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Chapter 0: Introduction 
 
Course Description 

 
This course introduces students to experimental physics at the intermediate level. Most of the experiments 

are based on optics, wave phenomena, and modern physics.  Some of the topics will be covered in your 

Analytical Physics III course, but you will also need to use material covered in your Analytical Physics I and 

II courses.  

 

In this course, emphasis will be placed on good laboratory practice in: 

1. performing experiments successfully,  

2. recording data, 

3. analyzing data, and  

4. presenting your work in a neat and coherent manner.  

 
Course Materials 

 

• Your calculus-based Analytical Physics I textbook (e.g., Fundamentals of Physics, by Halliday, 

Resnick, and Walker). 

• Your Analytical Physics III textbook (e.g., the modern physics textbook by Serway or by Thornton and 

Rex). 

• A hard covered, quad-ruled laboratory log notebook. 

• A 3-ring binder for this lab manual.  You will download sections of this manual each week, which you 

must have in your binder at the beginning of each lab. 

 
Lab Books 

 

Your logbook should contain the following information: 

 

• Pre-lab Work: You will be required to research each topic before coming to lab each week. The pre-

lab assignment will give some basic guidelines for study, and will include a few specific questions. 

Record your own preparatory notes (explanations, sketches, equations, etc.) in your notebook before 

you come to lab, including (but not limited to) the answers to the questions. 

After your own preparatory material, you may also include notes from any pre-lab discussion provided 

by your instructor. 

• Equipment: List the equipment and supplies you needed to perform the experiment. This is a 

shopping list if you were to ever repeat the experiment. Include specific model information when 

available, in case you have problems with or questions about the equipment. 

• Diagrams: Neatly sketch and label the apparatus as you use it. You may include more than one 

sketch, as needed.  

• Procedural Record: You should make a record of events as they actually happen in the lab. Besides 

describing what finally worked, include any false starts, equipment problems, mistakes etc. Discuss 

work that was more difficult than expected, and why. Attach computer outputs, graphs, photos, etc. in 

your lab notebooks in chronological order. Annotate them as required. Do not attach pages that the 

reader must unfold to view. Tables, when used, should be neat, titled, and labeled. Use SI units (you 

will be tempted to record data in inches occasionally). Be especially sure to record any insights or 

ideas you have as soon as you think of them.   
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• Calculations and Analysis:  All calculations must be done in your notebook. Note that calculations 

are not the same thing as numbers. The purpose of including calculations is to document the 

intermediate steps, rather than just the final result. Include units throughout. “Analysis” includes 

comments on whether a result is reasonable. Also, quantitative analysis of sources of error should be 

done here. In other words, for each potential source of error, compute the potential numerical impact 

on your result.  

• A Summary Table: Create a table of all your final numerical results for the experiment.  

• Abstract: Write an abstract for the entire experiment. Abstracts must fit on one page.  Include your 

purpose, your procedure, a discussion of the analysis you performed, general comments about the 

experiment, possible sources of errors, your numerical results, and your conclusions. Your comments 

should include a discussion of how your chosen procedure and analysis method compare to alternate 

methods.  

Abstracts must be typed and then stapled into your notebook.   

 

Other Rules for Laboratory Notebooks: 

 

1. Page numbers for the entire notebook must be written on every page on the first day of lab. Number 

(and use) both sides of each sheet. Leave pages 1 and 2 blank for use as a table of contents, to be 
filled in as the semester progresses. 

2. Never remove any sheets from your notebook. 
3. You may never erase any entry in your notebook. Mistakes are to be crossed out with a single 

horizontal line, so that they remain legible. Write a short explanation next to each error, and then 

proceed with the correct work immediately below the error. 
4. Use the laboratory notebook to write down all relevant information. You may never use loose sheets 

of paper. Your grade will be penalized any time you copy work into a notebook at a later time. 

Computer generated printouts, when needed, must be neatly attached to the pages of your notebook 

on all four edges using staples or tape. You may not attach documents that are larger than a single 

page of your notebook. Any loose material turned in with your notebook will be discarded, 

ungraded. 
5. Do not copy or paraphrase sentences from this manual.  Use your own words to describe what you 

did in the lab. 
 

Error Analysis: 
 

The following is adapted from “Analytical Physics 124 Laboratory Manual,” by K.F. Kinsey and J.D. Reber: 

 

There are a few quantities in science that are exact either because they are mathematically defined (such as π 

and e), or which are physically defined (by agreement) as the basis of measurement, such as the second, the 

speed of light, etc. Everything else has to be measured and in the process of measuring, there is always some 

limit to the accuracy of the measurement, no matter how careful the experimenter or how expensive the 

equipment. No measurement can yield the “true” or “actual” value of the quantity being measured; even the 

best result is only an estimate of that value within the limitations imposed by the measuring process. This 

estimated value can be interpreted properly only if we know the limitations on the measurement, i.e., the 

uncertainty. 

 

Note this very important point: there are no books in which we can look up the “true” value of a physical 

quantity. Any value listed in a reference book is the result of somebody’s measurement and will possess some 

uncertainty, even if this uncertainty is not provided. Presumably, the value quoted will be the result of the 

most accurate experiment to date, and the uncertainty will be relatively small. In the philosophical sense, 
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there presumably exists a “true” value, but we will never know what it is. There will always be an 

uncertainty: given time and patience, we may be able to make the uncertainty smaller, but we can never 

reduce it to zero. 

 

It is also important to realize that when we are dealing with uncertainties, we are forced to realize that we are 

talking about probability. By the very nature of uncertainties, we can never know precisely how much our 

measured value may depart from the “true” value. By convention, in the “normal” case, we report 

uncertainties such that the “true” value has about a 68% probability of being within our reported range. 

 

In science, the term “error” is sometimes used equivalently to “experimental uncertainty”. “Error” should not 

be thought of as some sort of mistake which can be corrected. 

 

Some of you, in former courses may have been taught that experimental error is described as the percentage 

difference between your result and the “accepted value”. But in this course, we will not assume any 

“accepted value”. Consider your experimental errors as if your experiment were the first and only time that 

quantity has ever been measured. So, whatever you measure is the accepted value as far as this lab is 

concerned. Since nobody will ever pay you to measure a quantity for which there is already an “accepted 

value”, this attitude will help prepare you to perform real science outside of the classroom.  

 

Propagation of Error  
 

We will use the notation “∆x” to indicate the uncertainty in the value x. Usually, an experimentally measured 

quantity x ± ∆x is not the end result of our experiment, but merely one quantity which contributes to a final 

result, say F.  At some point, the value for x will be plugged into an expression for the final result F. 

Therefore, any uncertainty ∆x in our measured quantity x will also contribute to the uncertainty ∆F. 

 

In general, F will depend on many variables, e.g., F = F(x, y, z, …). Each of the variables (x, y, z,…) has both 

a value and an uncertainty. In the simple case where F depends on only one variable x, the uncertainty F∆  is 

obtained from the following: 

 

x
dx

dF
F ∆=∆ . 

 

As an example, the quantity F might be the area of a circle (which might more sensibly be labeled “A”), and 

the measured quantity x might be the radius (which might more sensibly be labeled “r”). Since the area A is 

given by A = πr
2
 the uncertainty in A, using the above equation, is: 

 

∆A = | 2π r ∆r |. 

 

The extension of this expression to the case where F depends on many variables is straightforward. The same 

is true for each of the variables as was true for x: each variable has a value and an uncertainty which 

contributes, in its own way, to the final value F and its uncertainty ∆F, respectively.  The resulting 

uncertainty ∆F is a combination of all the individual variable uncertainties: 
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A partial derivative (e.g., ∂F/∂x) is nothing more than a derivative of F with respect to x alone, treating all 

other variables (y, z,…) as constants.  Note that F and ∆F must have the same units. 

 

As an example, imagine that the final quantity in which we are interested (i.e. F) is the volume of a cylinder 

(which might more sensibly be labeled “V”), to be computed from a measured value of its radius r and its 

height h. Because the volume is given by hrV
2π= , the individual contributions to ∆V (the uncertainty in V) 

from the two variables r and h, using the above equation, are: 

 

22222 )()()()2( hrrrhV ∆+∆=∆ ππ . 

