start allover 
with step (7). Otherwise, backlash is introduced in the micrometer, affecting the 
readings. 

• (C) At this point you have enough data to calculate the radii of the m=1 to m=6 
dark rings. Describe at least two methods of data reduction to calculate the 
radii. For the data set that you have, indicate which method is the most 
accurate. Use this method for the next step. 

• (D) Calculate the radii of the m= 1 to m=6 dark rings. Rep<?rt them in microns. 

• (E) Using the equation for the radius ofa D(R) fringe, derive an equation that 
relates the total area enclosed by the mth order dark fringe to that of the 
m=1 order dark fringe. What is this relationship? Now, derive an equation 
that relates the area covered by anyone dark fringe to the area enclosed by 
the m=1 dark fling (in other words, calculate Am-Aua-l and relate it to A .. 
where A indicates the total area enclosed by a dark fringe). 

• (F) Using the equation for the radius ofa D(R) fringe, solve for the ratio of the 
squares of the mth order and m= 1 order fringe radii (in other words, solve 
for rm2/r12). 

• (G) Calculate this ratio for your measured data and report the values. How well 
do your ratios compare with the expected values? 

(H) Using equation (6.2) for the surface radius of curvature, R, calculate R from 
each of your measured fringe radii and report in mm. 

(I) Given that the plano-convex lens used in this experiment has a focal length 
of l000mm, how well do your values ofR compare with that calculated for 
the convex surface of the lens? Assume an index of refraction of 1.517 for 
the lens. 

(J) The lens has a diameter of25.4 mm. Using the average value ofR that you 
calculated, how many rings are there in the entire aperture of the lens? 
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(L) How many rings would there be in the entire aperture of the lens if water was placed 
in the air gap? Assume the index of refraction of water to be 1.333. 

PROCEDURE: TRANSMITTED LIGHT 

• (N) Repeat the experiment for bright fiinges in transmission, B(T), by placing the 
optical flat on top of the light box, without the black cloth. Sketch the fringe 
pattern in transmission. What does the center ring now look like? 

• (0) Report the radii of the B(T) fringes as above. 

• (P) Report the ratios of the radii as above and compare to expected values. 
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LAB #7-DIFFRACTION 

The study of diffiaction is one of the most challenging, yet interesting topics in 
optics. Diffraction patterns can be simple in their visual appearance, yet difficult to describe 
mathematically. In this lab we take a qualitative and quantitative look at some fundamental 
diffiaction patterns. 

Whenever an aperture or obstacle is placed within the cross section of a beam of 
light, the transmitted light is diffiacted. Fundamentally, this occurs because of the 
interaction of the light wave with the edge of the aperture. Geometrical optics and a ray 
picture lead to a sharp geometrical shadow--physical optics and a wave picture lead to 
diffiaction. The result of this diffiaction is to change the intensity distribution in the beam 
after the aperture. The degree to which this occurs depends on the size of the aperture 
relative to the wavelength of light, the distance from the source to the aperture, and the 
distance from the aperture to the point of observation. 

The general problem of diffiaction is handled mathematically by what is known as 
the Rayleigh-Sommerfeld formula. This is an integral which is usually not easily calculated 
unless some simplifYing assumptions are made. Depending on the observation distance from 
the diffiacting aperture, these assumptions lead to two formulations of diffiaction--Fresnel 
and Fraunhofer. It is often confusing as to when one is observing a Fresnel pattern vs. a 
Fraunhofer pattern. Associated terms such as near-field and far-field often confuse the issue 
even further. To set the record straight, we will quote directly from our own Dr. Jack 
Gaskill (Linear Systems. Fourier Transforms. and Optics, pp.361-2): 

(see next 2 pages) 

FRESNEL CONDITIONS 

The onset of the Fresnel region behind the diffiacting aperture may be stated 
mathematically as follows. Consider an aperture of maximum radial extent L 1, and an 
observation region of maximum radial extent L2. (For a circular aperture LI is the radius, 
and for a slit aperture L 1 is the width.) Let z be the axial distance between the aperture and 
the plane of observation. The Fresnel region begins when: 

Iz\~ » L\ + ~ (7.1) 

Note that the» condition is conveniently taken to mean at least 10 times greater than ... 
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When this condition is met, the plane of observation is in the Fresnel region. 

