
.

PHYS253

Modern Physics

Laboratory Manual



PHYS253 Modern Physics Labs Oxford College

.

This manual was compiled and edited by:

Phil Segrè, Ph.D
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.

Quantum Physics Historical Timeline.

(From http://en.wikipedia.org/wiki/History of quantum mechanics.)

1. INTRODUCTION

Figure 1: Niels Bohrs 1913 quantum
model of the atom, which incorporated
an explanation of Rydberg’s 1888 for-
mula, Max Plancks 1900 quantum hy-
pothesis that atomic energy radiators
have discrete energy values (ε = hν),
and Albert Einsteins 1905 light quanta
postulate.

The history of quantum mechanics began with a number of dif-
ferent scientific discoveries: the 1838 discovery of cathode rays by
Michael Faraday; the 1859-1860 winter statement of the black body
radiation problem by Gustav Kirchhoff; the 1877 suggestion by Lud-
wig Boltzmann that the energy states of a physical system could be
discrete; and finally the 1900 quantum hypothesis by Max Planck
that any energy radiating atomic system can theoretically be di-
vided into a number of discrete energy elements ε (epsilon) such
that each of these energy elements is proportional to the frequency ν
with which they each individually radiate energy, as defined by the
following formula:

ε = hν

where h is a numerical value called Planck’s constant. In 1905, to
explain the photoelectric effect, that shining light of particular wave-
lengths on certain materials causes electrons to be ejected from those
materials, Albert Einstein postulated, as based on Planck’s quantum
hypothesis, that light itself consists of individual quantum particles,
which later came to be called photons. The phrase quantum mechan-
ics was first used in Max Born’s 1924 paper Zur Quantenmechanik.
In the years to follow, this theoretical basis slowly began to be ap-
plied to chemical structure, reactivity, and bonding.

2. OVERVIEW

In 1900, German physicist Max Planck found that he needed to introduce the idea that energy itself
is quantized when he derived a formula for the observed frequency dependence of the energy emitted by
a black body. In 1905, Einstein also explained the photoelectric effect by postulating that light, or more
generally all electromagnetic radiation, can be divided into a finite number of ”energy quanta” that are
localized points in space. From the introduction section of his March 1905 quantum paper, On a heuristic
viewpoint concerning the emission and transformation of light, Einstein states:

According to the assumption to be contemplated here, when a light ray is spreading from a point,
the energy is not distributed continuously over ever-increasing spaces, but consists of a finite
number of energy quanta that are localized in points in space, move without dividing, and can be
absorbed or generated only as a whole.

This statement has been called the most revolutionary sentence written by a physicist of the twentieth
century. These energy quanta later came to be called ”photons”, a term introduced by Gilbert N. Lewis in
1926. The idea that each photon had to consist of energy in terms of quanta was a remarkable achievement;
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it effectively solved the problem of black body radiation attaining infinite energy, which occurred in theory if
light were to be explained only in terms of waves. In 1913, Bohr explained the spectral lines of the hydrogen
atom, again by using quantization, in his paper of July 1913, On the Constitution of Atoms and Molecules.

These theories, though successful, were strictly phenomenological: during this time, there was no rigorous
justification for quantization, aside, perhaps, from Henri Poincaré’s discussion of Planck’s theory in his 1912
paper, Sur la thorie des quanta.

In 1924, the French physicist Louis de Broglie put forward his theory of matter waves by stating that
particles can exhibit wave characteristics and vice versa. This theory was for a single particle and derived
from special relativity theory. Building on de Broglie’s approach, modern quantum mechanics was born in
1925, when the German physicists Werner Heisenberg and Max Born developed matrix mechanics and the
Austrian physicist Erwin Schrödinger invented wave mechanics and the non-relativistic Schrödinger equation
as an approximation to the generalized case of de Broglie’s theory. Schrödinger subsequently showed that
the two approaches were equivalent.

Heisenberg formulated his uncertainty principle in 1927, and the Copenhagen interpretation started
to take shape at about the same time. Starting around 1927, Paul Dirac began the process of unifying
quantum mechanics with special relativity by proposing the Dirac equation for the electron. The Dirac
equation achieves the relativistic description of the wavefunction of an electron that Schrödinger failed to
obtain. It predicts electron spin and led Dirac to predict the existence of the positron, or anti-electron.
He also pioneered the use of operator theory, including the influential bra-ket notation, as described in his
famous 1930 textbook. During the same period, Hungarian polymath John von Neumann formulated the
rigorous mathematical basis for quantum mechanics as the theory of linear operators on Hilbert spaces, as
described in his likewise famous 1932 textbook. These, like many other works from the founding period still
stand, and remain widely used.

The field of quantum chemistry was pioneered by physicists Walter Heitler and Fritz London, who pub-
lished a study of the covalent bond of the hydrogen molecule in 1927. Quantum chemistry was subsequently
developed by a large number of workers, including the American theoretical chemist Linus Pauling at Cal-
tech, and John C. Slater into various theories such as Molecular Orbital Theory or Valence Theory.

Beginning in 1927, attempts were made to apply quantum mechanics to fields rather than single particles,
resulting in what are known as quantum field theories. Early workers in this area included P.A.M. Dirac,
W. Pauli, V. Weisskopf, and P. Jordan. This area of research culminated in the formulation of quantum
electrodynamics by R.P. Feynman, F. Dyson, J. Schwinger, and S.I. Tomonaga during the 1940s. Quantum
electrodynamics is a quantum theory of electrons, positrons, and the electromagnetic field, and served as a
role model for subsequent quantum field theories. The theory of quantum chromodynamics was formulated
beginning in the early 1960s. The theory as we know it today was formulated by Politzer, Gross and Wilczek
in 1975. Building on pioneering work by Schwinger, Higgs and Goldstone, the physicists Glashow, Weinberg
and Salam independently showed how the weak nuclear force and quantum electrodynamics could be merged
into a single electroweak force, for which they received the 1979 Nobel Prize in Physics.
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Brief Quantum Physics History

1900 Max Planck To explain black body radiation, he suggested that electromagnetic
energy could only be emitted in quantized form, i.e. the energy could
only be a multiple of an elementary unit ε = hν, where h is Planck’s
constant and ν is the frequency of the radiation. Planck’s black body
radiation formula is examined in the Black-Body Radiation Lab.

1901 Ernest Rutherford Discovered nuclear transmutation when they found that radioactive
thorium was converting itself into radium through a process of nu-
clear decay.

1905 Albert Einstein Explained the photoelectric effect (1839), i.e. that shining light on
certain materials can function to eject electrons from the material,
he postulated, as based on Plancks quantum hypothesis (1900), that
light itself consists of individual quantum particles (photons).

1905 Albert Einstein First to explain the effects of Brownian motion as caused by the
kinetic energy (i.e., movement) of atoms, which was subsequently,
experimentally verified by Jean Baptiste Perrin, thereby settling
the century-long dispute about the validity of John Dalton’s atomic
theory.

1905 Albert Einstein Publishes his Special Theory of Relativity.

1905 Albert Einstein Determines the equivalence of matter and energy, E = mc2.

1907 Ernest Rutherford Rutherford fired positively-charged alpha particles at gold foil and
noticed that some bounced back thus showing that an atom has a
small-sized positively charged atomic nucleus at its center.

1907 H. J. Round The discovery of Electroluminescence, in which a electrical current
passing through a semiconductor produces photon, or light, emis-
sion. Forms the basis for Light Emitting Diodes, as studied in the
LED Lab.

1909 Albert Einstein Showed that, if Planck’s law of black-body radiation is accepted, the
energy quanta must also carry momentum p = h/λ, making them
full-fledged particles.

1912 Max von Laue X-ray crystallography developed. It is a method (analogous to the
Microwave Optics Lab) in which a beam of X-rays strikes a crys-
tal and diffracts into many specific directions. From the angles and
intensities of these diffracted beams, a crystallographer can produce
a three-dimensional picture of the arrangement of atoms within a
crystal.

1913 R.A. Millikan Millikan’s ”Oil Drop” Experiment, in which he precisely de-
termines the electric charge of the electron. Determination of the
fundamental unit of electric charge made it possible to calculate the
Avogadro constant and thereby to determine the atomic weight of
the atoms of each element.
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1913 Niels Bohr To explain the Rydberg formula (1888), which correctly mod-
eled the light emission spectra of atomic hydrogen, Bohr hy-
pothesized that negatively charged electrons revolve around a
positively charged nucleus at certain fixed quantum distances
and that each of these spherical orbits has a specific energy
associated with it such that electron movements between or-
bits requires quantum emissions or absorptions of energy. The
Rydberg formula is examined in the Atomic Spectra Lab.

1914 Franck, Hertz The Franck-Hertz Experiment confirmed Bohr’s quan-
tized model of the atom by demonstrating that atoms could
indeed only absorb (and be excited by) specific amounts of
energy (quanta).

1922 Arthur Compton Found that X-ray wavelengths increase due to scattering of
the radiant energy by ”free electrons”. The scattered quanta
have less energy than the quanta of the original ray. This dis-
covery, known as the ”Compton effect,” or ”Compton scatter-
ing” demonstrates the ”particle” concept of electromagnetic
radiation.

1925 Werner Heisenberg Developed the matrix mechanics formulation of Quantum
Mechanics.

1926 Erwin Schrdinger Used De Broglies electron wave postulate (1924) to develop
a wave equation that represents mathematically the distribu-
tion of a charge of an electron distributed through space, be-
ing spherically symmetric or prominent in certain directions,
i.e. directed valence bonds, which gave the correct values for
spectral lines of the hydrogen atom.

1942 Enrico Fermi Created the first artificial self-sustaining nuclear chain reac-
tion, called Chicago Pile-1, in a racquets court below the
bleachers of Stagg Field at the University of Chicago on De-
cember 2, 1942.
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Physics 253 - Introduction to Matlab.

1. Objectives:

The computational portion of the Modern Physics course is intended to be a brief introduction to
computer programming, specifically as related to problem solving in physics. The programming language
for this course is Matlab, which is a widely used language in many modern industrial, academic and research
settings. The material learned in this course will provide students with a background in fundamental
computational techniques and a degree of familiarity with programming that will facilitate problem solving
in future classes and/or careers.

2. Assignments:

There will be a total of 3 projects (one per week) that will combine elements of physics and mathematics
with those of computing. Projects will be due at the beginning of lab the following week. Students are
encouraged to work together, but each student must submit a personal copy of the assignment to be graded.

Submitted assignments must include printed copies of all plots/graphs obtained, as well as printed copies
of functions and script m-files used to generate results. Other portions of the assignment (such as discussions,
explanations, mathematical derivations, etc.) should be neat and organized, but do not need to be typed.

All scripts and programs will be graded on function and adherence to the guidelines of a given problem,
rather than the elegance of the code. Thus, while students should try to write code as efficiently as possible,
a beautiful code will be regarded in the same light as a beastly one. Discussions, derivations, etc. will be
graded on accuracy and the level of conceptual understanding demonstrated by the student.

3. Additional Resources:

Because the length of the computational portion of the Modern Physics course is limited to three three-
hour sessions, not every aspect of the Matlab programming language can be covered during class. Assign-
ments will require private study on behalf of the student, either utilizing the supplements handed out during
class, the wealth of online resources for Matlab, or communication with the teacher.
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Intro to Matlab 
-Gary Hunter 

 

Notes file (m-file) 
You all know that it is extremely important to save your work, especially while you’re 

doing it.  To that end, whenever you begin an assignment, you should keep a “notes” file, 

which is simply a list of the important commands or steps you’ve taken toward 

completion of the assignment thus far.  Keeping a notes file is ridiculously beneficial. 