 

Once again, in our artificial environment that we call the laboratory, we frequently measure known quantities.  

The main purpose for measuring known quantities is to train you to both conduct experiments and assess 

measurement errors.  By measuring a “known” quantity you can see how your techniques measure up to those 

of experienced scientists with very sophisticated equipment.  If you have performed your experiment 

carefully, you would expect there to be some overlap between your value and the “accepted value”.  That is, 

your value ± your error and the accepted value ± accepted error would include some common ground.   

 

Example: 8.72 ± 0.64 m/s
2
 “agrees with” 9.25 ± 0.12 m/s

2
, but 8.72 ± 0.23 m/s

2
 does not 

agree.  Because of the probabilistic nature of errors, actual overlap is not necessary, but if the values 

differ by more than twice the error, it is unlikely that they agree. 

 

Percent Errors:  Many students are in the habit of reporting “percent errors”.  This practice can be highly 

misleading.  Consider two measurements: 200.0 ± 1.0 cm and 1.0 ± 0.1 cm.  The first would have 0.5% error 

while the second would have 10% error, yet the second is clearly a more precise measurement.  The situation 

would be even more misleading if these were measurements of position of an object, where the value 

depends on an arbitrarily chosen zero position.  Choose a different zero and the “percent errors” will change.  

For this course, do not report “percent errors”. 
 

Error Format:  The following error format is standard and is required for your notebooks: 

 

a. Round off uncertainties to two significant figures. For example, ± 0.2372 would become ±0.24. 

b. The best value is to be rounded off to the same decimal place as the error. For example, 12.38243 ± 

0.2372 would become 12.38 ± 0.24. 

c. The value and its uncertainty must share the same units and the same exponent. For example,   

7856429 ± 8734 s should be written as (7.8564 ± 0.0087) × 10
6
 s or (7.8564 ± 0.0087) Ms. Note that 

as shown in both examples, it is preferable that the uncertainty be written in true scientific notation 

such that there is exactly one significant digit before the decimal place. 

d. A value may never start with a decimal point. So, 0.65 is correct, but .65 is incorrect. 

e. Do not use computational notation (i.e., never use the symbols E, *, or ^) for your written work; the 

following are both incorrect: Ω±  E3)20.050.8( , and Ω±  3^10*)20.050.8( . Use 

Ω×±  10)20.050.8( 3
 or (8.50 0.20) k± Ω  instead. 

f. Use the actual ± symbol.  Don’t write out “plus or minus” or “+/-” or “+ or −”, etc.   
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Chapter 1: Index of Refraction of Glass 
 
Overview: 
 

In this experiment we will examine the refraction of light through glass lenses (“geometrical optics”). 

We will determine the index of refraction of the glass, and use this to compute the speed of light in 

glass. 

 

Suggested Reading Assignment: 
 

The section on refraction of light in the chapter about “Electromagnetic Waves”, and the sections on 

lenses in the chapter about “Images” in your Physics I textbook. 

E.g., Section 34-7, and Sections 35-5 through 35-8 of Halliday, Resnick, and Walker, 6
th
 

edition. 

 

Pre-lab Questions: 
 

1. How are focal length f, image distance di, and object distance do related? When is each negative? 

Contrast f for concave lenses with convex lenses. Which is converging? How does a “virtual 

image” differ from a “real image”? 

2. What is the Lensmaker’s equation? When is either radius of curvature negative? 

3. For a typical ray diagram, there are an infinite number of rays that could be drawn, but we 

typically only draw three of them. Describe these three rays. 

4. There are three possible configurations for each type of lens, depending on where the object is 

placed relative to the focal point (i.e., in front of, at, or behind the focal point).  Draw a ray 

diagram to scale for each of the six cases. Note that “to scale” always means “proportionally 

correct”, rather than “life size”. Choose numeric values for the focal length, object height, and 

object distance for each case and determine:  

a) whether the image is real or virtual, 

b) the magnification of the image, and 

c) whether the image is upright or inverted.  

Compare the measurements of your scale drawings with the computed predictions of the thin lens 

equation. How can the magnification m be determined from do and di? 

5. An object of height h = 6cm is located at xo1 = 5cm. A lens (f1 = +10cm) is located at xL1 = 30cm. 

A second lens (f2 = −15cm) is located at xL2 = 40cm. The image of the first lens is the object for 

the second. Find: do1, di1, xi1, xo2, do2, di2, xi2, m1, m2, and mtotal. Draw a ray diagram to scale for 

this problem. 

6. What is the smallest possible value for the index of refraction? What is the index of refraction for 

air? For water? For an ordinary glass?  

7. What is the value for the speed of light in vacuum? What is the relationship between the speed of 

light and the index of refraction? When can the speed of light in the medium be exceeded (see 

“Cerenkov Effect”)? In this case, how does the speed of the particle compare to the speed of light 

in vacuum? 
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Objectives 

 

Our objective is to determine the focal lengths of converging and diverging lenses using geometrical 

optics.  From these data and from the geometry of the lenses we will then calculate the index of 

refraction of glass. 

 

Equipment List 
 

� Convex and concave lenses 

� Optical bench, lens holders, screens, etc. 

� High intensity lamps, flashlights 

� Spherometer 

 

Procedure and Analysis 

 

Part A:  Convex lens 

 

Method 1: Choose a convex lens and first determine its focal length using a distant object as the 

source (it will be difficult to use any indoor object). Draw a ray diagram. Since the object is so far 

away compared to the diameter of the lens, all of the rays that reach the lens are virtually parallel. 

Parallel rays from the object will converge towards the focal point after they pass through the lens. If 

you can focus the image on a screen, then the distance between the screen and the lens is the focal 

length. Because it isn’t easy to be sure an image is perfectly in focus, repeat this experiment several 

times, and take the average of your trials. This gives you a preliminary result for the focal length.   

 

Method 2: Next, using the light box, lens and screen, measure experimentally the image distance di 

for eight different values of do, the object distance. Be careful! In the thin lens equation, each 

distance is measured from the center of the lens, but in your experiment, each position is measured 

with respect to a coordinate axis! Be sure that measurements on your x-axis increase from left to right 

(as usual). Draw a ray diagram. From a plot of your data determine the focal length of the lens.   

 

Part B: Concave Lens 

 

For a concave lens the image is “virtual”, which means that it cannot be seen on a screen.  So, we 

will need to use a combination of lenses to examine the concave lens. We will use the image from a 

convex lens (the same one you used earlier) as the virtual object for the concave lens. When the 

lenses are positioned appropriately, a real image can be created. We will, in essence, use the concave 

lens to slightly “un-converge” the rays that are converged by the convex lens.  Before setting up for 

this part of the experiment, draw a ray diagram for your known value of f1 and predict the location of 

the image. 
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On the optical bench, first set up an object and image using the convex lens. The convex lens image 

will serve as the object for the concave lens. Now place the concave lens between the convex lens 

and its image. Keeping the light source and the convex lens in place, move the concave lens only for 

your data. Measure the image distance for the concave lens. Record data for eight different values of 

object and image distances. Again, from a plot of the data determine the focal length of the concave 

lens. Again, be careful: image and object distances are not the same as image and object positions!! 

Also for each lens, measure the radii of curvature of each surface using a spherometer. You will 

probably also need to use the spherometer on a flat surface to determine the true zero point. Then, 

use the Lens Maker’s Equation compute the refractive indices for both the convex and concave 

lenses. Look up the refractive index of glass in the CRC manual and comment on your results. 

Finally, use the refractive index to determine the speed of light in each glass for each lens.   

 

Again, as you analyze data, keep in mind that your lenses aren’t at x = 0 on your optical bench, so, 

for example, do ≠ xobject.  

 

A complete error analysis is required. 
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Theory 

 

A convex or converging lens is one which is thicker in the middle that at the edges and a beam of 

incoming rays parallel to the axis converge after passing through the lens.  A concave or diverging 

lens is thinner in the middle and parallel rays diverge on passing through this type of lens. 

 

The relationship between the object distance do, the image distance di, and the focal length f is given 

by  

fdd io

111
=+ . 