FRAUNHOFER CONDITION 

The onset of the Fraunhofer region behind the ditlTacting aperture may be stated 
mathematically as follows: 

1t L 2 

IZ1~ » T (7.2) 

(from Linear Systems. Fourier Transfonns. and Optics. Gaskill) 

THESCALARTHEORYOFD~CTION 

It is well known that there are many situations in which the behavior of optical wave 
fields is not adequately described by theories based upon ray optics, or geometric 
optics. To illustrate, let us consider the experiment depicted in Fig. 7.1: an aperture 
(with lateral dimensions much greater than a wavelength) is illwninated from the left 
by a plane-wave field, and the irradiance patterns produced at various planes to the 
right of the aperture are observed. Ray theory leads to the prediction that the pattern 
at each of these planes (no matter how far from the aperture) should have exactly the 
same size and shape as the aperture. However, due to the phenomenon of diffraction, 
this prediction is found to be incorrect. Diffi'action causes some of the light passing 
through the aperture to deviate from its original direction of propagation, which in tum 
causes the observed irradiance pattern to differ from the aperture in both size and 
shape. As the distance from the aperture is increased, we fmd that the diffi'action 
effects generally becomes more pronounced; the observed irradiance pattern, known 
as a diffraction patrern, Wldergoes continual and dramatic changes, and the similarity 
between it and the aperture gradually disappears. However. a point is fmally reached 
beyond which only the size of this pattern, but not its shape, changes with increasing 
distance. 

,II------- RayleIgh-Sommerfeld Rtlglon -----.. 

)( 

'- Fraunhofsr 
i-Frtlsnal RegIon ------------' ..... 

Figure 7.1. The regions of ditlTaction associated with an aperture, 
and nature of the irradiance profiles observed in these regions. 
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Although there is some disagreement among authors regarding the designation and 
extent of the various regions in which diffraction is observed, we shall use the 
following deflnitions for our discussions here (refer to Fig. 7.1): 

1. The Rayleigh-Sommerfeld Region. We derme this region to be the entire 
space to the right of the diffracting aperture. We do so because the general Rayleigh
Sormnerfeld di.ffi'action formula, (not presented in OPT! 226), is valid throughout this 
space. 

2. The Fresnel Region. We define the Fresnel region to be that portion of the 
Rayleigh-Sommerfeld region within which the Fresnel conditions ofEqs. (7.1) and 
(7.3) are satisfied. This is the region of validity of the so-called Fresnel 
approximations, and we note that it extends to infinity. 

3. The Frounho/er Region. We derme this region to be that portion of the 
Fresnel region within which the FraWlhofer condition ofEq. (7.2) is satisfled. In other 
words, this is the region of validity of the Fraunhofer approximation. In the 
Fraunhofer region the size of the diffiaction pattern increases with increasing distance, 
but its shape is invariant. 

The Fraunhofer region is often referred to as the/or field, which seems appropriate 
due to the distant location of this region relative to the aperture. However, we disagree 
with those who consider the Fresnel region and the near field to be synonymous; in 
fact, because the terms Wnear fieldw and wfar fieldw quite naturally seem to imply 
mutually exclusive regions, and because the Fresnel region contains the Fraunhofer 
region, we feel that statements to this effect are very misleading. We prefer to regard 
the near field as that region lying between the diffracting aperture and the Fraunhofer 
region. In the material to follow we investigate the diffi'action phenomenon primarily 
in the Fresnel and Fraunhofer regions. 

'I 'I 

Figure 7.2. Geometry used to describe Rayleigh-Sommerfeld 
diffiaction. 
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In both the Fresnel and Fraunhofer regions, the condition limiting the maximum 
extent L2 of the observation region is as follows: 

I J 
3 1t <Lt + ~)4 

z. » 41 
(7.3) 

Without going into the mathematical details, it is interesting to note that Fraunhofer 
diffi'action produces the same effects on an input (optical) signal as those produced by a 
spatial-frequency (optical) spectrum analyzer. In other words, looking at a Fraunhofer 
diffraction pattern is like looking at the output of an optical spectrum analyzer. Those 
spatial frequencies that make up the diffi'acting aperture appear as bright spots of light in the 
Fraunhofer diffi'action pattern. Said another way, each (x,y) coordinate in the Fraunhofer 
diffraction pattern corresponds to a particular spatial frequency in the function represented 
by the input wave times the diffi'acting aperture. (For a plane wave, this is just the 
diffi'acting aperture.) 