 

To begin a notes file in Matlab, go to File >> New >> Blank m-file.  This will open up a 

Matlab version of a text document.  Saving all important steps here will allow you to save 

your progress, and, more importantly to quickly fix mistakes and copy/paste the correct 

commands into the command prompt.   

 

When writing your notes file, you may want to include messages or reminders of what a 

section of code does.  To do this, put a % in front of the message.  This is known as 

“commenting” your code, and is essential if you ever do more serious programming.  In 

your assignments, you’ll be required to print out a copy of your code.  So, you can 

include things like your name, the date, etc. within a comment.  But, even if you choose 

to hand-write your name and the date, YOU MUST COMMENT YOUR CODE!  You 

don’t have to write a treatise on what your code does, but you must give some general 

idea.  For example, your code may begin with… 

 

% Mickey Mouse 

% 01/02/2003 

% Assignment 1 – Plot the speed of sound in lead as a function of temperature. 

 

When you get to the point of writing detailed code, you’ll often want to use some of 

Matlab’s built-in functions (of which there are many).  To get help as to what a particular 

program does type 

>> help program_name 

or 

>> doc program_name 

 

The help function prints a short description of how to use the program to the command 

prompt, as well as what the program outputs.  The doc function is usually much more 

detailed, and can help navigate around certain hang-ups you may be having with the 

code.  When in doubt, ask Matlab for help. 

 

If you wonder whether code already exists within Matlab’s library, you can search under 

Help >> Function Browser at the top of the Matlab window.  You can give a description 

of the code you’re looking for, and if Matlab has it already, it’ll let you know. 

A final time saver is using the up key on the direction pad when working in the command 

prompt.  Hitting up allows you to cycle through some of the previous commands you’ve 

entered.  So, if you’ve made a small typo, you don’t have to retype everything.   
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The Matlab Environment 
First things first – what are you looking at?  Above in an image of a typical Matlab 

session.  On the left, is the folder list – this tells you which folder you are currently in and 

what files are in that folder.  In the above picture, there is one file called “Untitled.m” 

which is the only filetype we’ll be creating in this course.  All your matlab functions and 

scripts MUST have a “.m” as the extension in order for them to work correctly. 

 

At the top of the image is the workspace.  This allows you to see what sorts of variables 

you have defined, and what sorts of data structures they are.  For the purpose of this 

course, it isn’t terribly useful, but may be valuable if you pursue matlab further. 

 

The most important part of the above image is the command prompt – this is where you 

can copy/paste your code to execute it.  You may also type directly into this screen and 

perform whatever operations you like – but since you’ll be using notes files, copy/pasting 

is much easier. 

 

Initializing a variable 
>> x = 2 

x = 

 

     2 

 

You can suppress the output of a statement by putting a semicolon after the expression.  

For example, 

 
x = 2; 

 

returns nothing to the screen. 
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Adding Variables 
>> y = 4; 

>> z = x + y 

z = 

 

     6 

 

So, you can treat any variables you’ve already defined (in this case x) as you normally 

would.  Matlab will “remember” the values of previously defined variables. 

 

Multiplication and Division 
Most of the syntax in Matlab is straightforward and consistent with what you’ve already 

learned.  If you want to multiply 6 x 3, you use the “*” instead of the “x”. 
>> 6 * 3 

ans = 

 

    18 

 

You can also multiply variables. 
>> x * y 

ans = 

 

     8 

 

Or, you can divide a variable by a number (or another variable) 
>> x/5 

ans = 

 

    0.4000 

>> x/y 

ans = 

 

    0.5000 

 

As long as you don’t do anything too strange, like dividing by a variable you’ve set to 

zero, everything will be hunky dory.  Matlab also takes into account the correct order of 

operations.  For example, if you want to know what [(4+3 x 3)/7 –(3/4 x 3)] / 3! is, type 

 
>>((4 + 3*3)/7 – (3/4 * 3))/factorial(3) 

ans = 

 

   -0.0655 

 

When in doubt, always use parentheses to keep the operations separate in your mind.  Do 

not use []’s or {}’s – these mean something different in Matlab.  Also, notice that Matlab 

has common functions like factorial built-in.  If there is a simple function you’d like to 

use, but don’t want to write it yourself, google it or use the function browser under the 

help menu. 
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Initializing Arrays/Vectors 
To make a row vector [1 2 3 4], type 
>> a = [1,2,3,4] 

a = 

 

     1     2     3     4 

 

making sure you put commas between the distinct elements of a vector.  You can 

likewise define a column vector by using semicolons in place of commas. 
>> b = [4; 5; 6; 7;] 

b = 

 

     4 

     5 

     6 

     7 

 

Depending on what you’re trying to do, you can also take advantage of some of Matlab’s 

built-in features.  For example, if you want to create an array from 0-10 in increments of 

1, type 
>> c = 0:1:10 

c = 

  Columns 1 through 11 

 

     0     1     2     3     4     5     6     7    8     9    10 

 

Or, if you wanted to increment by 2 instead of 1, change the value between the colons. 
>> d = 0:2:10 

d = 

     0     2     4     6     8    10 

 

You can also increment by non-integer values and/or in a negative direction. 
>> e = -3: -.25 : -5 

e = 

  Columns 1 through 9 

   -3.0000   -3.2500   -3.5000   -3.7500   -4.0000   -4.2500   -4.5000   

-4.7500   -5.0000 

 

Another way to create an array is to use the built-in function linspace.  If you want to 

create an array of 10 values between 0-100, type 
>> f = linspace(0,100,10) 

f = 

  Columns 1 through 10 

         0   11.1111   22.2222   33.3333   44.4444   55.5556   66.6667   

77.7778   88.8889  100.0000 

 

Or, if you wanted integers,  
>> g = linspace(0,100,11); 
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In general, the format for using linspace is variable = linspace(beginning_value, 

ending_value, number of points).  So, depending on what type of array you need, you 

could use one of these methods, but always be careful that your code gives you the array 

that you’re looking for. 

 

Manipulating Arrays/Vectors – Addition & Subtraction 
Because we haven’t deleted or reassigned the vectors a & b from the previous section, 

they are still stored in memory.   
>> a 

a = 

 

     1     2     3     4 

 

>> b 

b = 

 

     4 

     5 

     6 

     7 

 

Now, try to add the vectors a & b. 
>> a + b  

??? Error using ==> plus 

Matrix dimensions must agree. 

 

It should make sense that you can’t add these two vectors together because they have 

different dimensions.  Vector a is 1 x 4, and vector b is 4 x 1.  If you don’t believe me, 

type 

 
>> whos a 

  Name      Size            Bytes  Class     Attributes 

 

  a         1x4                32  double 

 

>> whos b 

  Name      Size            Bytes  Class     Attributes 

 

  b         4x1                32  double 

 

The function whos returns information about a stored variable.  So, if you’re ever 

wondering if you’ve defined a variable, or what type of variable you’re dealing with, use 

the whos command.  In this case, we see that the dimensions of the matrices are 

incompatible.  So, define a new variable 
>> c = transpose(b) 

c = 

 

     4     5     6     7 

 

Now, add vectors a & c. 
>> a + c 
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ans = 

 

     5     7     9    11 

 

You could also subtract the two vectors, if you wanted. 
>> a – c 

ans = 

 

    -3    -3    -3    -3 

 

Multiplication 

Suppose you wanted to multiply vector a by vector c.  You should already suspect that 

something is afoul with this because you know you can’t multiply a 1 x 4 matrix by a      

1 x 4 matrix   
>> a*c 

??? Error using ==> mtimes 

Inner matrix dimensions must agree. 

 

But, you could transpose c and then multiply. 
>> a*transpose(c) 

ans = 

 

    60 

 

In this case, a has dimensions 1 x 4, and transpose(c) has dimensions 4 x 1.  Remember 

that when multiplying an n x m matrix by an m x k matrix, the result is a new matrix with 

dimensions n x k.   

You could also try 
>> transpose(c) * a 

ans = 

 

     4     8    12    16 

     5    10    15    20 

     6    12    18    24 

     7    14    21    28 

 

Congratulations!  You’ve made a matrix. 

 

If you want to multiply every element in an array/vector by a constant value, 3 for 

example, then you don’t need to do anything special.   

 
>> 3* a 

ans = 

 

     3     6     9    12 

 

You can even multiply a variable (that has a constant value) by an array. 
>> x*a 

ans = 

 

     2     4     6     8 
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However, it’s common that you want to something more exotic like multiply every 

element in an array by the corresponding elements in another array.  For example, if you 

wanted to square every element in vector a, 
>>a^2 

??? Error using ==> mpower 

Matrix must be square. 

 

does not work for the same reasons you can’t multiply a x a (wrong dimensions).  You 

can, however, still get the job done by using a “.” in front of the operation. 
>>a .* a 

ans = 

 

     1     4     9    16 

 

You can also use exponents in the same way. 
>>a.^2 

ans = 

 

     1     4     9    16 

 

>> b.^3 

ans = 

 

    64 

   125 

   216 

   343 

 

If you wanted to multiply each element in vector a by the corresponding element in 

vector c, type 
>> a.*c 

ans = 

 

     4    10    18    28 

 

You can also do the same thing with division. 
>> a./c 

ans = 

 

    0.2500    0.4000    0.5000    0.5714 

 

where every element in vector a has been divided by the corresponding element in vector 

c.   

 

Matrix Operations 

Because vectors are matrices, you pretty much already know how to do all the simple 

matrix operations like addition, subtraction, and multiplication.  To define a matrix, 
>> matrix1 = [1,2; 3,4; 5,6] 

matrix1 = 

 

     1     2 
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     3     4 

     5     6 

>> matrix2 = [4,8; 2,7; 9,0] 

matrix2 = 

 

     4     8 

     2     7 

     9     0 

 

These matrices have the same dimensions, so you can add and subtract them. 
>> matrix1 + matrix2 

ans = 

 

     5    10 

     5    11 

    14     6 

 
>> matrix1 - matrix2 

ans = 

 

    -3    -6 

     1    -3 

    -4     6 

 

To multiply them, however, you have to remember to make the dimensions appropriate. 
>>matrix1*transpose(matrix2) 

ans = 

 
        20    16     9 
    44    34    27 

    68    52    45 

 

>>transpose(matrix1)*matrix2 
ans = 

 

    55    29 

    70    44 

 

Or, if you wanted to multiply the corresponding elements together, 
>>matrix1 .* matrix2 

ans = 

 

     4    16 

     6    28 

    45     0 

 

Everything you know about linear algebra pretty much holds true in Matlab syntax.   

 

 

Indexing Arrays 
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Once you’ve created your array/matrix, you’ll likely want to do something with it.  If you 

want to manipulate specific elements of your array, you’ll use a technique called 

“indexing.”  First, create the following matrix. 
mat = 

 

     1     2     5 

     3     4     8 

     9    12    13 

 

In general, a 3 x 3 matrix is given by 

333231

232221

131211

aaa

aaa

aaa

a , 

where the first subscript refers to the row, and the second subscript refers to the column.  

Matlab is no different.  If you want to get at elements 21a  and 
33a , which have values of 

3 and 13 in the matrix mat, type 
>> mat(2,1) 

ans = 

 

     3 

>> mat(3,3) 

ans = 

 

    13 

You can also access entire rows or entire columns by using a colon.  If you wanted to get 

every element in the 3
rd

 row of mat, type  
>> mat(3,:)  

ans = 

 

     9    12    13 

 

Or, for every element in the 3
rd

 column, 
>> mat(:,3) 

ans = 

 

     5 

     8 

    13 

 

Boolean Operations 
Sometimes it will be necessary to determine if one quanity is less than, greater than, 

equal to, etc. another quanity.  To make this determination, you’ll use boolean operators.  

Boolean operations return “1” if a statement is true, and “0” if a statement is false.  