 

The magnification is given by  

,
o

i

d

d

h

h
m −=

′
=  

 

where h and h′ are respectively, the object and image heights.  For a thin lens there exists a relation 

between its focal length and the refractive index in terms of radii of curvature of the surfaces, given 

by 

1
1

1 1
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n
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







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where r1 is the radius of curvature of the lens surface on which the light falls first and r2 is that of the 

second surface.  This equation is known as the Lens Maker’s Equation.  Recall that the index of 

refraction of a given medium is defined as the ratio of the speed of light in vacuum to that in the 

medium, i.e., 

 

n
c

v
= .
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Chapter 2: Permittivity of Free Space  
 
Overview: 
 

Every charged particle creates a distribution of electric field. At any point in space, the magnitude of 

the electric field depends not only on the charge and its position, but on the permittivity of the space 

around the charge and your chosen point. This is true for electric fields in vacuum (“free space”) as 

well as for those in various materials. We will use the concept of capacitance to attempt to measure 

the permittivity of air. As a check, we will combine our resulting permittivity with the known 

magnetic permeability to determine the speed of light.  

 

Suggested Reading Assignment: 
 

Chapters titled “Capacitance” and “Electromagnetic Waves” in your Physics I textbook. 

 e.g., Chapters 26 and 34 of Halliday, Resnick, and Walker, 6
th
 edition. 

 

Pre-lab Questions: 
 

1. What is the relationship between the speed of light, the permittivity, and the magnetic 

permeability? What are the accepted values of these constants in vacuum? What is the 

uncertainty of each of these three values? 

2. How much do these three constants differ for air as compared to vacuum? 

3. What is the force between the capacitor plates of a parallel plate capacitor? (requires an integral 

and Coulomb’s Law). Express this force as a function of є0, A, the area of the plates, V, the 

voltage between the two plates, and r, the distance between the plates. 

4. In the figure below, an upper plate, having weight m0g, is made to hang from a spring having 

constant k. Use free-body analysis to obtain an equation for V as a function of r. Your final 

answer may include r0, but neither rs nor m0. Plot this function. Where is the maximum of this 

function located? 

    

Table 

“Ceiling” 

No Voltage No Voltage 

Voltage > 0 r0 

rs 

r 

k 

m0 
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Objectives 

 

Our objective in this experiment is to determine an experimental value for the permittivity of free 

space (despite the fact that it is a defined quantity with no uncertainty, like π).  

 

Equipment List 
 

� Electrostatic balance 

� Milligram weights 

� High voltage power supply (0 to 400-700V) 

� Timers 

 
Procedure and Analysis 

 

The experimental set up is a basic circuit connecting the power supply and voltmeter to the 

electrostatic balance.  Put a small weight (about 0.5 grams) on the upper plate.  Place the spring 

support so that the upper plate is about 0.5cm above the lower plate.  Put the lower plate directly 

underneath the upper plate aligning them as best as you can.  Position the weights to make the plates 

as parallel as possible.  This is very tricky. Also, make sure that the plates are aligned so that their 

areas overlap completely. This can be done by rotating the lower plate.  

 

Turn the power supply on and slowly increase the voltage.  Do not shift or adjust or add weights with 

the voltage on!  The plates should come together in the upper 25% of the voltage range of the power 

supply.  For the remainder of the experiment ignore the weights you just added. This weight will be 

considered to be part of m0. The above steps were done to ensure that the plate separation is small 

enough to bring the plates together when the voltage in the correct range.   

 

Now begin taking data.  First, with no additional weights, start the voltage at zero and estimate the 

distance R (you’ll confirm it later using Eq. [1]). Then, slowly increase the voltage until the plates 

come together.  Record Vmax for this case (zero added weight; i.e, for m′ = 0).  Remember that this is 

the lowest voltage that makes the plates come together.  This is a fairly delicate measurement.  Next, 

turn down the power supply, and then turn it off.  

 

Then add some weight (in increments of around 20mg to 50 mg), and repeat the above measurement, 

up to about ten data points. From a plot of this data we can determine the permittivity, assuming that 

the spring constant is known.   

 

To determine the spring constant we will perform a separate experiment starting with about 10g (and 

with increments of 5g) for m′ and measuring the time period of oscillations using the timers.  With 

about eight data points, the spring constant can be determined from a plot of this data (see Eq. [2]).   

 

You will need to measure the area of the lower plate.  All quantities should include uncertainties. 

 

Some things to consider: 

 

1. How accurate is the voltage measurement? 

2. If the capacitor plates are not exactly parallel how does it affect the experiment? 

3. The speed of light in vacuum is related to permittivity and permeability of free space, i.e., 

vacuum.  What effect does the presence of air have on your results? 



Experiment #3: Polarization of Light  12 

   

2009.1 

 

Theory 
 

The main component of the apparatus is an electrostatic balance which comprises of a conducting 

plate hanging by a spring over another identical plate, the two plates forming a parallel plate 

capacitor.  The electrostatic force on the upper plate is approximately given by 
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At equilibrium, the force between the capacitor plates is equal to the restoring force in the spring, 

i.e., 
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The maximum value for the potential, Vmax occurs at r = 2r0/3.  As V is increased from zero to Vmax, r 

goes from r0 to 2r0/3.  If the voltage is increased beyond Vmax, there is no value of r for which the 

restoring force of the spring can balance the electrostatic force.  The plates will then come together.  

In the experiment they may come together slightly sooner because of the always-present vibrations of 

the upper plate.   

 

After some algebra, we obtain the equation relating r0 and Vmax, 
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In the experiment, the voltage Vmax will be measured for many values of r0.  The distance r0 is 

changed by adding small weights to the upper plate.  From the force balance we have 

 

m′g = k(R – r0), 

spring 

upper 

plate 

fixed 

plate 

insulated 

stand 

with voltage Vmax 

across the plates 

r 

with voltage off 

 

r0 
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where R = r0 for no additional mass. Here, m′ is only the small mass added to the plate, and does not 

include the mass of the plate itself. Substituting the expression for r0 above, we obtain 
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The maximum voltage is measured for different masses.  The permittivity of free space can be 

determined from a plot of this data, if the spring constant k is known. 

 

The spring constant can be determined independently by measuring the time period of vertical 

oscillation of the upper plate with different masses.  The period is given by 

 

k

m
T 02π= , 

 

where m0 is the mass of the upper plate plus one-third of the mass of the spring.  We will, in fact, 

eliminate it by doing the following.  When extra mass is added to the upper plate the equation for the 

time period becomes 
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+ ′
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2 0π 
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, 

 

where m′ is the amount of added mass.  The above equations can be algebraically manipulated to 

become 
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A plot of the square of the measured values of time periods for different values of m′ will yield a 

straight line, whose slope is related to the spring constant. 
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Chapter 3: Polarization of Light 
 

Overview 

 

In this experiment we will study Malus’ Law: the dependence of the intensity of light when passed 

through a set of polarizers on the relative orientation of the polarizers.   

 
Suggested Reading Assignment 
 

The section on “Polarization” in your introductory physics text. 

E.g., Section 33-7 of Halliday, Resnick, and Walker, 6
th
 edition. 

 

Pre-lab Questions 
 

1. What is polarization? 

2. Is sunlight polarized? What about sunlight that reaches the surface of the earth? 

3. What is “Malus’ Law” (Halliday, Resnick and Walker call this the “cosine-squared rule”)?  

Under what circumstances is this law obeyed? 

4. Consider unpolarized light of intensity I0 that passes through 3 polarizers, as shown below. 

Compute the intensities I1, I2, and I3 in terms of I0.  

5. Explain how a polarizer and an analyzer can be arranged so that no light exits the analyzer. 

 

 

 

35° 
65° 

I0 I1 I2 I3 
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Objectives 

 

Our goal is to verify Malus’ Law. In particular, we want to verify that polarizers affect light intensity 

following a cosine squared law.  

 

Equipment List 
 

� polarizer and analyzer 

� Incandescent Lamps 

� light meters 

 

Procedure and Analysis 
 
This simple experimental set-up involves an incandescent lamp followed by a pair of polarizers and 

the illumination meter.  One of the polarizers plays the role of the “polarizer” in the sense that it 

polarizes the incident light, and the other will be the “analyzer”.  Now change the angle between the 

polarizer and analyzer by rotating the polarizer only in steps of 10°. Start taking data at 5° and then 

proceed in one direction to 355°.   
 