The analogy to an electrical signal is not only interesting but incredibly elegant. An 
oscilloscope displays the amplitude ofan electrical signal as a function of time. An electrical 
spectrum analyzer displays the amplitude of an electrical signal as a function of 
frequency--i.e. the frequency components that make up the signal. Both are expensive 
instruments; a typical spectrum analyzer costing $20,000 or more. The optical equivalent 
to the spectrum analyzer is a lens producing a Fraunhofer diffi'action pattern. To make a 
complete optical analyzer one might like some additional equipment, but fundamentally a 
50 cent lens producing a Fraunhofer pattern functions as an optical spectrum analyzer. It 
is this elegant behavior that holds promise for optical image processing and computing at 
very high data rates. 

FRAUNHOFER DIFFRACTION-PRACTICAL SITUATIONS 

The condition for Fraunhofer diffi'action often dictates a very large distance z from 
the aperture to the observation plane. This is especially true if the aperture is large. To 
simplify the situation in the lab, it may be shown mathematically that the following 
conditions provide for Fraunhofer diffiaction. In all cases, let t be the transmission function 
(shape) of the diffi'acting aperture, and distances denoted by combined sUbscripts--i.e. ~ 
is the distance from plane ~ to Z]. The identification of the various planes is as follows: 

DESIGNATION 
z. 
~ 
Z] 

z. 
zs 

PLANE 
Source 
Diffi'acting aperture 
Lens 
Image plane 
Observation plane 
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Note that t' is the image oft, and z' 25 is the distance from the back focal plane Z, to the 
image of plane ~, located in plane z' 2. 

POSITIVE LENS AND PLANE WA VE ILLUMINATION 

With plane wave illumination, the Fraunhofer plane is located at the back focal plane 
of the lens. The lateral scale of the diffiaction pattern in this plane is detennined only by the 
focal length, f. The following figure illustrates the general case: 

I 

~ 

~ 
I 
%2 

Frsunhof.r 
Plan. 

% 

Figure 7.3. Fraunhofer plane is located at back focal 
plane when plane wave illumination is used. 

(a) Object between front focal plane and lens (0 < ~ < t). 

The pattern in the back focal plane is the Fraunhofer pattern of t' viewed at a 
distance z' 25. In other words, the Fraunhofer pattern is produced by a virtual aperture t' , 
located a distance Z'25 away from the back focal plane. The dimensions oft' are those that 
the magnification described by geometrical optics predicts (virtual image/object distance). 
The distance z' 25 is the distance from the back focal plane to the location of the virtual 
aperture. 

(b) Object in front focal plane (~=t). 

The pattern in the back focal plane is the Fraunhofer pattern of t. The effective 
distance between the aperture and the dit1raction pattern turns out to be the focal length, f. 

(c) Object to the left offront focal plane (~> t). 

The pattern in the back focal plane is the Fraunhofer pattern of t' viewed at a 
distance z' 25. Now, t' appears to the right of the back focal plane z" and is magnified. The 
distance z' 25 is the distance between the back focal plane and the location of t' . 
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POSITIVE LENS AND APERTURE AT THE LENS 

Two simplified cases result when the aperture is placed as close to the lens as 
possible, as shown in the following figure. Note that the results are the same regardless 
which side of the lens the aperture is placed on. 

Source 

z, 

.... ..... ... .... ... .... ..... ... 

Fraunhol.r 
Plan • 

... ....... z ... ..... ... .... ... .... 

Figure 7.4. Configuration with diflTacting object at the lens for which observation 
distance is positive and Fraunhofer pattern is real. 

(e) Plane wave illumination. 

With plane wave illumination, the Fraunhofer pattern is located in the back focal 
plane of the lens. The effective distance between the aperture and the pattern is just the 
focal length. 

(I) Spherical wave illumination. 

The Fraunhofer pattern is located in the plane conjugate to the source point. The 
effective distance between the aperture and the pattern is the distance between the lens and 
the image of the source. 

POSITIVE LENS AND SPHERICAL WAVE ILLUMINATION 

With spherical wave illumination, the Fraunhofer diflTaction pattern is located in the 
plane that is conjugate to the source. The following figure illustrates the general case: 



Saure. .. ' .. ' 

'" .... 

Z2 

'" 

'" 

..' 

". ". '" 

.. ' .. ' .. ' 

". '" ". ' . 
.. ' .. ' 

.. ' .. ' 

Frsunhof8r 
PISn8 

z 

Figure 7.5. Fraunhofer diffraction for spherical wave illumination. 

(g) Object between front focal plane and lens (0 < ~ < t). 
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This situation is similar to that described in part (a) above. The Fraunhofer pattern 
is that of t', the virtual image of t, at an effective observation distance of z' 25' Again, this 
is the distance between Z5, the conjugate plane to the source, and the plane containing the 
virtual image of t. 

(b) Object in front focal plane (~= t). 