Suppose you have a variable q = 7, and you want to know if q is greater than 4. 
>> q = 7; 

>> q > 4 

  ans = 

 

     1 
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In this case, the statement “q > 4” is true, so Matlab returns a value of 1.  You can also 

check to see if q is less than 2. 
>> q < 2 

ans = 

 

     0 

 

To check if one quanity is exactly equal to another, you use a double equal sign. 
>> q = = 7 

ans = 

 

     1 

 

A table of boolean operators is given below. 

 

== equal to 

> greater than 

< less than 

>= greater than or equal to 

<= less than or equal to 

~= not equal to 

 

You can also perform these operations on arrays.  If you have the array 
>> my_array = [1,5,3,6,7,2,8,6,4,9]; 

 

and want to know which values are greater than or equal to 4, type 
>> my_array >= 4 

ans = 

 

     0     1     0     1     1     0     1     1     1     1 

 

Matlab outputs an array of 0’s and 1’s, with the 1’s located at the indices where the 

statement is true.  Alone, boolean operators are of limited use.  However, they are very 

useful in conjunction with conditional statements. 

 

Conditional Statements (If/Else) 
There will be cases where your data (or variable) can be separated into subsets.  For 

example, the array my_array above could be separated into values less than 4 and values 

greater than 4.  Depending on what you’re doing, there may be one type of operation 

you’d like to perform on the numbers less than 4, and a different operation on those 

greater than 4.  Let’s say that you want to take the square root of a number if it’s greater 

than or equal to 4, but you want to take the cube root of a number less than 4 (a silly, yet 

instructive example).  To begin, we’ll declare a variable r = 3. 
>> r = 3; 

 

This is where it becomes handy to have a notes file – type the following in your notes 

file, and then copy/paste it to the command prompt. 

 
if r < 4 
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 nthroot(r,3)  

else 

 sqrt(r) 

end 

 

ans = 

 

    1.4422 

 

The built-in function nthroot computes the n
th

 root of a number (in this case, the third), 

and sqrt computes the square root.  The first step of this statement checks to see if r is 

less than 4, which it is because you previously assigned it a value of 3.  Because this is 

true, the program computes the cube root of r, and ignores the rest of the statement 

entirely.  Now, set r = 7. 
>> r = 7; 

 

And copy/paste the if statement into the command prompt again. 

 
ans = 

 

    2.6458 

 

In this case, the statement r < 4 is false, so the statement bypasses calculating the cube 

root and instead goes onto the else statement and calculates the square root. 

 

All such statements in Matlab must start with if and must end with end.  They have the 

general form 

 
if test_statement    %if this statement is true 

 do_this       %then perform this action 

else          %otherwise 

 do_this_instead    %perform this action 

end     %end statement 

 

These if statements can also occur inside one another (called “nested if statements” – the 

example given in the next section on for loops is essentially the same concept).  You can 

also amend an if statement with an elseif, which gives you the ability to test another 

condition before defaulting to the else statement.  For example, say you want to square a 

number greater than or equal to 5, cube a number greater than 10, and do nothing to a 

number less than 5 or bigger than 20.  Let’s now set r = 4. 
>> r = 4; 

 

In your notes file, type the following and copy/paste it into the command prompt. 

 
if r >= 5    %if r is greater than or equal to 5 

if r <= 10 %then check if r is less than or equal to 

%10.    

         r^2  % If true then square the number 

elseif r <= 20 %if r is greater than 10, and less than 

%or equal to 20 

          r^3  %then cube it instead 
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else %otherwise, do nothing.  r must be bigger 

%than 20. 

          r 

     end    %end the nested if 

else     %r must be less than 5.  In that case, 

     r    %do nothing. 

end 

 
r = 

 

     4 

 

Now, set r = 8 and copy/paste the if statement into the command prompt again. 
>>r = 8; 

ans = 

 

    64 

 

If you want, try a few more times with value of r in a different range. 

 

For loops 

Usually, when there is an operation you need to do many times, you’ll want to take 

advantage of loops.  For this class, you shouldn’t need anything beyond a for loop, 

though there are other examples of loops including (but not limited to) while loops. 

 

A simple for loop would look something like 

 
for i = 0:1:5 

i 

end 

 

All this loop does is cycle through the values of i (0 – 5) incrementally, and prints them 

to the screen. 

 

Let’s assume that you are in need of computing the cubes of a list of values.  First, you’ll 

need the initial list – let’s say integers in the domain of [-10,10] . 

 
>>x = -10:1:10; or >>x = linspace(-10,10,21); 

 

Now, to make a list with the values x^3, we need to cycle through each value in x, cube 

it, and store it in a separate array.  First, create an empty array that you will store the 

values in.   

 
>>y = zeros(1,21);    

 

The function y = zeros(m,n) creates an array full of zeroes with dimension m x n.  In this 

case, x is 1 x 21, so we need an array of equal size to store the cubed values. (If you don’t 

specify both dimensions, Matlab will assume you want a square matrix of zeroes).   
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In some cases, as well, you may not know beforehand how long your array is/should be.  

To determine this, you can use the built-in function length. 

 
>>nel = length(x) 

nel = 

 

    21 

 

length returns the largest dimension of an array.  If you had a matrix that was 32 x 4, and 

you performed length on that matrix, it would return 32.  But back to the problem.  

 

Now that we have an empty array that we can save the cubed values in, we need to cycle 

through the individual elements in x and cube them.  This is where the for loop comes in. 

 
for i = 1:1:nel 

 y(i) = x(i)^3; 

end 

 

All for loops will begin with a statement like for i = starting_element : increment : 

ending_element.  In this case, the first element we want to access is element #1, the last 

we want is element #nel (21), and we want to increment in steps of 1 to make sure we get 

every value.  If we write out the first couple steps of the loop, 

 

i = 1  y(1) = x(1)^3 

i = 2  y(2) = x(2)^3…and so on. 

 

In the first case, when i = 1, x(1) = -10, so y(1) = x(1)^3 should equal -1000.  The array y 

should look like  
>> y 

 

y = 

 

  Columns 1 through 8 

 

       -1000     -729     -512     -343     -216     -125     -64   -27 

 

   

Columns 9 through 16 

 

          -8      -1       0       1       8      27      64     125 

  Columns 17 through 21 

 

         216     343     512     729    1000 

 

You can get even fancier.  Suppose you had a 3 x 3 matrix that you wanted to fill with the 

squares of sequential numbers from 1-9.  We’re looking for the following matrix… 
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333231

232221

131211

aaa

aaa

aaa

816449

362516

941

987

654

321

222

222

222

 

 

In this case, you could do a for loop inside of another for loop (called a “nested for 

loop”).  First, create a matrix to store your result. 

 
>> blah = zeros(3,3); 

 

Next, we’re going to use a counter variable that will keep track of where we are in the 

loop and that we can also square. 

 
>>count = 1; 

for i = 1:1:3 

 for j = 1:1:3 

  blah(i,j) = count^2; 

  count = count + 1; 

 end 

end 

 

>>blah 

blah = 

 

     1     4     9 

    16    25    36 

    49    64    81 

 

Now, let’s write out the first few steps in the loop. 

count = 1, i = 1, j = 1,  blah(1,1) = count^2, count = count + 1 (2) 

count = 2,  i = 1, j = 2,  blah(1,2) = count ^2, count = count + 1 (3) 

count = 3, i = 1, j = 3,  blah(1,3) = count^2, count = count + 1(4) 

 

Notice that when you have one for loop inside of another, Matlab keeps track of the order 

in which they occur.  The inner loops are cycled through first.  This is why, when written 

above, j takes on values from 1-3 while i remains at 1.  Eventually, of course, i will take 

on values of 2 and 3, but j will make a complete cycle before i proceeds to the next 

number.  This will likely seem confusing at first, but you’ll get the hang of it.  On another 

note, the counter variable count in this case was very useful.  Notice that you only have to 

define an initial value of count, and then within the loop, you add 1 to it.  This works 

because, again, Matlab remembers the previous value of count and will store the 

information until you change it (add 1 to it).   

 

It’s important to recognize when for loops are useful, and when they are overkill.  

Sometimes, loops cannot be avoided.  However, in a previous example where we cubed 

all the integers from [-10,10], we could have avoided a loop entirely.  Because x is a 

simple array, we can cube every element of x at once by making use of the “.” in front of 

the exponent. 
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>> z = x.^3 

 

z = 

 

  Columns 1 through 8 

       -1000        -729        -512        -343   -216        -125         

-64         -27 

 

  Columns 9 through 16 

 

          -8          -1           0           1         8          27          

64         125 

 

  Columns 17 through 21 

 

         216         343         512         729     1000 

 

So, make sure to give your algorithm some thought instead of programming by rote. 

 

 

Plotting 

Plotting in Matlab is easy.  Using the stored variables x and y, 
>> plot(x,y) 

 
However, it’s pretty much always a bad idea to have a plot like the one above.  Mainly 

because, if someone other than you comes along and sees this graph, they will have no 

idea what it is.  Always be sure to label your axes and title your graphs appropriately. 
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>>plot(x,y) 
xlabel('x') 
ylabel('y') 
title('y = x^3') 

 

 
Often, in this class, you will need to plot multiple lines on a single graph.  Additionally, 

your labels will become more detailed.  For example, let’s assume that you want to 

visualize the velocities of three different cars as a function of time.  Car 1 has an initial 

velocity of 10 m/s and is accelerating at 1 m/s^2.  Car 2 has an initial velocity of 2 m/s 

and is accelerating at 2 m/s^2.  Car 3 has an initial velocity of 5 m/s, and is decelerating 

at -3m/s^2.  Let’s say you’re interested in the first 20 seconds.  In a new m-file, type the 

following, and paste it into the command prompt. 

 
t=linspace(0,20,50); 

v10=10; 

a1=1; 

v20=2; 

a2=2; 

v30=5; 

a3=-3; 

  

v1 = v10 + a1 * t; 

v2 = v20 + a2 * t; 

v3 = v30 + a3 * t; 

  

plot(t,v1) 

hold on 

plot(t,v2) 

plot(t,v3) 

hold off 
 

These commands should produce a graph like the one on the right.  For the moment, 

we’ll ignore some problems with this graph.  In the above code, the first thing we do is 

specify our time interval since we know that velocity will be a function of time.  Next, we 

define our initial velocities and accelerations (for car 1, v10 = 10 m/s, a1 = 1 m/s^2, etc.).  

From there, we know that the equation that specifies velocity as a function of time is 

simply v(t) = v0 + at, which has been defined for all three cars.  Now, it’s just a matter of 

plotting.  To plot multiple curves on a single plot, use the built-in command hold on.  

This just tells Matlab that there are more plots to come.  Once you’ve finished plotting all 

your curves, make sure to type hold off to tell Matlab you’re through.  The biggest 
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problem with the above graph is that without prior knowledge, you have no idea which 

car is which.  To distinguish the three cars, you need to have some type of variation in the 

three lines, as well as a legend. 

 

At the bottom of your m-file, type the following, and paste it into the command prompt. 

 

plot(t,v1) 

hold on 

plot(t,v2,':') 

plot(t,v3,'-.') 

hold off 

xlabel('time [s]') 

ylabel('velocity [m/s]') 

title('Car Velocities') 

legend('car 1','car 2','car 3') 

 

 

 
The top plot shows the output of the above code.  The legend will naturally appear in this 

spot.  You can use your mouse, however, to simply drag it into a more appropriate place, 

such as in the bottom figure.  You could also use different plot symbols instead of 

different lines, should it be appropriate. 

plot(t,v1,'o') 

hold on 

plot(t,v2,'<') 

plot(t,v3,'*') 

hold off 

xlabel('time [s]') 

ylabel('velocity [m/s]') 

title('Car Velocities') 

legend('car 1','car 2','car 3') 

 

 
For a list of available plot symbols, line styles, and colors, type  

 
>>doc LineSpec 
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 into the command prompt to bring up a help screen. Of course, don’t blindly use 

different lines, symbols, or colors.  Choose appropriately depending on what you feel best 

conveys the information. There will also be points during this class where you’ll be asked 

to plot several quantities on separate graphs, but all within one graphing window.  This 

gives you the ability to make easily comparable plots, but helps eliminate some of the 

clutter if you’re trying to plot many things at once.   