We will analyze the data using two different methods. 

 

Method I:  Use the “Solver” tool in Excel to fit your data using this form: 

 

( )max min 0 min( ) cos( )
n

I I I Iθ θ θ= − ⋅ − +  

 

Note that you will need to use Solver to determine 4 parameters: Imax, Imin, θ0, and n. Also, 

determine ∆n.   

 

Method 2: With some manipulation, your data can also be used to determine the value of n using 

a straight line fit.  First, we rearrange the above equation as follows: 

 

θ
θ n

II

II
cos

)(

minmax

min =
−

−
. 

 

Then, we take the natural log of both sides of this equation: 

 

( ) [ ]min

max min

( )
ln ln cos ln cos( )nI I

n
I I

θ
θ θ

 −
= = 

− 
 

 

Note: if cos(θ) < 0, then you should replace it with cos(θ + π). 

 

What should you plot to determine n?  Is your value of the power close to the expected value?  Is 

it within experimental uncertainty?  What are some of the sources of error in this experiment?   
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Theory 
 

When light passes through a set of polarizers (the first being called the polarizer and the second the 

analyzer), its intensity is a function of the angle θ between the polarizing directions of the polarizer 

and the analyzer.  This relationship, discovered by Malus, is given by 

 

θθ 2

max cos)( II = , 

 

where maxI is the maximum value of the transmitted intensity.  According to this law light should be 

completely cut off at 
o90=θ .  However, in practice the intensity is not exactly equal to zero at 

o90=θ .  In order to account for this the above equation can be modified to read: 

 

( ) 2

max min min( ) cosI I I Iθ θ= − + , 

 

where, max0
I I=o , and min90

II =o .  Substituting all of this in the above, we have 

 

θ
θ

2

900

90 cos
)(

=
−

−

oo

o

II

II
. 

 

We will be using this version of Malus’ law in our analysis.
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Chapter 4: Ultrasonic Interference and Diffraction 

 
Overview: 

 
In this experiment we will study interference and diffraction of ultrasonic waves. Interference and 

diffraction occur when waves from two sources superimpose in a region of space. 

 

Suggested Reading Assignment: 
 

Chapters on “Interference” and “Diffraction” from an introductory physics book. Although these 

chapters focus primarily on light waves, the theory is the same for sound waves. 

 E.g., Chapters 36 and 37 of Halliday, Resnick, and Walker, 6
th
 edition. 

 

Pre-lab Questions: 
 

1. Under what conditions will two sources “interfere”? 

2. Define “coherence”. 

3. For two wave sources (see sketch below), find an equation for the intensity at any point x in 

the observation plane. Plot the intensity vs. x, and identify a few maxima and minima. Where 

is the 3
rd

 maxima? The 12
th
?  

4. For a single wave source of diameter a, find an equation for the intensity at any point x in the 

observation plane. Plot the intensity vs. x, and identify a few maxima and minima. Where is 

the 3
rd

 minima? The 5
th
? 

5. For two waves sources of diameter a, separated by a distance d, determine the intensity at 

any point x in the observation plane. Plot the intensity vs x. Suppose that a is somewhat 

smaller than d. How do changes in a or d affect the resulting intensity pattern?    
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Objectives 
 

When two sources of finite cross-sectional area are driven in phase, we expect to find a combination 

of interference and diffraction patterns.  Our objective in this experiment is to map out the pattern 

formed by ultrasonic waves from two speakers by measuring the intensity received by a detector 

some distance away.  From the interference pattern we will determine the distance between the 

sources, and from the diffraction pattern we will determine the diameter of the sources. 

  

Equipment List 
 

� Ultrasonic transducers 

� Function Generator 

� Oscilloscope 

� Optical bench 

� Clamps 

 

Procedure and Analysis 
 

Week 1 
 
(1)  Measure speed of sound, study how amplitude of signal falls off with distance.   

Place two transducers facing each other on the optical bench, close to one edge.  

Be sure to put the two transducers at the same height on the bench.  Plug the 

source into channel one and the receiver into channel two on the scope.  Set the 

function generator to produce its maximum amplitude sine wave.  Carefully 

adjust the frequency of the function generator to maximize the amplitude of the 

receiver signal.  Use the scope to record the frequency of the signal.  Slide the 

receiver along the optical bench and count the number of wavelengths on the scope that pass by.  

Stop every 5 wavelengths or so and record the position of the receiver on the optical bench, and 

also record the peak to peak voltage of the received signal.  To get the most accurate 

measurement allow the receiver to move completely to the other side of the optical bench.   Use 

your results to find the speed of sound (with uncertainty).  Plot the peak to peak voltage versus 

receiver position.  Does the peak to peak voltage fall off like 1/r or like 1/r
2
?  Justify your claim.  

Now plot the intensity (in arbitrary units, but proportional to mV
2
) of the signal as a function of 

receiver position.  Does the intensity of the signal fall off like 1/r or like 1/r
2
?  Use Solver to 

justify your answer. 

 

(2) Single source diffraction:   

Set the source transducer on one side of the table.  Put the source up high 

enough so that it is roughly halfway between the table and the ceiling.  

Place the receiving transducer on the optical bench.  Use a long enough 

rod so that the receiver is at the same height as the source.  Placing the 

transducers up high will minimize unwanted reflections of the sound source off of the table.  Set 

it up so that the center of the optical bench is directly across from the source.   Take special care 

to ensure that the source transducer is facing directly across the table.  Make sure it doesn’t angle 

up or down, or left or right.  Again tune the source frequency to maximize the amplitude of the 

receiver signal.  Move the receiver in two centimeter increments along the entire length of the 

optical bench.  Record the peak to peak voltage of the receiver signal for each position.  Plot the 

intensity of the signal (in arbitrary units) versus position.  Fit your data with an appropriate 
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function.  Include both diffraction effects and 1/r
2
 effects.  Hold the frequency, the wave speed, 

and the distance from source to optical bench constant, and allow the aperture size, receiver 

position offset, maximum intensity and intensity offset to vary to optimize the fit.  Perform an 

uncertainty analysis on the aperture size.  How does the aperture size from the fit compare with 

the actual size of the transducer? 

 
Week 2 

 
(3)  Interference/Diffraction: Use the same setup as last week, 

but now use two sources and one receiver.  Make sure you drive the 

two sources in phase (not out of phase).  Set it up so that the line 

joining the two sources is parallel to the optical bench axis.  Set up 

the optical bench so that its center is directly across the table from the midpoint between the two 

sources.  Separate the two sources approximately by a distance (in meters) equal to 2500 divided 

by the frequency of the signal in kHz.  For example, if you have a 25 kHz transducer, use a 

separation of about 10 cm.  Place the receiver at the center of the optical bench, at a position 

directly across from the midpoint between the two sources.  Note how a small displacement 

forward or backward of one of the sources affects the amplitude of the receiver signal.  Make 

sure that the optical bench is parallel to the line between the two sources.  Take special care to 

ensure that the two source transducers are both facing directly across the table, rather than 

upwards, downwards, left, or right.  Carefully measure the distance between the centers of the 

two sources; be careful not to bump the sources.  Slide the receiver back and forth and note how 

the amplitude of the receiver changes.  Make sure things seem to be working properly.  Now you 

are ready to take data.  Start at one end of the optical bench and move the receiver in 5 mm 

increments all the way to the other side.  Record the amplitude of the receiver for each position.  

 

Analysis:  Plot the intensity of the sound wave as a function of receiver position.  The pattern should 

be a combination of interference, diffraction, and the 1/r
2
 effect. There is a good chance that there 

will be a systematic error in your x values, due to your inability to center the detector with respect to 

the two sources. Also, you will notice that there is a background intensity due to other noise in the 

room.  

 

Use the speed of sound you determined last week and the frequency from the function generator to 

find the wavelength.  Hold the frequency, wave speed, and distance from the center of the source to 

the optical bench constant, and allow the distance between the sources, the size of the sources, the 

optical bench position offset, the maximum intensity, and the intensity offset to vary to optimize the 

fit.  Perform an error analysis on the distance between the sources (d) and the size of the sources (a).  