The Fraunhofer pattern is again located in the image plane conjugate to the source 
point. The distance between the aperture and the pattern is just the focal length, f. 

(i) Object to the left offront focal plane (~> t). 

This is similar to part (c ) above. The Fraunhofer pattern is observed in the image 
plane conjugate to the source. The distance z' 25 is the distance between this conjugate plane 
and the location oft'. 

EXPERIMENTAL: DIFFRACTION-QUALITATIVE 

Use the experimental setup to look at the following: 

• (A) Sketch the setup, recording the distances between the optical elements. 

• (B) Given that the focal length of the achromat is 100mrn, with what kind of 
wave is the aperture being illuminated? 
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• (C) For each of the 4 slits, calculate the distance at which the Fraunhofer region 
begins. 

• (0) Describe the behavior of the pattern in the Fresnel region for the 160 micron 
slit. 

• (E) Describe the behavior of the pattern in the Fraunhofer region for the 160 
micron slit. 

• (F) Experimentally determine the width of each slit. (Use the Fraunhofer pattern 
on the wall.) 

(G) Estimate (calculate) the error in each measured value. (Use error analysis 
and estimates for each of the errors.) 

• (H) Describe the behavior of the patterns in the Fresnel region for the complex 
apertures. 

• (I) Describe the behavior of the patterns in the Fraunhofer region for the 
complex apertures. 

EXPERIMENTAL: FRESNEL DIFFRACTION-EDGE 

Use the experimental setup to look at the following: 

• (1) Measure a and b for this setup and record the values. 

• (K) Sketch the setup. 

• (L) What kind of wave is illuminating the edge? 

• (M) easure the Fresnel diffraction pattern of the razor blade edge. (Start at 
2S.0mm and take data every O.lmm. This is every 10 divisions on the 
micrometer. Record the absolute value of the voltmeter in millivolts. Take 
data until you reach ISmm on the micrometer.) 

(N) Plot the data, m V vs. mm, USING A COMPUTER (The lab computer is 
available for plotting data. If you would like to use it, schedule the time to 
do so.) 

(0) On the plot you just made, locate the signal level (in mY) to which the 
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pattern is asymptotically approaching. This will be referred to as 1
0

• 

(P) Nonnalize all y-values to this signal level (intensity level, 10)' by dividing all 
y-values by this number. (This step and the next one are most conveniently 
done by writing a simple program that reads in your data file, does the 
necessary calculations, and writes out a new file.) 

(Q) From the Cornu Spiral, determine the value ofIlIo at the geometrical location 
of the edge. On your plot, locate the corresponding y-value by mUltiplying 
this ratio by the y-value you found for 10. Next, locate the x-value that 
corresponds to this y-value on your plot. This value ofx is the location of. 
the edge. Scale your x-values such that this particular x-value is now 0, with 
x increasing as you approach 10 • (This and the previous step can be done 
together with the computer.) 

(R) Turn in your program you used to perfonn the nonnalization and scaling of 
the y and x values, respectively. (Yes, this is a computer exercise!) 

(S) Replot the nonnalized and scaled data. 

(T) On this new plot, locate the x-values of the 1 st maxima and the 1 st minima. 

(U) On the Cornu Spiral, locate the points corresponding to the 1 st maxima and 
the 1st minima. (Make a copy of the spiral, locate these points, and tum it 
in with your report.) 

(V) Use a graphical construction to locate the (x,y) coordinates of these two 
points. Report these (x,y) values. 

(W) Using the table ofv vs. (x,y) for the spiral, determine the values ofv for 
these two points. You may have to make an interpolation in the table to do 
this. Don't worry about being super accurate ... a linear interpolation will do. 

(X) Use the values of a and b in the experimental setup to calculate h{l st max.) 
and h(lst min.), now that you have the corresponding values ofv. 

(y) Finally, use similar triangles to calculate the expected values ofx at the 1st 
maxima and the 1 st minima. 

(Z) Compare these calculated values with the values you actually observed. 

-. 
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EXPERIMENTAL: FRAUNHOFER DIFFRACTION-SLIT 

Use the experimental setup to look at the following: 

• (AA) Sketch the setup. 

• (BB) What kind of wave is illuminating the aperture? 

• (CC) Describe the arrangement used to produce a Fraunhofer diffraction pattern. 
(The focal length of the achromat is lOOmm. The detector is located at 
950mm on the rail. The first lens focuses the laser at 283mm on the rail.) 
In other words, which of the arrangements described in the theory section 
describes this experimental setup? Explain why. 