 

Suppose you want to plot the velocities of the three cars and their positions as functions 

of time.  You’ve already defined the time variable t, so you just need an equation that 

describes the position.  The cars are all experiencing constant acceleration, so the 

equation is 2

00
2

1
)( attvxtx .  We’ll assume for simplicity that all cars begin at the 

origin (x0 = 0).  Add the following lines to your m-file, then copy paste them into the 

command prompt. 

 

x1 = v10*t + .5*a1*t.^2;   %note 

%that we have to use the "." to 

%square the %time array 

x2 = v20*t + .5*a2*t.^2; 

x3 = v30*t + .5*a3*t.^2; 

 

subplot(2,1,1) 

plot(t,v1,'o') 

hold on 

plot(t,v2,'<') 

plot(t,v3,'*') 

hold off 

xlabel('time [s]') 

ylabel('velocity [m/s]') 

title('Car Velocities') 

legend('car 1','car 2','car 3') 

  

subplot(2,1,2) 

plot(t,x1,'o') 

hold on 

plot(t,x2,'<') 

plot(t,x3,'*') 

hold off 

xlabel('time [s]') 

ylabel('position [m/s]') 

title('Car Position') 

legend('car 1','car 2','car 3') 

 

 
 

The command subplot works exactly as a normal graphing window, but allows you to 

specify something like the matrix dimensions of your graphs.  So, if you wanted a figure 
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that was 2 graphs tall, and 3 graphs wide, you’d use subplot(2,3,i), where i is the number 

of the graph you’re currently using. 

 
Enumerations of subplot windows. 

 

Functions 
A function in Matlab, like in mathematics, takes in quantity A, performs some operations 

on it, and produces quantity B.  Matlab functions are useful when you need to repeatedly 

perform a set of operations on different data or inputs.  The format you need to use when 

writing a function is the following:  

 
function  result_variable = function_name(input1, input 2, input3…) 

 

%interesting things going on here 

 

result_variable = the_culmination_of_all_prior_operations 

 

end 

 

In general, you will give a function any number of inputs (at least one), it will do some 

stuff, and spit out an answer.  When writing the function, the first word must always be 

“function” (the first un-commented word, at least) so that Matlab knows what it is.  The 

name of the result variable is totally arbitrary – you only have to be sure that you assign 

this value the appropriate result by the end of the function.  The function name is not 

arbitrary.  Give your functions appropriate titles, but make the title unique enough that it 

doesn’t overlap with any built-in Matlab functions, or other functions that other people 

may have written.  The easiest way to do this is to put something like your initials or 

name in front of the function name and save the file as “yourfunctionname.m”.  Note:  

Don’t use any strange characters in your file names.  Just letters and numbers. No 

SPACES! 

Let’s say I need to write a function that ouputs the factorial of a number, N. 

 
function result = garyfactorial( N ) 

 

%computes the factorial of a given number N 

 

product = 1; 

 

if N < 0 

error(‘Input must be >= 0’)   %This part isn’t too important –  
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                              %it just tells the user 

else %if they accidentally try to take 

%the factorial of a  

for i = 2:1:N %negative number.  You probably 

%won’t ever use 

  product = product * i; %this in your assignments. 

end     %end for loop 

 

result = product; 

 

end           %end if/else statement 

 

end           %end function 

 

With that code written in an m-file, go to File >> Save As >> “garyfactorial.m”  Now that 

you have the code, go to the command prompt and type 
>>garyfactorial(4) 

ans = 

 

    24 

>>garyfactorial(8) 

ans = 

 

       40320 

 

There are, in theory, no real limitations on what the input variable can be.  They can be 

numbers, vectors, matrices, etc.  You just need to make sure that the input variable(s) is 

(are) appropriate for whatever code you’ve written.  Of course, you don’t have to simply 

print out the result of a function to the screen.  You can always store the result as a new 

variable.  For example, 

 
>>new_result = garyfactorial(6); 

 

will not print the result to the screen, but will store the answer in the variable new_result.  

Functions can be as complicated or as simple as you’d like them to be – however, writing 

several functions that do separate pieces of a problem is often preferable over writing a 

monster function that does it all.  Simple is usually MUCH easier to fix if something goes 

wrong.  So, it’s probably best if you try to keep your code as simple as possible for now. 

 

Scripts 
A script is simply a list of commands – basically it’s a refined version of a notes file.  

The main difference between a function and a script is that scripts don’t take in an input 

variable.  Usually, variables must be explicitly defined somewhere in the script.  Also, 

you don’t have to declare “script” at the beginning of the file – as long as you don’t 

specify “function,” Matlab will execute the listed commands.  You can call multiple 

functions, for loops, etc. within a script.  You can also call scripts from the command 

line.  Suppose I have a very strange assignment.  First, I am to plot N! versus N for whole 

numbers 0-7.  Then, plot 1000 random points with a Gaussian distribution in both the x- 

and y-coordinates.  Then, plot 1000 random points with a uniform distribution in both the 
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x- and y- coordinates.  And, all plots should be within one figure.  Below is a simple 

script that performs this task. 

 

 
N = 0:1:7; 
fact_N = zeros(1,8); 
for i = 1:1:8 
    fact_N(i) = garyfactorial(N(i)); 
end 

  
subplot(1,3,1) 
semilogy(N,fact_N,'-o')    %<-- this makes the y-axis a log axis, which 

       %can be useful for displaying large ranges 

       %of data – check out semilogx and loglog 
xlabel('N') 
ylabel('N!') 
title('N! for N = 0-7') 

  
xgauss = randn(1,1000);    %<-- sample a gaussian distribution 
ygauss = randn(1,1000); 

  
subplot(1,3,2) 
plot(xgauss,ygauss,'.') 
axis([-4 4 -4 4])     %<-- allows you to manually set the axes 
xlabel('x') 
ylabel('y') 
title('Gaussian/Normal Random Distribution') 

  
subplot(1,3,3) 
xuni = rand(1,1000);    %<-- sample a uniform distribution 
yuni = rand(1,1000); 
plot(xuni,yuni,'.') 
axis([-.25 1.25 -.25 1.25]) 
xlabel('x') 
ylabel('y') 
title('Uniform Random Distribution') 

 

Once you have this in a script, save that script as “practiceassignment1.m”.  Now, go the 

command prompt and type “practiceassignment1”.  You should see something similar to 

the next figure. 
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If you don’t want to type the file name into the command prompt, you can execute the 

script by hitting the run button (the one with the green right-arrow) at the top of the script 

file.  But, you must save the file first. 



. *NOTES*
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Matlab Project # 1: Series Expansion & Integration

(thanks to Gary Hunter, ghunter@physics.emory.edu)

1. Series Expansion.

The series expansion of ex is given by,

ex =

∞∑

n=0

xn

n!
, (1)

where the factor n describes the order of a particular term in the series. For example, to second order,

ex ' 1 + x + x2

2! .

Hand in all of the Matlab scripts, graphics and written discussion portions requested in the following
problems.

Problem 1:

1. Write a Matlab function that calculates the series expansion of ex to an arbitrary order within the
domain [−3, 3].

2. Using your function, write a script that plots the 0th − 5th order expansions on the same graph.
Distinguish the different orders with different colors, and plot in black ex on the same graph for com-
parison. Include a legend that states which color goes with which order. If you don’t have access to a
color printer, then use different line styles to distinguish the different order approximations.

3. Adjust your horizontal and vertical axes to run between [−3, 3] and [−2, 20] respectively.

2. Monte Carlo Integration.

Monte Carlo refers to the technique of using of random numbers or random sampling to model various
aspects of physical systems or processes. The technique can also be applied to integration of mathematical
equations when exact solutions are unavailable. Consider the following analogy: You have a pond in your
back yard and you are curious as to how much surface area of your yard is covered in water. While you
know the exact dimensions of your yard, the pond is very oddly shaped making the measurement of its
dimensions very difficult. See the figure below.

Your ingenious solution to this problem is to throw many rocks randomly into different locations in your
yard. By dividing the number of splashes you hear by the total number of rocks you throw, you can estimate
the relative size of the pond to the yard, and because you know the exact dimension of the yard, you can
therefore estimate the size of the pond.
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tegration with the name Monte Carlo – make sure your function uses the procedure described above.

2. Using your function, compare the exact value of the integral to your computed values for
n = 10, 50, 100, 500, 1000, 5000,& 10000. Describe how the accuracy of this technique changes with
di!erent values of n. Remember, because these numbers are being generated randomly, your func-
tion may be more accurate at times than others, so be sure to try your function several times at
each n.

Comments: Remember, you can find more information on various built-in Matlab functions by
using the doc or help commands. For example, to learn more about the plot command, at the
command line type
>> doc plot
or
>> help plot

You may want to learn more about the commands plot, axis, exp, legend, and rand. Turn in all
plots and any functions and scripts used to obtain them. Discussion and mathematical work should
be neat and organized, but do not need to be typed.

2

Problem 2:

1. Write a Matlab function that uses this Monte Carlo technique to integrate the equation,

y = −3x2 + 3 (2)

over the domain [−1, 1] and range [0, 3]. Make the input of the function the number n of random points
(or rocks) you generate. (Hint: Look up the function rand.) There are other types of integration
with the name Monte-Carlo – make sure your function uses the procedure described above.

2. Using your function, compare the exact value of the integral to your computed values for n =
10, 50, 100, 500, 1000, 5000,&10000. Describe how the accuracy of this technique changes with dif-
ferent values of n. Remember, because these numbers are being generated randomly, your function
may be more accurate at times than others, so be sure to try your function several times at each n.

*** Remember, you can find more information on various built-in Matlab functions by using the doc or
help commands. For example, to learn more about the plot command, at the command line type

>>doc plot
or
>>help plot

You may want to learn more about the commands plot, axis, exp, legend, and rand. Turn in all plots
and any functions and scripts used to obtain them. Discussion and mathematical work should be neat and
organized, but do not need to be typed.
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The Speed of Light

You will measure the speed of light using the Foucault method.
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1. Introduction

The speed of light apparatus is shown in Fig. 1. Laser light is directed through a series of lenses
towards, and reflects from, a variable speed rotating mirror. A measuring microscope is then used to record
the position of the reflected beam spot. Because the speed of light has a finite value, the position of the
reflected beam spot will vary slightly with the speed of the rotating mirror. By measuring the small changes
in reflected beam spot position, the angular velocity of the rotating mirror, and the distance traveled by the
light beam, you will obtain a value for the speed of light.

2. History and Theory

The velocity of light in free space is one of the most important and intriguing constants of nature.
Whether the light comes from a laser on a desktop or from a star that is hurtling away at fantastic speeds, if
you measure the velocity of the light, you measure the same constant value. In more precise terminology, the
velocity of light is independent of the relative velocities of the light source and the observer. Furthermore,
as Einstein first presented in his Special Theory of Relativity, the speed of light is critically important in
some surprising ways. In particular:

1. The velocity of light establishes an upper limit to the velocity that may be imparted to any object.

2. Objects moving near the velocity of light follow a set of physical laws drastically different, not only
from Newton’s Laws, but from the basic assumptions of human intuition.