How do the distance between the sources and the size of the sources compare to the directly 

measured values? 

 

When using Solver, it is in your interests to choose units that maximize the Σ(error
2
) to minimize 

rounding errors. Therefore, make sure that your intensities are proportional to (mV)
2
 rather 

than (V)
2
.  
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Theory 
  

Interference:  First let us consider the case of two coherent point sources separated by a distance d.  

Waves from the sources are made to interfere along a line a distance L from the sources.  Assuming 

that x << L, the intensity as a function of the distance x is given by 

 

2

04 cos sin
d

I I
π

θ
λ

 
=  

 
, 

 

where I0 is the intensity from just one of the sources by itself at the same distance, as shown in figure 

below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The intensity maxima occur at those angles θ that satisfy the condition 

 

sin ,       where  0,1,2,3,...
d

m mθ
λ

= =  
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Diffraction: Long rectangular slit:  A diffraction pattern is produced when waves from different 

parts of the same source superimpose at a distance.  Any source of finite width a will produce a 

diffraction pattern.  The intensity at a distance L  for diffraction from a single source is given by 

 
2

 
sin sin

 

 
sin

 

m

a

I I
a

π
θ

λ
π

θ
λ

  
  
  =

 
  

, 

 

as shown in the figure below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this case the intensity minima occur at θ values that satisfy the equation 

 

sin ,  where   1, 2, 3, ...
a

m mθ
λ

= =   

 

In most circumstances both these patterns will be found since in practice it is impossible to have a 

point source, i.e., a source that has zero diameter.  The two patterns will, of course, be superimposed. 
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There will be a diffraction envelope and interference fringes within this envelope.  Since it is simply 

the product of the two intensities, the intensity formula becomes: 

 
2

2
 

sin sin
  

cos sin
  

sin
 

m

a

d
I I

a

π
θ

π λ
θ

πλ θ
λ

  
       =   

    
  

. 

 

The number of intensity maxima that fit into the central diffraction maximum is determined by the 

values of L, λ, a, and d.  If λ is known, the size of the sources can be determined from the positions 

of the maxima and minima.  

 

Also, there will typically be some background noise that must be accounted for. 

 

Finally, intensity is also reduced with distance r
2
. Since 

2 2 2

0( )r L x x= + − , your intensity will 

probably be in the form: 
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2
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Chapter 5: The Speed of Light 
 

Overview: 

 
In this experiment we will use a laser pointer and a cheap photodiode to perform a direct 

measurement of the speed of light, one of the most important physical constants in the universe! 

  

Suggested Reading Assignment: 
 

History of the Speed of Light, see website 

http://galileoandeinstein.physics.virginia.edu/lectures/spedlite.html 

 

 

Pre-lab Questions: 

 
1. What is the exact speed of light?  What is the modern uncertainty in this value? 

 

2. What is the speed of light, expressed in miles per second? 

 

3. How long does it take light to travel a distance of one foot? 
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Objective: 
 

The objective of this lab is to perform a fairly sophisticated direct measurement of the speed 

of light using a few ordinary items, including a laser pointer, an inexpensive photodiode, a 

function generator, a digital scope and some various cables and clamps. 

 

Theory: 
 

As Albert Einstein showed 100 years ago, the speed of light is the ultimate speed limit in the 

universe – nothing can go faster than light!  The speed of light is therefore one of the most 

important of the fundamental physical constants, and scientists have over the years developed 

increasingly sophisticated techniques to measure it.  Modern measurements of the speed of 

light have attained such high precision, in fact, that the definition of the meter is now based 

on the speed of light, rather than vice versa.  The official definition of the meter (as of 1983) 

is the distance traveled by light in 1/299,792,458 of a second (in vacuum).  With this 

definition, it means that the speed of light is now defined to be exactly 299,792,458 m/s, with 

no uncertainty.  Technically, therefore, it is “impossible” to measure the speed of light 

because it is a defined quantity.
1
  What this means is that we can in principle use a beam of 

light to calibrate our meter sticks.  We will ignore this subtlety for the purposes of this 

experiment and claim to “measure” the speed of light.  (Don’t you agree that calling this lab 

“The Speed of Light” is more interesting than calling it “A Calibration of a Meter Stick”?) 

 

Equipment 
 

Laser Pointer 

Photodiode 

Function Generator 

Digital Oscilloscope 

400-ohm resistor 

200 pF capacitor 

5 cm convex lens 

Breadboard for making electrical connections 

Assorted cables and clamps 

 

Experiment 
 

We will direct a laser beam through some distance and then into a photodiode. The 

photodiode generates a small voltage in response to the amount of light that hits it. As you 

will see, the photodiode will continue to “see” the beam for a small amount of time after the 

laser has been shut off. Measuring this amount of time exactly is tricky, because neither the 

laser nor the photodiode respond instantaneously. So, no single measurement will be able to 

                                                
1
 It would be like bringing in your scale from home to try to measure the mass of the platinum-iridium 

“standard kilogram” cylinder that is kept at the Bureau of Weights and Measures in Sevres, France… you 

can’t measure its mass because it is by definition equal to one kilogram.  Instead you could place the 

standard kilogram on your scale from home in order to calibrate your scale precisely. 
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tell us the speed of light. Nonetheless, a series of such measurements can still reveal the 

speed of light, assuming that the delayed response time of each device remains constant. As 

you will see, the photodiode takes some time to completely turn off. Since we need some 

criteria to determine whether it is on or off, we will specify that we think the photodetector is 

off when its voltage drops to exactly half of its maximum value. 
 

Before hooking up your circuit, first set up the function generator to produce a square wave 

pulse of frequency ~1 Hz, Vpp 1.8 V, and Offset +900 mV.  Make sure this is set properly 
before hooking it up to the laser pointer, or else you may damage the laser pointer.  

Connect the black lead to the spring and the red lead to the metal clip.  You should see the 

laser pointer turn on and off with a frequency of 1 Hz.  Now turn the frequency up to about 

300 Hz, leaving the other settings the same.  Now the beam turns on and off so quickly, it 

appears as a continuous beam to your eyes.  

 

 

 

 

 

 

  

 

 

Send the “sync” pulse from the function generator to channel 1 on the scope.  We will use 

this as the trigger for the scope.  Make sure you set the scope trigger to trigger on channel 1 

(the sync pulse) and set the trigger to detect the “falling” edge.  Set the trigger level so that 

the sync pulse appears stable on the scope.  Warning: Once you set the trigger, do not 
press “autoset” at all for the duration of the experiment – this will reset the trigger and 
screw up the scope timing! 
 
Now set up your photodiode circuit as shown in 

the figure.  Attach a +15 V DC power supply to 

the photodiode, with a 400 ohm resistor in 

series.  Have the scope record the voltage across 

the resistor (using channel 2).  The photodiode 

acts like an open circuit when the laser is off, 

and it acts as a closed circuit with the laser on.  

Place a ~200 pF capacitor across the 

oscilloscope channel two leads; this will help to 

reduce noise on the signal.  Set the Ch2 

coupling to “AC”, and then using the “acquire” 

menu, choose “average” and either 16 or 64 

traces. This will help reduce the noise on the signal. 

+15V 

Scope 
(ch2) 

oscilloscope 

Ch1  Ch2 

Function generator 

Out   Sync 
Photodetector/
Breadboard/ 
9V supply 

laser 
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Shoot the laser pointer onto the mirror located 

at its closest position (the far side of the front 

table).  Have the reflected beam hit your 5 cm 

convex lens and focus the light onto your 

photodiode by moving the diode a little bit.  

Observe the signal from the photodiode on the oscilloscope.  You should see a square wave 

signal.  Carefully align the laser beam, mirror, lens, and photodiode so that the photodiode 

signal is at a maximum. Shift the vertical position of the display trace (CH2) so that it has a 

zero mV offset. 

 

Now what we want to do is find out the time the falling edge of the photodiode signal crosses 

its average value. We will need to do this with nanosecond precision, so we will need to 

zoom in on the trace to record the time delay as accurately as possible.  Slowly adjust the 

time scale to 5 ns and the vertical scale to 2.0 mV, shifting the ch2 trace horizontally so that 

it always remains visible on the scope. You may want to turn off ch1 during this process.  