• (DO) Measure the Fraunhofer diffraction pattern of the single slit. (Start at 
25.0mm and take data every O.25mm. This is every 25 divisions on the 
micrometer, in other words, one half tum. Record the absolute value of the 
voltmeter in volts. Take data until you reach 0 on the micrometer.) 

(EE) Plot the data, volts vs. mm, USING A COMPUTER. 

(FF) Replot the data, expanding the y-axis to better show the first and second 
maxima. 

(GG) Normalize the y-values so that the peak value = 1. 

(HH) Convert the x-values to units of P/(21t). (This step and the previous one 
should be done by writing a simple program.) Perform the following steps 
to convert the x-values: 

(1) Shift the data so that the peak of the data occurs at x=O. 
(2) Convert to the x-units using the following equation: 

J!. = ~ 
27t l.'z':zs 

where t' == the apparent width of the slit 
A == the wavelength, .6328 JIm 

(7.4) 

z':zs == the distance between the image of the slit and the observation 
plane 

(ll) Tum in your program used to normalize and scale the data. 
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(1J) Replot your nonnalized and scaled data, along with the plot of sin2(x)/xl, the 
"sinc squared" function. This function is tabulated as (x,y) data on the hard 
disk of the lab computer. Copy it onto your own disk, to save you time in 
entering it by hand. 

(KK) From your plot, calculate IIIo at the first maxima. 

(LL) How well does your value at the first maxima agree with the known value 
of 0.045 for the sinc squared function? 

(MM) From your plot, calculate IIIo at the second maxima. 

(NN) How well does your value at the second maxima agree with the known value 
of 0.016 for the sinc squared function? 

(00) Finally, draw vertical lines through the first and second minima, and the first 
maxima. Is the maxima located symmetrically between the two minima? 
Should it be? 
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This lab gives a quick, but hopefully insightful look into diffi'action gratings, 
polarization, Brewster's angle, and sunsets. While some calculations are involved, the lab 
is designed more as a qualitative look at these optical effects. As in previous labs, answer 
all • items in your notebook before leaving lab. 

DIFFRACTION GRATINGS 

The main purpose of this part of the lab is to learn how to properly align a 
spectrometer, and to make a measurement of a grating's period and frequency. 

(I) Align the spectrometer according to the instruction sheet supplied with the Gaussian 
eyepiece. If you have any questions, just ask. 

• When you are finished with the alignment and have the horizontal crosshairs 
centered off of both sides of the grating, show the lab instructor for credit. 

(2) Measure the angle between the bright RED spectral line in the m=1 order and the 
m=O straight-through beam. Remember that the angles are measured in degrees and 
minutes with this spectrometer. Use the fact that the wavelength of this red line is 
696.5 nm, and the grating equation: 

m 1 = d sin(O) (8.1) 

to answer: 

• (A) What is the grating period, in nun? 

• (B) What is the grating spatial frequency, in lines/mm? 

• (C) How does your result compare with the known value? 

BREWSTER'S ANGLE 

(I) Using only the spectrometer table (not the telescope or the collimator), and the laser: 
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• (0) Describe (AND CARRY OUT) an experiment to measure Brewster's angle 
for the glass substrate that the grating is on. 

• (E) How is the plane of incidence oriented in your experiment? (horizontally or 
vertically?) 

• (F) In your experiment, how is the plane of polarization of the laser oriented? 
(horizontally or vertically?) 

• (G) What is Brewster's angle for the substrate? 

• (H) What is the index of refraction of the substrate at the laser wavelength of 
632.8 nm? 

POLARIZATION 

(1) Use the fact that light that is reflected off of a surface at glancing incidence is 
horizontally polarized: 

• (I) Describe the polarization of the laser, with respect to the OPEN and 
CLOSED shutter on the laser housing. 

• (J) Take a polarizer outside, and describe the polarization, if any, of light 
coming from various parts of the sky. Reference your observations with 
respect to the location of the sun. DO NOT LOOK DIRECTLY AT THE 
SUN AT ANY TIME II 

• (K) Describe the polarization of light reflected off of various objects 
out-of-doors, including the ground, leaves, clouds, windows, etc. 

SUNSETS 

(1) Use the water tank and light source to make a sunset. Fill the tank with water and 
observe: 

• (L) What do you see looking into the side of the tank? 

• (M) Describe the scattering of the white light in the back and forward directions. 
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• (N) Why is it especially difficult to see through a dusty windshield when driving 
west in the late afternoon? 

• (0) Begin adding milk, drop by drop. Describe what you see. 

• (P) Explain your observations. 
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