With this in mind, it’s not surprising that a great deal of time and effort has been invested in measuring
the speed of light. Some of the most accurate measurements were made by Albert Michelson between 1926
and 1929 using methods very similar to those you will be using in this lab. Michelson measured the velocity
of light in air to be 2.99712 × 108 m/sec. From this result he deduced the velocity in free space to be
2.99796 × 108 m/sec. But Michelson was by no means the first to concern himself with this measurement.
His work was built on a history of ever-improving methodology.

3. Speed of Light – Historical Background

3.1. Galileo

Through much of history, those few who thought to speculate on the velocity of light considered it to be
infinite. One of the first to question this assumption was the great Italian physicist Galileo, who suggested a
method for actually measuring the speed of light. The method was simple. Two people, call them A and B,
take covered lanterns to the tops of hills that are separated by a distance of about a mile. First A uncovers
her lantern. As soon as B sees A’s light, she uncovers her own lantern. By measuring the time from when
A uncovers her lantern until A sees B’s light, then dividing this time by twice the distance between the hill
tops, the speed of light can be determined. However, the speed of light being what it is, and human reaction
times being what they are, Galileo was able to determine only that the speed of light was far greater than
could be measured using his procedure. Although Galileo was unable to provide even an approximate value
for the speed of light, his experiment set the stage for later attempts. It also introduced an important point:
to measure great velocities accurately, the measurements must be made over a long distance.
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3.2. Römer

The first successful measurement of the velocity of light was provided by the Danish astronomer Olaf
Römer in 1675. Römer based his measurement on observations of the eclipses of one of Jupiter’s moons.
As this moon orbits Jupiter, there is a period of time when Jupiter lies between it and the Earth, and
blocks it from view. Römer noticed that the duration of these eclipses was shorter when the Earth was
moving toward Jupiter than when the Earth was moving away. He correctly interpreted this phenomenon as
resulting from the finite speed of light. Geometrically the moon is always behind Jupiter for the same period
of time during each eclipse. Suppose, however, that the Earth is moving away from Jupiter. An astronomer
on Earth catches his last glimpse of the moon, not at the instant the moon moves behind Jupiter, but only
after the last bit of unblocked light from the moon reaches his eyes. There is a similar delay as the moon
moves out from behind Jupiter but, since the Earth has moved farther away, the light must now travel a
longer distance to reach the astronomer. The astronomer therefore sees an eclipse that lasts longer than
the actual geometrical eclipse. Similarly, when the Earth is moving toward Jupiter, the astronomer sees an
eclipse that lasts a shorter interval of time.

From observations of these eclipses over many years, Römer calculated the speed of light to be 2.1× 108

m/sec. This value is approximately 1/3 too slow due to an inaccurate knowledge at that time of the distances
involved. Nevertheless, Römer’s method provided clear evidence that the velocity of light was not infinite,
and gave a reasonable estimate of its true value – not bad for 1675.

3.3. Fizeau

The French scientist Fizeau, in 1849, developed an ingenious method for measuring the speed of light
over terrestrial distances. He used a rapidly revolving cogwheel in front of a light source to deliver the
light to a distant mirror in discrete pulses. The mirror reflected these pulses back toward the cogwheel.
Depending on the position of the cogwheel when a pulse returned, it would either block the pulse of light
or pass it through to an observer. Fizeau measured the rates of cogwheel rotation that allowed observation
of the returning pulses for carefully measured distances between the cogwheel and the mirror. Using this
method, Fizeau measured the speed of light to be 3.15 × 108 m/sec. This is within a few percent of the
currently accepted value.

3.4. Foucault

Foucault improved Fizeau’s method, using a rotating mirror instead of a rotating cogwheel. This is the
method you will use in this experiment. In the mid 1920’s Michelson used Foucault’s method to produce some
remarkably accurate measurements of the velocity of light. The best of these measurements gave a velocity
of 2.99774 × 108 m/sec. This may be compared to the presently accepted value of c = 2.99792458 × 108

m/sec.

4. The Foucault Method

4.1. Qualitative Description

In this experiment, you will use a method for measuring the speed of light that is basically the same
as that developed by Foucault in 1862. A diagram of the experimental setup is shown in Fig. 1. With all
the equipment properly aligned and with the rotating mirror stationary, the optical path is as follows. The
parallel beam of light from the laser is focused to a point image at point s by lens L1. Lens L2 is positioned
so that the image point at s is reflected from the rotating mirror MR, and is focused onto the fixed, spherical
mirror MF . MF reflects the light back along the same path to again focus the image at point s. In order
that the reflected point image can be viewed through the microscope, a beam splitter is placed in the optical
path, so a reflected image of the returning light is also formed at point s′. Now, suppose MR is rotated
slightly so that the reflected beam strikes MF at a different point. Because of the spherical shape of MF ,
the beam will still be reflected directly back toward MR. The return image of the source point will still
be formed at points s and s′. The only, and insignificant, difference in rotating MR by a slight amount is
that the point of reflection on MF changes. Now imagine that MR is rotating continuously at a very high
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Figure 1: Diagram of the Foucault Method

speed. In this case, the return image of the source point will no longer be formed at points s and s′. This is
because, with MR rotating, a light pulse that travels from MR to MF and back finds MR at a different angle
when it returns than when it was first reflected. As will be shown in the following derivation, by measuring
the displacement of the image point caused by the rotation of MR, the velocity of light can be determined.

4.2. Quantitative Description

In order to use the Foucault method to measure the speed of light, it’s necessary to determine a precise
relationship between the speed of light and the displacement of the image point. Of course, other variables
of the experimental setup also affect the displacement. These include:

• Rate of rotation of MR

• Distance between MR and MF

• Magnification of L2, which depends on the focal length of L2 and also on the distances between L2,
L1, and MF .

Each of these variables will show up in the final expression that we derive for the speed of light.
To begin the derivation, consider a beam of light leaving the laser. It follows the path described in the

qualitative description above. That is, first the beam is focused to a point at s, and then reflected from MR

to MF , and back to MR. The beam then returns through the beam splitter, and is refocused to a point at
point s′, where it can be viewed through the microscope. This beam of light is reflected from a particular
point on MF . As the first step in the derivation, we must determine how the point of reflection on MF

relates to the rotational angle of MR.
Figure 2a shows the path of the beam of light, from the laser to MF , when MR is at an angle θ. In

this case, the angle of incidence of the light path as it strikes MR is also θ and, since the angle of incidence
equals the angle of reflection, the angle between the incident and reflected rays is just 2θ. As shown in the
diagram, the pulse of light strikes MF at a point that we have labeled S. Figure 2b shows the path of the
pulse of light if it leaves the laser at a slightly later time, when MR is at an angle θ1 = θ + ∆θ. The angle
of incidence is now equal to θ1 = θ + ∆θ, so that the angle between the incident and reflected rays is just
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2θ1 = 2(θ + ∆θ). This time we label the point where the pulse strikes MF as S1. If we define D as the
distance between MF and MR, then the distance between S and S1 can be calculated:

S1 − S = D(2θ1 − 2θ) = D[2(θ + ∆θ) − 2θ] = 2D∆θ (1)

Figure 2: .

In the next step in the derivation, it is helpful to think of a single, very quick pulse of light leaving the
laser. Suppose MR is rotating, and this pulse of light strikes MR when it is at angle θ, as in Figure 2a.
The pulse will then be reflected to point S on MF . However, by the time the pulse returns to MR, MR will
have rotated to a new angle, say angle θ1. If MR had not been rotating, but had remained stationary, this
returning pulse of light would be refocused at point s. Clearly, since MR is now in a different position, the
light pulse will be refocused at a different point. We must now determine where that new point will be.

The situation is very much like that shown in Figure 2b, with one important difference: the beam of light
that is returning to MR is coming from point S on MF , instead of from point S1. To make the situation
simpler, it is convenient to remove the confusion of the rotating mirror and the beam splitter by looking at
the virtual images of the beam path, as shown in Figure 3.

The critical geometry of the virtual images is the same as for the reflected images. Looking at the virtual
images, the problem becomes a simple application of thin lens optics. With MR at angle θ1, point S1 is on
the focal axis of lens L2. Point S is in the focal plane of lens L2, but it is a distance ∆S = S1 − S away
from the focal axis. From thin lens theory, we know that an object of height ∆S in the focal plane of L2

will be focused in the plane of point s with a height of (−i/o)∆S. Here i and o are the distances of the lens
from the image and object, respectively, and the minus sign corresponds to the inversion of the image. As
shown in Figure 3, reflection from the beam splitter forms a similar image of the same height.

Therefore, ignoring the minus sign since we aren’t concerned that the image is inverted, we can write an
expression for the displacement (∆s′) of the image point:

∆s′ = ∆s =

(
i

o

)
∆S =

A

D +B
· ∆S (2)
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Figure 3: Analyzing the Virtual Images.

Combining equations (1) and (2), and noting that ∆S = S1−S, the displacement of the image point relates
to the initial and secondary positions of MR by the formula:

∆s′ =
2DA∆θ

D +B
(3)

The angle ∆θ depends on the rotational velocity of MR and on the time it takes the light pulse to travel
back and forth between the mirrors MR and MF , a distance of 2D. The equation for this relationship is:

∆θ = ωt =
2Dω

c
(4)

where c is the speed of light and ω is the rotational velocity of the mirror in radians per second. (2D/c is
the time it takes the light pulse to travel from MR to MF and back.)

Using equation (4) to replace ∆θ in equation (3) gives:

∆s′ =
4AD2ω

c(D +B)
(5)

Equation (5) can be rearranged to provide our final equation for the speed of light:

c =
4AD2ω

(D +B)∆s′
(6)

where:
c = the speed of light
ω = 2πf = the rotational angular velocity (rad/s) of the rotating mirror (MR)
A = the distance between lens L2 and lens L1, minus the focal length of L1 = 4.8cm (see Fig. 1).
B = the distance between lens L2 and the rotating mirror (MR)
D = the distance between the rotating mirror (MR) and the fixed mirror (MF )
∆s′ = the displacement of the reflected image spot, as viewed through the microscope. (∆s = s1 − s;

where s is the position of the image point when the rotating mirror (MR) is stationary, and s1 is the position
of the image point when the rotating mirror is rotating with angular velocity ω).
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Based on Eq. (5) we see that if ω increases, ∆s′ will increase, which implies that s1 will keep changing
until the value of ω remains constant.

Equation (6) was derived on the assumption that the image point is the result of a single, short pulse of
light from the laser. But, looking back at Eqs. (1)-(4), the displacement of the image point depends only on
the difference in the angular position of MR in the time it takes for the light to travel between the mirrors.
The displacement does not depend on the specific mirror angles for any given pulse. If we think of the
continuous laser beam as a series of infinitely small pulses, the image due to each pulse will be displaced by
the same amount. All these images displaced by the same amount will, of course, result in a single image.
By measuring the displacement of this image, the rate of rotation of MR, and the relevant
distances between components, the speed of light c can be measured.

5. The Equipment

Figure 4: Equipment Components.

The components needed in order to measure the speed of light based on the Foucault method are shown
in Fig. 4.

1. High Speed Rotating Mirror Assembly
The High Speed Rotating Mirror comes with its own power supply and digital display. The mirror
is flat to within 1/4 wavelength. It’s supported by high speed ball bearings, mounted in a protective
housing, and driven by a DC motor with a drive belt. A plastic lock-screw lets you hold the mirror in
place during the alignment procedure.
An optical detector and the digital display provide measurements of mirror rotation to within 0.1% or
1 rev/ sec. The display and the controls for mirror rotation are on the front panel of the power supply.
Rotation is reversible and the rate is continuously variable from 100 to 1,000 rev/sec. In addition,
holding down the MAX REV/SEC button will bring the rotation speed quickly to its maximum value
at approximately 1,500 rev/sec.
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2. Measuring Microscope
The 90X microscope is mounted on a micrometer stage for precise measurements of the displacement
of the image point. Measurements are most easily made by visually centering the image point on the
microscope cross-hairs before and after the displacement. By noting the change in the micrometer
setting, the displacement can be resolved to within 0.005 mm.