 

Turn on the cursors, and use the “time” type of cursor. Make sure it is measuring channel 2! 

Position cursor 1 in the middle of the screen. Then, horizontally adjust the position of the 

trace for channel 2 so that it intersects the point where this time cursor crosses the horizontal 

center line (zero volts). The time displayed is the amount of time between when the laser was 

turned off, and when it appeared to turn off at the detector. Record this time, and repeat it 3 

or 4 times. If the signal is noisy, you might press the “run/stop” button to pause the display. 

 

Also, record the position of the mirror with respect to some fixed coordinate system. The 

origin of the coordinate system doesn’t matter. So, for x = 0, you can choose the far edge of 

the closest table, or the position of the closest mirror position, or any other fixed position.  

 

Now move the mirror to a farther position; use 7 total positions.  Refocus the laser onto the 

photodiode.  On the scope, you’ll have to zoom back out again for each measurement to tell 

whether your photodiode is in the ideal position (maximum signal). Repeat the above 

procedure to get the new delay time.  It should be more than the first reading (hint: before 

proceeding, think about whether or not your value makes sense!).   

 

Analysis: 
 

Congratulations; you’ve just performed a very delicate and fairly sophisticated measurement 

of one of the most important physical constants in the universe using ordinary equipment you 

can find lying around just about any physics lab.  You’ve earned an easy analysis procedure.  

In fact, the analysis of your experiment couldn’t be simpler – I’ll let you figure it out.  How 

does your measured speed of light (with uncertainty) compare with the defined value? 
 

Photodetector 

laser 

mirror 
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Chapter 6: The Bohr Atom 
 

Overview 

 

We will be using a grating spectrometer to study the emission spectrum of Hydrogen and compare it 

to that predicted by the Bohr model. 

 

Suggested Reading Assignment 
 
The section on the Bohr model of the hydrogen atom in your modern physics text. 

E.g., Section 4-3 of Tipler and Llewellyn, 4
th
 edition. 

 

Pre-lab Questions 
 

1. What is the formula for the energy levels of the Hydrogen atom as proposed by Bohr? What is 

the origin of the quantum number n in the equation for the energy? 

2. Explain the process of absorption and emission of radiation. What is the relationship between the 

wavelength, the initial quantum number, and the final quantum number of the electron?  Look up 

the value of the Rydberg constant. 

3. All of the possible electron transitions that end at the same quantum number are called a “series”. 

What are their names of the first four series for hydrogen, and their corresponding quantum 

numbers? Also look up in which part of the electromagnetic spectrum these lie (i.e., infrared, 

visible, etc.) 

4. What do Hα, Hβ, Hγ, and Hδ refer to?  Compute the wavelength for each, using the “accepted 

value” of the Rydberg constant. 
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Objectives 
 

We will be using the grating spectrometer to study the emission spectrum of hydrogen and to 

determine the Rydberg constant predicted by the Bohr model. 

 

Experiment 
 

Equipment List 
 

� one Hydrogen spectrum lamp 

� one He-Ne laser 

� Grating spectrometer 

� Lamps, rulers, etc. 

 

Procedure and Analysis 
 

The wavelengths of spectral lines can be measured using a grating spectrometer. Be sure to carefully 

examine the online description of this device on the course homepage before coming to lab. Light 

from a source (usually consisting of multiple wavelengths) passes through a collimator and then 

through a diffraction grating. The grating is like a double slit, but with a lot more slits. The grating 

separates the different wavelengths into different paths (although some light from every wavelength 

passes straight through, too). Furthermore, each wavelength is also split into multiple paths, called 

“orders”. The diagram below shows some of the possible paths for a single wavelength. The 

moveable telescope is viewing the (m = −1) order for this wavelength. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Our first goal is to determine the line spacing of the diffraction grating. Handle the grating with care 

(i.e., touch only the edges, and never lay it flat on the table!) Shine the beam of a Helium-Neon laser 

through the grating and onto a sheet of paper. Measure the spacing of the resulting diffraction 

pattern, and the distance from the grating to the paper. The wavelength of the He-Ne laser is 632.8 

nm. Recall that for diffraction, dsinθ = mλ. Plot the quantity (mλ) vs sinθ  to determine d. 

 

Now, use the spectrometer. Place the hydrogen lamp a few mm in front of the slit on the collimator. 

At first, keep this slit wide to produce a very bright set of lines that are easy to locate.  Then, before 

making any measurements, slowly close the slits to form a very sharp but narrow image of the slit.  

Note that the telescope has two focus adjustments: one, to focus the cross hairs and the other to focus 

the line spectrum image. Adjust the telescope until the cross-hairs are in good focus. 

m= 0 

m = −2 

m = −3 

m = 3 

m = 2 

m = 1 

grating 
source 

collimator telescope 
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Establish the position of the 0
th
 order (straight through) by looking at the first order on both sides 

(m=±1), and finding the midpoint. Then adjust the angle indicator of the spectrometer so that this 

position is 0°. Please note that when m is negative, so is θ.  

 

Move the telescope to the positions higher order images on each side and record the angular position 

of each order for each wavelength. The angular measurements are made using a Vernier caliper. Be 

sure that you are reading the angles correctly! From these angles, compute the wavelengths of the 

spectral lines.   

 

For each spectral line observed, determine the Rydberg constant.  (Use the information on page 32 to 

help determine the quantum numbers.)  Use the standard deviation as the uncertainty.  Is your value 

within experimental uncertainty? 

 

Because of its simplicity, hydrogen is the simplest gas to analyze. As a final task, your instructor will 

give you a sample of a more difficult gas. Use the spectrum for this gas to identify it.  

 

Spectrometer 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Explanation of Controls 

 

Knob A: Adjusts reticle (crosshairs); do this first. 

Adjust B: Slides in/out to focus the slit. 

Knob C: Locks the telescope to the base. 

Knob D: Locks the black inner table to the base. 

Knob E: Locks the silver outer ring (with angle markings) to the telescope. 

    This knob is not visible in this picture, but is similar to knob C. 

Knob F: Locks the upper table (grating mount). 

Knob G: Adjusts the slit width. 

Knob H: Rotates the slit. 

A 

B 

C 

D 
E 

F 

G 

H 
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General Procedure 

a. Turn the inner (black) table so that the fine scale reading is somewhere on the side. 

b. Place the grating on the upper table, and lock it to the inner table.  

c. Lock the inner table to the base. 

d. Aim the telescope at the center of the slit (0
th
 order… all colors). 

e. Turn the outer ring so that it indicates 0.00° as read by the inner table. 

f. Lock the telescope to the outer ring. Neither should be locked to the base.  

 

The Vernier Scale 
 
The scale for reading angles on the spectrometer is called a “Vernier” scale. Notice that the coarse 

measurement is to the nearest half a degree. Once you know the result to the next lowest half degree, 

use the inner scale to determine the number of minutes to add to your prior value. Minutes are not 

decimals. The number to add is the line that goes straight across.  

 
In this example, the angle is 21°30’ + 23’ = 21°53’ = 21

53
/60° = 21.883°. 
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Theory 
  

The Bohr model of hydrogen (-like) atoms is based on Newtonian ideas concerning motion of a 

particle in a central force field, much like the motion of the planets around the sun.  However, Bohr 

also introduced a new non-Newtonian concept: quantization of angular momentum, i.e., the angular 

momentum of the electron moving in a circular orbit around the nucleus comes in units of the 

fundamental constant in quantum mechanics, h .   

 

For the hydrogen atom the allowed energies are given by 

 

E
eV

n
n = −

136
2

.
, 

 

where n = 1 2 3, , , ...   

 

When the energy of the electron goes from one value to another we refer to this transition as a 

“quantum jump.”  When the electron makes a jump from a higher energy state (or level) to a lower 

one the difference in energy is emitted as light.  The energy of the radiation is related to its 

wavelength via E hc= / λ .  Thus by measuring the wavelength of the emitted radiation we can 

determine the difference between the energy levels.  The allowed energies and transitions for the 

hydrogen atom are shown below. 

 

The wavelengths of the hydrogen spectrum are given by 
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The series that lies in the visible region is known as the Balmer series, for which n2 = 2 and n1 = 3, 4, 

5, … and so on. The table below shows the Balmer wavelengths for different values of n . 

 

 

 

 

 

 

 

Line n λλλλcomputed (Å) 

Hα 3 6562.80 

Hβ 4 4861.33 

Hγ 5 4340.48 

Hδ 6 4104.75 

Hε 7 3970.08 

Hξ 8 3889.06 
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Chapter 7: The Michelson Interferometer 
 

Overview 

 

Since the index of refraction of air is so close to 1.0, it is very difficult to measure. We will use the 

interference patterns created by a Michelson interferometer to help us determine nair to five 

significant digits. 

 

Suggested Reading Assignment 
 

The section on the Michelson Interferometer in your calculus-based physics book. 

The section on the Michelson-Morley experiment in your modern physics textbook. 

E.g., Section 36-8 of Halliday, Resnick, and Walker, 6
th
 edition, and Section 1-1 of Tipler and 

Llewellyn, 4
th
 edition. 

 

Pre-lab Questions 
 

1. Describe in your own words how the Michelson interferometer works. Draw a careful diagram. 

2. The interference pattern can be made to shift if a material of thickness d is inserted in one of the 

arms of the interferometer. Derive an expression for the fringe shift (Nmaterial – Nair) in terms of the 

thickness d, the refractive index of the material n, and the wavelength of light λ. Be prepared to 

solve problems based on these ideas for your pre-lab quiz.   

3. Describe the Michelson-Morley experiment.  This is the most famous negative experiment in 

physics. What was the objective of the physicists? What were the results? How did this change 

our view of the physical world? 
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Objectives 
 

Our objective in this experiment is to measure the refractive index of air using the Michelson 

Interferometer.   

 

Experiment 
 

Equipment List 
 

� Michelson interferometer and accessories 

� Laser 

� Laser Alignment bench 

 

Procedure and Analysis 

 

• Align the laser and interferometer base such that the beam is approximately parallel with the top 

of the base.  It should strike the center of mirror 1, and should be reflected directly back into the 

laser aperture. 

 

• Mount mirror 2 on the interferometer base.  Position one component holder in front of the laser.  

Place the other component holder opposite the adjustable mirror and attach the viewing screen to 

its magnetic backing. 

 

• Position the beam-splitter at a 45° angle to the laser beam, within the crop marks, so that the 

beam is reflected to the fixed mirror.  Adjust the angle of the beam-splitter as needed so that the 

reflected beam hits the fixed mirror near its center. 

 

• There should now be two sets of bright dots on the viewing screen; one set comes from the fixed 

mirror and the other comes from the movable mirror.  Each set of dots should include a bright dot 

with two or more dots of lesser brightness (due to multiple reflections.)  Adjust the angle of the 

beam-splitter again until the two sets of dots are as close together as possible and then tighten the 

thumbscrew to secure the beam-splitter. 

 

• Using the thumbscrews on the back of mirror 2, adjust the mirror’s tilt until the two sets of dots 

on the viewing screen coincide. 

 

• Attach the 18mm lens to the magnetic backing of the component holder in front of the laser, as 

shown, and adjust its position until the diverging beam is centered on the beam-splitter.  You 

should now see circular fringes on the viewing screen.  If not, carefully adjust the tilt of the 

adjustable mirror until the fringes appear.   

 

• Once the circular fringe pattern appears, verify the wavelength of the laser (which we expect to 

be 632.8 nm). Notice the pattern of the fringes, and then slowly adjust the micrometer on the side 

of the apparatus. This knob moves the back mirror forwards and backwards. As the mirror 

moves, the fringe pattern will cycle through the bright/dark bands until it once again appears the 

way it did at first. Move the mirror so that this pattern cycles ten times, and record the new 

mirror position. Repeat this until you have 20 measurements of microns vs. number of cycles). 

Plot this to compute the wavelength of the laser. 
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• Place the rotating pointer/vacuum cell mount between the movable mirror and the beam-splitter.  

Attach the vacuum cell to its magnetic backing and push the air hose of the vacuum pump over 

the air outlet hole of the cell.  Adjust the alignment of the fixed mirror as needed so that the 

center of the interference pattern is clearly visible on the viewing screen.  

 

• For accurate measurements, the end-plates of the vacuum cell must be perpendicular to the laser 

beam.  Rotate the cell and observe the fringes.  

 

• Be sure that the air in the vacuum cell is at atmospheric pressure.  This is accomplished by 

flipping the vacuum release toggle switch. 

 

• Record iP , the initial reading on the vacuum pump gauge. Slowly pump out the air in the vacuum 

cell. As you do this, count N, the number of fringe transitions that occur. When you are done, 

record N and also fP , the final pressure reading.   

 

NOTE:  Vacuum gauges (including ours) typically measure pressure with respect to atmospheric 

pressure. In this case, the absolute pressure is calculated as: 

 

gaugecatmospheriabsolute PPP −= . 

 

Plot N as a function of )( fi PP − and determine m (the constant of proportionality between pressure 

and index of refraction). Using this value of m, calculate the index of refraction for air at 1atm.  

Compare this with the value listed in the CRC manual for 1atm and room temperature.  All results 

must include uncertainties. 
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Theory  
 

Most of this discussion is taken from the manual that came with the PASCO Scientific Michelson 

Interferometer. 

 

If two beams of light originate from the same source, there is generally some degree of correlation 

between the frequency and phase of the oscillations. At one point in space the light from the beams 

may be continually in phase. In this case, the superposition of the beams produces a maximum and a 

bright spot will be observed. At another point in space the light beams may be continually out of 

phase and a minimum, or a dark spot, will be seen.  The figure below shows the Michelson 

interferometer apparatus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A laser beam strikes a beam-splitter, which reflects 50% of the beam and transmits the other 50%. 

The phases of the two resulting beams are highly correlated because they originated from the same 

source. One beam is transmitted toward the movable mirror 2 while the other is transmitted toward 

the fixed mirror 1. Both mirrors reflect the light directly back toward the beam-splitter. Half the light 

from mirror 1 is reflected from the beam-splitter to the viewing screen, and half is transmitted back to 

the laser. Similarly, half the light from mirror 2 is transmitted through the beam-splitter to the 

viewing screen, and half is reflected towards the laser. We will examine only the light that reaches 

the screen. When a lens is placed between the laser source and the beam-splitter, the light rays spread 

out, and an interference pattern of dark and bright rings, or fringes, is seen on the viewing screen.   

 

The characteristics of the fringe pattern depend on the phase relationship between the two interfering 

beams.  There are two ways to change the phase relationships.  One way is to change the distance 

traveled by one or both beams (by moving the mirror 2, for example). Another way is to change the 

medium through which one or both of the beams pass. In this experiment you will use the second 

method to measure the index of refraction for air. 

laser 

lens 

screen 

mirror 2 

m
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The Michelson Interferometer 
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For light of a specific frequency, the wavelength λ varies according to the formula: 

n

0λ
λ = , 

 

where λ0 is the wavelength of the light in a vacuum, and n is the refractive index for the material in 

which light is propagating. In gasses at reasonably low pressures, the index of refraction varies 

linearly with the gas pressure. In the limit as P � 0, the gas should approach vacuum, and n should 

approach 1.0. In equation form, this is: 

 

)( fifi PPmnn −=− , 

where in  and fn  are the initial and final values for the index of refraction of air as the pressure is 

varied from iP  to fP . 

 

As the laser beam passes back and forth between the beam-splitter and the movable mirror, it passes 

through the vacuum cell twice. Outside this cell, the optical path lengths of the two interferometer 

beams do not change throughout the experiment. Inside the cell, however, the wavelength of the light 

gets longer as the pressure is reduced. 

 

Suppose that originally the cell length, d, was 10 wavelengths long (of course, it’s much longer.) As 

the pressure is reduced, the wavelength increases until, at some point, the cell is only 9½ 

wavelengths long. Since the beam passes twice through the cell before reaching the screen, the light 

now experiences one full oscillation less within the cell, as compared to before the pressure was 

reduced. This has the same effect on the interference pattern as when the movable mirror is moved 

toward the beam-splitter by ½ wavelength. A single fringe shift will have occurred, and the pattern 

will be appear the same as the starting pattern. 