To focus the cross-hairs, slide the eyepiece up or down in the microscope. To focus the microscope,
loosen the lock-screw on the side of the mounting tube and slide the microscope up or down within
the tube. With the lock-screw loosened, the microscope can also be removed from the mounting tube.
This can be helpful when you are trying to locate the image point. A piece of tissue paper placed over
the tube provides a screen that allows you to view the point without focusing the microscope.

In addition to the microscope and micrometer, the micrometer stage also contains the beam splitter.
The lever on the side of the stage is used to adjust the angle of the beam splitter. When the lever
points directly down, the beam splitter is at a forty-five degree angle.

3. Fixed Mirror
The Fixed Mirror is a spherical mirror with a radius of curvature of 13.5 meters. It is mounted to a
stand and has separate x and y alignment screws.

4. OS-9103 Optics Bench
The 1.0 meter long Optics Bench provides a flat, level surface for aligning the optical components. The
bench is equipped with a one meter scale, four leveling screws, and a magnetic top surface. The ”fence”,
a raised edge on the back of the bench, provides a guide for aligning components along the optical axis.

5. SE-9367 Laser with the OS-9172 Alignment Bench
The 0.5 mW, TEM00 mode, random polarization laser has an output wavelength of λ = 632.8 nm.
The Alignment Bench attaches to the Optics Bench for precise, stable positioning of the laser.

6. Alignment Jigs (2)
These jigs mount magnetically to the Optics Bench. Each has a 2 mm diameter hole that is used to
align the laser beam.

7. Optical Components
The use of the lenses and polarizers is described as needed below.

5.1. Equipment Setup

To reduce the time necessary to perform the experiments, many components of the system have already
been set up by the instructors. For reference, Fig. 5 shows the complete system when properly aligned.
Specifically, all of the components seen have been pre-aligned except the position of the critical mirror MR.
Your main task then is align MR so that the reflected beam from it retraces the outgoing beam as shown in
Fig. 5. To align MR, you need to follow steps 1-4 below.

1. First position the rotating mirror MR so the laser beam is reflected toward MF . Place a piece of paper
in the beam path and walk the beam toward MF , adjusting the rotation of MR as needed.

2. Adjust the position of MF so the beam strikes it approximately in the center. Again, a piece of paper
in the beam path will make the beam easier to see.

42



PHYS253 Lab #2a: The Speed of Light Oxford College

Figure 5: Positioning the Fixed Mirror (MF ).

3. To get a first, approximate, alignment, adjust the two alignment screws on the back of MF so the
beam is reflected directly back to the spot of the outgoing beam on MR. This step is best performed
with two people: one adjusting MF , and one watching the beam position at MR.

4. To get a final, and better, alignment, make very small adjustments of the two alignment screws on the
back of MF again so that the transmitted and reflected beam spots overlap as seen of the beam split-
ter glass. When this is achieved, the transmitted and reflected beams should now be nearly perfectly
aligned as shown in Fig. 5 above.

The next steps are to look through the measuring microscope at the reflected beam spot. Because the
laser beam is so bright, it is critically important before doing this that you decrease the intensity
of the laser beam. To do this, place the two polarizers (attached to either side of a single Component
Holder) between the laser and L1. Begin with the polarizers at right angles to each other so that they
block the beam from passing through. Now, while looking through the microscope, rotate either one of the
polarizers until the image in the microscope becomes bright enough to view comfortably.

If you see the reflected beam spot (don’t worry about the bright band) as shown in Fig. 6(a), you are
ready to go, skip ahead to point 5 below.

If you can’t find the reflected beam spot while looking through the microscope, there are several things
you can try:

• In addition to the beam spot, you may also see interference fringes through the microscope (as well as
the extraneous beam images mentioned above). These fringes cause no difficulty as long as the point
image is clearly visible. However, the fringes and extraneous beam images can sometimes be removed
without losing the point image. This is accomplished by turning L2 very slightly askew, so it
is no longer quite at a right angle to the beam axis.

• Loosen the lock-screw on the microscope. As shown in Fig. 6(b), remove the microscope and place
a piece of tissue paper over the tube to locate the beam. Adjust the beam splitter angle and the
micrometer knob to center the point image in the tube of the microscope.

• Vary the tilt of the beam splitter slightly (no more than a few degrees) and turn the micrometer knob
to vary the transverse position of the microscope until the image comes into view.
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Figure 6: (a) Proper beam spot as seen through the microscope. (b) Looking for the reflected beam spot.

5. Bring the cross hairs of the microscope into focus by sliding the microscope eyepiece up and down.

6. Focus the microscope by loosening the lock-screw and sliding the scope up and down. If the apparatus
is properly aligned, you will see the beam spot through the microscope. Focus until the image is as
sharp as possible.

6. Procedure: Making the Measurement

The speed of light measurement is made by rotating a mirror at high speeds and using a microscope
and micrometer to measure the corresponding deflection of the image point as a function of mirror rotation
rate. By rotating the mirror first in one direction, then in the opposite direction, the total beam deflection
is doubled, thereby doubling the accuracy of the measurement.

———————————————
Important: to Protect the Rotating Mirror Assembly:

• Before turning on the motor, be sure the lockscrew for the rotating mirror MR is completely loosened,
so the mirror rotates freely by hand.

• Whenever the speed of the motor is accelerated, the red LED on the front panel of the motor control
box will light up. As the speed stabilizes, this light should go off. If it does not, turn off the motor.
Something is interfering with the motor rotation. Check to be sure the lock-screw for MR is fully
loosened.

• Never run the motor with the MAX REV/SEC button pushed for more than one minute at a time,
and always allow about a minute between runs for the motor to cool off.

———————————————

1. Remove the optical polarizers so that the beam is restored to its full intensity.

2. With the apparatus aligned and the beam spot image in focus, set the direction switch on the rotating
mirror power supply to CW, and turn on the motor. If the image is not in sharp focus, adjust the
microscope. Let the motor warm up at about 600 revolutions/sec for at least 2 minutes.
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3. Slowly increase the speed of rotation. While looking through the microscope, notice how the beam
deflection increases with rotation speed. This is what you will be measuring in this lab to determine
the speed of light.

4. Use the ADJUST knob to bring the rotational speed up to about 1,000 revolutions/sec. Then push the
MAX REV/SEC button and hold it down. When the rotation speed stabilizes, rotate the micrometer
knob on the microscope to align the center of the beam image with the cross hair in the microscope
that is perpendicular to the direction of deflection. Record the speed at which the motor is rotating,
turn off the motor, and record the micrometer reading.

5. To collect more points, use the ADJUST knob to select 4 more rotational speeds varying between 200
and 1000 rev/sec. Record the micrometers readings for each of the 4 new speeds in the same way as
in point 4 above.

6. Reverse the direction of the mirror rotation by switching the direction switch on the power supply to
CCW. Allow the mirror to come to a complete stop before reversing the direction. Wait a few minutes
for the motor to cool down, then repeat your measurements as in steps 4 and 5 above.

NOTES:

• When reversing the direction of movement of the micrometer carriage, there will always be some
movement of the micrometer knob before the carriage responds. Though this source of error is small,
it can be eliminated. Just adjust the initial position of the micrometer stage so that you always turn
the micrometer knob in the same direction as you adjust it.

• When the mirror is rotated at 1,000 rev/sec or more, the image point will widen in the direction of
displacement. Position the microscope cross hair in the center of the resulting image.

• The micrometer on the Measuring Microscope is graduated in increments of 0.01mm.

7. Data Analysis

The equation for the beam displacement ∆s′ as a function of the rotation speed ω follows from Eq. (6):

∆s′ =
4AD2

(D +B)c
· ω (7)

1. Use a ruler to measure the distances necessary to determine the constants A, B and D, which are
defined after Eq. (6) above.

2. Plot your values of ∆s′ as a function of the rotation speed ω, remember that CW and CCW values
should have opposite signs.

3. Make a linear fit to all of your data and from the fitted slope, use Eq. (7) to determine a value of the
speed of light c.

4. Compare your value to the presently accepted value of c = 2.998 × 108 m/sec.

8. Lab writeup

See guidelines for full lab report.

9. References

[1] Pasco instruction manual for the Speed of light apparatus, Model OS-9261A.
[2] Emory University Modern Physics Lab Manual (Dr. Jed Brody).
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.

——————————— END LAB #2a ———————————–
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Michelson Interferometer

You will measure the wavelength of laser light using a Michelson Interferometer.
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.

1. Interference Theory

A beam of light can be modeled as a wave of oscillating electric and magnetic fields. When two beams
of light meet in space, these fields add according to the principle of superposition. At each point in space,
the electric and magnetic fields are determined as the vector sum of the fields of the separate beams.

If the two beams of light originate from separate sources, there is generally no fixed relationship between
the electromagnetic oscillations in the beams. If two such light beams meet, at any instant in time there will
be points in space where the fields add to produce a maximum field strength. However, the oscillations of
visible light are much faster than the human eye can apprehend. Since there is no fixed relationship between
the oscillations, a point in space at which there is a maximum at one instant may have a minimum at the
next instant. The human eye averages these results and perceives a uniform intensity of light. However, if
the two beams of light originate from the same source, there is generally some degree of correlation between
the frequency and phase of the oscillations of the two beams. At one point in space the light from the beams
may be continually in phase. In this case, the combined field will always be a maximum and a bright spot
will be seen (constructive interference). At another point the light from the two beams may be continually
out of phase and a minima, or dark spot, will be seen (destructive interference).

In the early 1800’s, Thomas Young was one of the first to design a method for producing such an
interference pattern, where the maxima and the minima of the interference can be seen. He allowed a single,
narrow beam of light to fall on two narrow, closely spaced slits. Opposite the slits he placed a viewing
screen. Where the light from the two slits struck the screen, a regular pattern of dark and bright bands
became visible. When first performed, Young’s experiment offered important evidence for the wave nature
of light. Young’s slits function as a simple interferometer. If the spacing between the slits is known, the
spacing of the maxima and minima can be used to determine the wavelength of the light. Conversely, if the
wavelength of the light is known, the spacing of the slits could be determined from the interference patterns.

2. The Michelson Interferometer

In 1881, some 78 years after Young introduced his two-slit experiment, A.A. Michelson designed and built
an interferometer using a similar principle. Originally Michelson designed his interferometer as a method
to test for the existence of the ether, a hypothesized medium in which light could propagate. Due in part
to his efforts, the ether is no longer considered a viable hypothesis. Michelson’s interferometer has become
a widely used instrument for measuring the wavelength of light, and for using the wavelength of a known
light source to measure extremely small distances.

Figure 1 shows a diagram of a basic Michelson interferometer. A beam of light from the laser source
strikes a beam-splitter. The beam-splitter is designed to reflect 50% of the incident light and transmit the
other 50%. The incident beam therefore splits into two beams; one beam is reflected toward mirror M1, the
other is transmitted toward mirror M2. M1 and M2 reflect the beams back toward the beam-splitter. Half
the light from M1 is transmitted through the beam-splitter to the viewing screen and half the light from
M2 is reflected by the beam-splitter to the viewing screen

In this way the original beam of light splits, and portions of the resulting beams are brought back together
on a viewing screen. The beams are from the same source and their phases highly correlate. An example of
a (perfect) interference pattern of dark and bright rings, or fringes, as would be seen on the viewing screen,
is shown in Fig. 2. Places where the screen is dark (light) correspond to places where the separate beams
from M1 and M2 interfere destructively (constructively).

Since the two interfering beams of light were split from the same initial beam, they were initially in
phase. Their relative phase when they meet at any point on the viewing screen, therefore, depends on the
difference in the length of their optical paths in reaching that point. By moving mirror M2, the path length
of one of the beams can be varied. Since the beam traverses the path between M2 and the beam-splitter
twice, moving M2 1/4 wavelength nearer the beam-splitter will reduce the optical path of that beam by
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Figure 1: Michelson Interferometer.

1/2 wavelength. The interference pattern will change; the radii of the maxima will be reduced so they now
occupy the position of the former minima. If M2 is moved an additional 1/4 wavelength closer to the beam-
splitter, the radii of the maxima will again be reduced so maxima and minima trade positions. However,
this new arrangement will be indistinguishable from the original pattern.

The wavelength of the light λ can be found by moving M2 a measured distance dm, and counting m, the
number of times the fringe pattern is restored to its original state. This occurs every time we move M2 a
distance dm = λ/2, so that the change in total path length (2dm) is an integer number of wavelengths mλ,
where m = 0, 1, 2, 3 . . . The condition for restoring the fringe pattern to its original state then becomes

λ =
2dm
m

(1)

Figure 2: Interference Pattern.
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3. Experimental Setup – Cenco Apparatus

Figure 3: Michelson Interferometer Setup (Cenco corp.)

Figure 3 shows the Cenco Michelson interferometer apparatus. Not shown is the Helium-Neon (He-
Ne) laser source, a short focal length lens, and a light viewing screen. The setup is built to achieve the
configuration shown schematically in Fig. 1, and described earlier. To prepare the Michelson interferometer
for observing light fringes, complete the following:

1. Place the apparatus on the center of a lab table. Plug in the He-Ne laser, place it on the height
adjustable jack stand, and turn the laser on.

2. Position the laser about 1-2 feet from the Michelson setup, and arrange the two so that the laser beam
approaches the beam splitter in the orientation shown in Fig. 3.

The first goal is to align the incoming laser beam. It should hit close to the centers of mirrors M1 and
M2, and should hit perpendicular to the mirror surfaces. To do this:

3. Adjust the height of the laser jack and rotate the laser so that the laser beam travels through the
beam splitter and hits near to the center of M2. At this point it is unlikely the beam is hitting M2

perpendicular to the mirror surface. To check this, first put an object between the beam splitter and
M1, so as to block the secondary beam reflected from the other mirror, M1. Using a small piece of
paper, look near to the laser (above, below, left, right) for the reflected laser spot from M2. If the
incoming laser beam were nearly perpendicular to M2, then the reflected spot would nearly retrace
back to the exit hole on the laser itself. After finding the reflected spot, rotate and/or move up/down
the laser so that the reflected spot is within 1 cm of the laser exit hole and the beam hits near to the
center of mirror M2.

When point 3 is done, the system is nearly aligned. Note that because the beam splitter is fixed at very
close to 450 to both mirrors, once the laser is aligned to hit M2 at 900, there is no need to separately adjust
M1, the beam should strike it nearly perpendicularly also. You can now unblock the laser beam so that it
hits mirror M1. Make sure to be careful not to bump the laser for the duration of the experiment!
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4. Place the observing screen in its stand and put it about 1-2m from the Michelson setup (you can put
it on another lab table), on the same side as the screen holding clip shown in Fig. 3.

5. You should see several laser spots on the screen. Specifically you should see two sets of two dots, one
set from M1, and one set from M2. Try blocking the mirrors one at a time to see which set comes
from which mirror. In each doublet, one spot should be much brighter than the other, the brighter
one being a primary reflection off the beam splitter, the weaker one being a secondary reflection. You
are only interested in the two brighter, or primary, reflections. Next, use the mirror adjustment screws
on the back of either M1 or M2 to position the 2 bright spots so that they completely overlap each
other. It is essential that the beams overlap for interference to take place.

6. To more accurately observe the interference pattern in the laser spot, it is best to enlarge the size of
the beam on the screen. To do this, place the supplied 75mm focal length lens, and holder, on top of
the Michelson table, just above the screen holding clips. Adjust the position of the lens so that the now
enlarged beam on the screen falls near to the same position as without the lens. Do you understand
why this lens enlarges the spots?

7. You should now see a series of dark (interference, or fringe) lines in the laser spot on the screen. You
might see only a few dark lines, or you may see many of them. The exact fringe pattern that you see
depends on exactly how perpendicular the mirrors M1 and M2 are to each other. Fig. 4 shows a perfect
bullseye fringe pattern for a very large laser beam and exactly perpendicular mirrors. In practice, your
beam is still quite small, so you will only see a smaller portion of this pattern, represented by the
smaller shaded grey circles. When M1 and M2 are exactly perpendicular, you would see concentric
circles as shown in Fig. 4(b). More typically, M1 and M2 are not exactly perpendicular, and you
will see fringe lines as shown in Fig. 4(a) and 4(c). The further from perpendicular the mirrors are,
the thinner the lines become, and the more of them you will see. It’s important to point out that in
principle any of these types of patterns could be used for this lab, the results would all be the same. In
practice however, patterns with many lines are more difficult to keep track of, so you should carefully
adjust the mirror adjustment screws on the back of M2 so that the least number of fringe lines are
visible in your laser spot. Having only one large line, like Fig. 4(a), or the circular pattern in Fig.
4(b), would be ideal.

Figure 4: Illustration of the different interference patterns seen with a finite size laser spot.
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4. Experimental Setup – Pasco Apparatus

Figure 5: Michelson Interferometer Setup (Pasco corp.)

Figure 5 shows the Pasco Michelson interferometer apparatus. (Not shown is the light viewing screen).
The setup is built to achieve the configuration shown schematically in Fig. 1, and described earlier. To
prepare the Michelson interferometer for observing light fringes, complete the following:

1. Place the apparatus on the center of a lab table and turn the Helium Neon (He-Ne) laser on.

2. Position the laser about one foot from the Michelson setup, and arrange the two so that the laser beam
approaches the beam splitter in the orientation shown in Fig. 5.

The first goal is to align the incoming laser beam so that it hits close to the centers of mirrors M1 and
M2, and hits nearly perpendicular to the mirror surfaces. To do this:

3. Translate and/or rotate the laser so that the laser beam travels through the 50/50 beam splitter and
hits near to the center of M2. At this point it is unlikely the beam is hitting M2 perpendicular to the
mirror surface. To check this, first block the reflected beam from the other mirror, M1, by putting an
object between the beam splitter and M1. Using a small piece of paper, look near to the laser exit
hole (above, below, left, right) for the reflected laser spot from M2. If the laser beam were nearly
perpendicular to M2, then the reflected spot from M2 would nearly retrace back to the exit hole on
the laser itself. After finding the reflected spot, rotate and/or move up/down the laser so that the
reflected spot is within ∼1 cm of the laser exit hole and the beam hits near to the center of mirror M2.

4. Place an observing screen (white paper) about one meter from the Michelson setup so that the exiting
laser beams (see Fig. 5) are clearly visible on it.
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5. You should see several laser spots on the screen. Specifically you should see two sets of three small
dots, one set from M1, and one set from M2. Try blocking the mirrors one at a time to see which set
comes from which mirror. In each triplet, the central spot is primary reflection off the beam splitter,
and should be the brightest. The weaker side spots are secondary reflections. You are only interested
in the brighter, or primary, reflections. Use the M1 mirror adjustment screws on the back of mirror
M1 to position the two bright spots so that they completely overlap each other. It is essential that the
beams overlap for interference to take place.

6. To more easily observe the interference patterns it helps to enlarge the size of the beams on the screen.
To do this, place the 18mm focal length convex lens, and holder, on top of the Michelson table, next
to the 50/50 beam splitter. Adjust the position of the lens so that the now enlarged beam on the
screen falls near to the same position as without the lens. Do you understand why this lens enlarges
the beam spots?

7. You should now see a series of dark (interference, or fringe) lines in the laser spot on the screen. You
might see only a few dark lines, or you may see many of them. The exact fringe pattern that you see
depends on exactly how perpendicular the mirrors M1 and M2 are to each other. Fig. 6 shows a perfect
bullseye fringe pattern for a very large laser beam and exactly perpendicular mirrors. In practice, your
beam is still quite small, so you will only see a smaller portion of this pattern, represented by the
smaller shaded grey circles. When M1 and M2 are exactly perpendicular, you would see concentric
circles as shown in Fig. 6(b). More typically, M1 and M2 are not exactly perpendicular, and you
will see fringe lines as shown in Fig. 6(a) and 6(c). The further from perpendicular the mirrors are,
the thinner the lines become, and the more of them you will see. It’s important to point out that in
principle any of these types of patterns could be used for this lab, the results would all be the same. In
practice however, patterns with many lines are more difficult to keep track of, so you should carefully
adjust the mirror adjustment screws on the back of M2 so that the least number of fringe lines are
visible in your laser spot. Having only one large line, like Fig. 6(a), or the circular pattern in Fig.
6(b), would be ideal.

Figure 6: Illustration of the different interference patterns seen with a finite size laser spot.
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5. Measurements: Cenco and Pasco

In this experiment you will use the Michelson interferometer to measure the wavelength of the He-Ne
laser light source. You will do this by counting fringes while moving one of the mirrors a known distance.

1. Align the laser and interferometer as described in the preceding section, so an interference pattern of
fringes is clearly visible on your viewing screen. Move the coarse adjustment micrometer knob to the
0 position on the dial.

2. To get familiar with the changing fringe patterns, slowly rotate the fine adjustment micrometer knob
in one direction. Observe the moving fringe pattern, the fringes should cycle through the beam spot
in a repeating fashion. Now change directions with the micrometer knob, the fringes should now move
the opposite direction. Note also how sensitive the fringe pattern is to vibrations on the table, or a
slight touch on the back of the mirrors.

Cenco Apparatus: Note that a rotation of 1 unit on the fine adjustment micrometer knob causes mirror
M1 to move a distance of 0.1µm.

Pasco Apparatus: Note that each division on the mirror translation knob is 1µm. When you take data,
estimate as best you can the knob position to 0.1µm.

NOTE: Whenever you reverse the direction in which you turn the micrometer knob, there may be a small
amount of give before the mirror begins to move. This is called mechanical backlash, and is present in any
mechanical system involving reversals in direction of movement. By beginning with a full counterclockwise
turn, and then turning only counterclockwise when counting fringes, you can eliminate backlash in your
measurement.

3. To take measurements, start by moving the fine adjustment micrometer knob until you have a simple
fringe pattern (i.e. one single dark line in the center). Record in the Table below the micrometer
reading. Now slowly rotate the knob in one direction while watching the fringe pattern carefully.
Move the knob until 20 fringes have passed by and the pattern looks the same as it was originally.
Record in the Table the fringe number m, and the value of dm, the (micrometer) distance that mirror
M1 has moved. Continue doing this until you have moved a total of at least m = 120 fringes. Do this
two times, the second time rotating in the opposite direction.

4. Calculate in the Table below the wavelength of the laser light λ using Eq. (1).

5. Make a plot of your data, check for linearity, and extract the value of λ from the slope of your graph.

6. Compare your measured value and the known wavelength of Helium-Neon laser light,

λHe−Ne = 0.633 µm (2)
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.

Data Table I

m dm (µm) λ (µm)

0 —

0 —

6. References

[1] Cenco instruction manual for the Michelson interferometer, Model WLS1800-26.
[2] Pasco instruction manual for the Michelson interferometer, Model OS-8501.
[3] Video on Michelson Morley and Path Variations http://www.youtube.com/watch?v=87pPoGuLSuw.