 

With the original pressure, there are 
i

i

d
N

λ

2
=  wavelengths of light within the cell (counting both 

passes of the beam). At the reduced pressure, there are 
f

f

d
N

λ

2
=  wavelengths within the cell.  The 

difference between these values, ,fi NN −  is “N”, the number of fringes shifted as the cell was 

evacuated. Expressed in terms of the wavelength λ0, 

 

0

)(2

λ

fi nnd
N

−
= , 

 

where in  and fn  are the initial and final values for the index of refraction of the air inside the cell.   

Substituting this equation in the pressure refractive index equation, we find  

 

)(
2

0

fi PPm
d

N −=
λ

. 

So if we plot N vs. )( fi PP −  we will get a straight line from which we can determine m, given 

d and 0λ . From the manufacturer, d = 25.75  ± 0.20 mm.
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Chapter 8: Blackbody Radiation 
 
Overview 

 

The objective of this experiment is to verify the Stefan-Boltzmann law (that power per unit area 

radiated is proportional to temperature to the fourth power), and to determine the emissivity of 

tungsten.  

 
Suggested Reading Assignment 
 

The section on “Blackbody Radiation” in your modern physics text. 

E.g., Section 3-2 of Tipler and Llewellyn, 4
th
 edition. 

 

Pre-lab Questions 
 

1. Explain the term “black body radiation”. Does it apply to objects that appear black only? What is 

“black” about a “black body”? 

2. What was the “ultraviolet catastrophe”?  How does quantum theory resolve this problem? 

3. Look up Planck’s black body spectrum equation for the energy per unit volume, per unit 

frequency, in an electromagnetic field at equilibrium temperature T . 

4. Starting with Planck’s radiation Law, derive the Stefan-Boltzmann law. Symbolically, what is σ 

in terms of h, c, and k?  

5. What is Wien’s displacement law?  

6. Starting with Planck’s radiation Law, derive Wien’s displacement law for the wavelength at 

which the black body energy density is a maximum. You will need to numerically solve a 

transcendental equation (perhaps using Excel’s “solver”). Be sure that your numerical result is 

accurate to at least three significant figures. 

 



Experiment #8: Blackbody Radiation  39 

   

2009.1 

 

Experiment 

Equipment List 
 

� #47 Light Bulb 

� Ammeter 

� Digital Multimeter 

� Pyrometer 

� 20 Volt Power Supply 

Procedure 

 

Part 1: Look up the resistivity of tungsten as a function of temperature in the CRC handbook (see Dr. 

Pogo’s web page…). For convenience, we’ll do some preliminary algebraic manipulations. Think of 

it as a function of temperature versus resistivity. Define a relative resistivity 
K 300ρ

ρ
ρ =′ , where ρ is 

the resistivity at temperature T and ρ300 K is the resistivity at 300 K (room temperature).  Recall that 

L
R

A

ρ
= , where L  is the length of the object and A  is its cross sectional area. So, for any given 

wire, if A and L are constant, then 
K 300K 300 R

R
=

ρ

ρ
, so 

K 300R

R
R =′=′ρ . Make a plot of T versus 

R′  and fit these data with an appropriate function (a third order polynomial should be fine). What is 

the typical error in the predicted temperature using your fitted result? 

 

Part 2: Use the ohmmeter to record the resistance of the unlit light bulb at room temperature. Use the 

most sensitive setting on the ohmmeter. The resistance in the bulb will be small, and you’ll have to 

make sure your answer does not include the resistance of the wires themselves. Your final answer 

will be very sensitive to this measurement, be sure you perform it with care! 

 

Next, connect the apparatus as shown in the figure below.  Make sure that you use the proper 

polarity on the ammeter... failure to do so will cause permanent damage to these sensitive (and 

expensive) pieces of equipment! 

 

Record the voltage across the light bulb as 

a function of the current through the light 

bulb.  Take about 30 data points, from 0 

to 15 volts in increments of about 0.5 

volts or so.  Note that the tungsten 

filament may begin to vaporize at the high 

voltages; therefore it is important that you 

try to move as quickly as possible at the 

high voltages. 

Analysis 

 

Enter your voltage and current data into Excel. For each data point, determine the resistance of the 

light bulb (note that the resistance should increase as the filament gets hotter!). Then, from the 

 

A 
Light 

Bulb 
V 

− (black) 

+ (red) 

+ (red) − (black) 
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current and voltage across the bulb, make another column on excel in which you determine the 

electrical power dissipated by the light bulb (you should remember how to calculate this from Analyt 

II).  For each resistance value, determine the temperature of the light bulb using the relationship you 

found in part I. 

 

According to the Stefan-Boltzmann Law, 
4/P T  should be a constant for an ideal blackbody.  Make 

a plot of 
4/P T  versus temperature.  Is there a region where this ratio stays relatively constant? You 

may have to discard some data that doesn’t  

 

Plot P  vs.
4T for the data suggested by the previous plot.  According to the Stefan Boltzmann Law, 

this should look like a straight line... does it?  Fit these data with a straight line. 

 

Next, verify the Stefan-Boltzmann Law by determining how the power emitted by the blackbody 

depends on the temperature.  Suppose that the power depends on temperature as
n

aTP = .  Our job 

then is to find the value of n (theoretically, it should be 4.)  We take the natural log of both sides to 

obtain 

 

)ln()ln()ln( TnaP +=  

 

Evidently, plotting ln( )P  vs. ln( )T  will allow us to calculate the value of n. Fit an appropriate 

region of the data to determine n. How does your value agree with the accepted value (within 

uncertainty)? 

 

Finally, let’s determine the emissivity of tungsten, using the known Stefan-Boltzmann constant, σ.  

First determine the ratio 
A

L
 using the definition of resistivity: 

A

L
R K 300

K 300

ρ
= .   

 

You can combine these results to find the cross sectional area of the filament. This will allow you to 

estimate the radius of the filament, from which you can find the total surface area of the filament 

(make sure you distinguish between the cross sectional area in the resistivity formula and the total 

surface area in the Stefan-Boltzmann Law). Now that you know the surface area of the filament, you 

use the slope of the P vs.T
4
 graph to obtain the emissivity of tungsten. Does your result agree with 

the accepted result (0.43)?  

 

 
 
 
 
 

Cross sectional area 

surface area 
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Theory 

 

An ideal black body radiates energy according to the Planck Radiation Law, which states that the 

power emitted per unit surface area in the frequency range between (f) and (f + df) is 
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where u(f, T) is the spectral energy density, c is the speed of light, k is Boltzmann's constant, h is 

Planck's constant, and T is the temperature of the object.  The total power per unit area radiated at all 

frequencies can be found by integrating this result over all frequencies, 
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The above equation can be rewritten as 

 

4
T

A

P
σ=  

 

where the constant σ is given by 

 

428

23

44
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σ  

 

This result is known as the Stefan-Boltzmann Law, and σ is known as the Stefan-Boltzmann 

constant. 

 

For a “grey” body, the Stefan-Boltzmann Law instead becomes:  

 

 

      
4P

T
A

εσ= , 

 

where ε is the emissivity of the material.
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Chapter 9: Photoelectric Effect 

 

Overview 
  

Suggested Reading Assignment 
 

The section on “The Photoelectric Effect” in your modern physics text. 

E.g., Section 3-3 of Tipler and Llewellyn, 4
th
 edition.  

 

Pre-lab Questions 
 

1. Explain the photoelectric effect and Einstein’s theory of the photoelectric effect. 

2. Why does the existence of a cutoff frequency ν in the photoelectric effect favor a particle theory 

for light rather than a wave theory? 

3. What effect, if any, would you expect the temperature of a material to have on the ease with 

which electrons can be ejected from it in photoelectric effect? 

4. What frequency of light is needed to just barely liberate electrons from an aluminum surface?  

5. What wavelength of light is needed to liberate electrons from a nickel surface so that they have 

kinetic energy 2.0 eV? 