7. Lab Writeup

See guidelines for full lab report.
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—————————– END LAB #2b ———————————–
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Brownian Motion and Microfluidics I: Chip Fabrication

(written by Matt Dorian, Emory Class of 2015)

In this lab you are going to learn how to fabricate microfluidic devices. Next week you will use the mi-
crofluidic devices you have made in order to observe under the microscope the Brownian motion of polystyrene
beads that you will insert in the chip.

Contents

1 Background 58

2 Description: But what exactly is a microfluidic chip? 59

3 Materials 60

4 Procedure 60
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.

1. Background

Microfluidic devices are very similar in function to electronic chips: just like electronic chips are meant
to control the behavior and motion of electrons, microfluidic chips are meant to control the behavior and
motion of fluids. Inside a chip, the fluid is constrained to flow inside channels whose dimensions are of the
order of micrometers, hence the name ’microfluidics’ (1µm = 10−6 m).

Microfluidic devices allow for the fluids to move, mix, etc. This can be done manually, with the user
controlling the behavior of the fluid inside the chip, or automatically, where the user has created a computer
program that will operate the chip, making the user’s presence unnecessary. This, as you might imagine,
has advantages in areas where many samples need to be mixed together multiple times in order for reac-
tions to be performed, as is the case in biology and chemistry. For example, instead of the biologist or
chemist having to pipette hundreds of samples into tubes at different concentrations in order to observe the
dynamics of a reaction, he or she can insert the different reagents into the chip once, and then the chip
can automatically dilute the samples in order to obtain different concentrations and then mix the samples
together in order to perform reactions. Microfluidic devices are often referred to as ”lab-on-a-chip” for
this reason: they can mix samples for you and the reactions can take place in them, instead of inside test
tubes. For a video demonstrating mixing inside a microfluidic device, check the following youtube video:
http://www.youtube.com/watch?v=Au-ofwnTGAk.

Based on this information, it can be seen that microfluidic devices offer many advantages over classic
pippeting techniques for setting up reactions:

1. Microfluidics allow for automation, making the user’s presence unnecessary.

2. Because of the small dimensions of microfluidic channels, the sample volumes used are really small
(nL, pL, fL). For example, if you have ever pipetted a biology sample in biology courses, you will know
that the volume of the samples that you can pipette are of the order of µL (remember 1 µL=(1mm)3).
So, with this same volume of sample, you can perform about 100 reactions inside a microfluidc device!
Therefore, you can get a lot more reactions out of an expensive sample.

3. Microfluidic devices are cheap, costing about $2 per chip.

4. Microfluidic devices are really easy to fabricate, as you will find out in this lab.

5. The material that the devices are made of is porous. This allows for air to come in and out of the chip,
which means that you can have living biological samples inside your device. Furthermore, because
the material is also transparent, anything that is inside a microfluidic device can be imaged under the
microscope.

For all these reasons, microfluidic devices are used in a variety of research areas, such as biophysics,
biochemistry, bioengineering, biology, chemistry, optics, environmental engineering, and many more.

Not many people know how to make microfluidic devices! You are now about to enter an exclusive
club! In fact, even people who use microfluidic devices in their research often do not know how to fabricate
one. These researchers often buy these chips (at prices 100 times higher than the cost of fabrication) from
fabrication facilities around the country. Two commonly used facilities are located at the California Institute
of Technology (Caltech) and at Stanford University.
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2. Description: But what exactly is a microfluidic chip?

A microfluidic chip is a device made of a polymer (feels like rubber) placed on top of a glass cover slip.
There are holes on the polymer that lead directly to channels that are indentations between the glass slide
and the polymer. Each channel, depending on the type of chip, can either have an input hole on one end
and an exit hole on the other end or just the input hole on one end. Pins that are connected to plastic
tubing and contain the sample are inserted into each of the input holes and, via air pressure, the sample is
forced into the chip. When there is no exit hole and the sample is inserted into the channels, the air that
was initially occupying the volume of the channel is forced to diffuse directly through the porous polymer.
A picture of the chip on the microscope with the sample being inserted in the channels is shown in Fig 1.
A picture of what the microfluidic channel looks like when viewed under the microscope is shown in Fig. 2.

Figure 1: A microfluidic chip on top of a microscope. The flexible tubes contain the samples that are to be inserted into the
channels of the microfluidic device. Pins at the end of the tubes are inserted into the input holes of the microfluidic device
and pressure is applied inside the tubes in order to force the samples into the channels of the chip. This can take a little bit
of time due to the time taken for the air that was initially in the channels to diffuse through the chips porous material.

Figure 2: Looking at the chip under the microscope. This image shows a single channel inside a microfluidic device. The arrow
indicates the width of the channel, which is 100 µm. The small dots in the interior of the channel are bacteria and beads that
have been inserted via an input hole by applying air pressure.
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The sample to be inserted into the channels during the following week’s lab will consist of excitable
fluorescent beads that are 0.29µm in diameter. When under the microscope and while illuminated by the
light emitted by a mercury lamp, the beads will fluoresce green and their Brownian motion will be easily
observed.

3. Materials

To be able to fabricate these microfluidic devices, the following materials should be used:

• PDMS (this is the polymer that the chips are made of, containing a solution of parts A and B)

• Mold with the design of the chip you will fabricate

• TMCS for treating the mold

• Mixing cup

• Electronic scale

• Vacuum chamber for de-gasing

• Vacuum pump

• Aluminum foil

• Petri dishes

• Ethanol, Isopropanol

• Glass cover slips

• Wooden sticks

• Oven set at 800C

• Syringe needles

• Razor blades

• Scissors

• Wooden block

• Tweezers

4. Procedure

You will be using a wafer mold that consists of a flat, thin, silicon disk along which four individual
microfluidic chip molds are arranged in a square. This wafer mold will bear the polymer (PDMS) solution
on it and after baking, the PDMS will be made into the four separate microfluidic chips, later to be placed
on glass slides. These wafer molds have ridges or bumps on top of them such that when the PDMS solution,
which is viscous and clear, is poured over the mold and baked, each bump of the mold creates a channel
for the sample to be later inserted into. The wafer mold must not be touched with fingers because any
contact will result in the deposit of oils from the skin and can potentially damage the bumps and ridges
of the design. The molds should be handled with care, grasping the wafer molds only from the edges and
keeping it close to the surface of the counter. This prevents the wafer from falling a far distance to the floor
and breaking, if accidentally dropped. These wafer molds can be re-used an abundance of times, yet, with
each use, the channels become slightly less straight and clear. Referring to Fig. 2, this is the reason why
the channel is not a straight line on each edge. The bumps of the mold are worn away and pieces of PDMS
are deposited along the wafer as well. These PDMS pieces need to be removed before each use of the wafer.
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1. Clean the wafer mold to be used to fabricate the microfluidic devices from dust and debris. This can
easily be done via compressed air, holding the wafer at an angle (so that the plane of the wafer is not
perpendicular to the direction of the compressed air; if the wafer is perpendicular, the high pressure
from the compressed air might break the wafer) and slowly increasing the amount of compressed air
shot at the wafer. GLOVES should be worn for this process. This step prevents any debris from
collecting on the mold and further remaining in the chip when the PDMS solution (a viscous, clear
polymer to be made later) is created. If the debris is not removed, it will later show up on the
microscope and can interfere with the channels the sample will be placed into. After cleaning, place
the wafer back in a closed petri dish.

2. THIS STEP IS TO BE DONE UNDER THE FUME HOOD WITH GLOVES. Treat the wafer mold
with TMCS (Trichloromethylsilane). Place a few drops of TMCS in a small cap, leave the cap exposed
to the air within a closed container, place the wafer mold against the walls of the container using
tweezers, and leave alone for five minutes. This allows the wafer to be coated via the deposition of
gaseous TMCS as it vaporizes. This coat of TMCS on top of the wafer facilitates the removal of the
hardened PDMS later on in the process (see step 14). Do not place anything else in the container
except for the wafer mold and cap with TMCS as it will also be coated if left in the container.

3. ONCE AGAIN, WEAR GLOVES! (to prevent the PDMS solution from making contact with your
hands. Even though the PDMS solution is not toxic – if the PDMS were toxic, then it would not
be useful for applications involving biological samples – wearing gloves will allow your hands to stay
clean!) While the wafer is being treated, create the PDMS solution. It should be crafted using a ratio
of 5:1 for this microfluidic chip (25 grams of part A, 5 grams of part B). If you are a bit overzealous in
the measurement and weighing out of the part A solution, be sure to compensate when weighing out
the part B solution, keeping the 5:1 ratio constant. Place the provided white plastic cup (without its
lid) onto the electronic scale, tare the scale and add both part A and part B to the mixing cup. Before
putting the lid back on the part A and Part B containers, be sure to wipe off all excess of the part A
and B solutions that collects on the rims after pouring. The solutions will harden on the rim if left
there, due to the reaction of the solution with air, and will cause the lid of the container to become
stuck.

4. Use a wooden stick to stir the contents of the mixing cup thoroughly, to confirm a good mixture.
Bubbles will form from the vigorous mixing and the relative ease of the entrapment of air due to the
high viscosity.

5. WEARING GLOVES and USING TONGS, retrieve the wafer mold treated with the TMCS from
under the fume hood and place in the petri dish.

6. Cover a petri dish with aluminum foil ensuring ZERO tears or rips. If there are tears or rips, PDMS
will coat the petri dish and harden while baking (step 13), making it very difficult to take out the
PDMS solution and separate it from the petri dish and wafer mold. Use a cap such as that of the
mixing cup to flatten out the foil against the bottom of the petri dish. This will guarantee that the
wafer mold sits flat against the bottom of the petri dish, which will allow for an even layer of PDMS
solution to form on top of the wafer. This, in turn, will guarantee that all chips created by the hardened
PDMS will have the same thickness.

7. Place the wafer mold into the aluminum foil coated petri dish and pour over the PDMS solution, in
the center.

8. Prevent any PDMS from collecting under the mold by pressing evenly and gently on all sides of the
mold with sticks. Do not touch the indentations on the mold or they might get damaged.

9. In order to remove all air bubbles from the PDMS, we need to use the vacuum pump. Place the
petri dish with the PDMS solution in the vacuum chamber. Leave the petri dish open while in the
vacuum chamber, connect the hose of the vacuum pump to the chamber’s lid and turn the pump on.
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To ensure that the pump is effectively removing the air from the vacuum chamber, the seal must be
tight between the top and bottom halves of the chamber. To check for a consistent and firm seal, lift
up on the top half of the chamber and see if it readily detaches. If it does, be sure the rubber lining
is completely in the groove of the bottom half of the vacuum chamber. Again, put the top half of the
chamber back on and make sure that it does not detach when you try to lift it.

10. While the vacuum pump is running, clean the mixing cup used to mix parts A and B of the PDMS
solution. Use only paper towels. The paper towels may be disposed of in the garbage; again, the
PDMS is non-toxic. Ethanol or isopropanol may be used sparingly to clean the container, especially
the rims. If used in large quantities, the next fabrication process will be erred because the alcohols
contaminate and dissolve the PDMS solution. So, let the cup dry well before the next use.

11. Check to see when the vacuum pump has removed the majority of the air bubbles in the Petri dish
that contains the wafer with the PDMS solution. If so, air needs to be let into the vacuum chamber in
order for the top half of the chamber to be lifted off again. Once the hose is detached and the chamber
regains the atmospheric pressure by allowing air to fill the chamber once more, the majority of bubbles
ought to be removed. If not, the wooden stick may be used to move them to the outer edges of the
PDMS solution keeping them from being in the way of the channels. If bubbles touch the channels,
the sample will flow into the small air pockets, rather than through the channels, or they will obstruct
our view of the sample using the microscope later on.

12. To ensure that the wafer is still flat against the bottom of the petri dish, press once again evenly and
gently on all sides of the mold using wooden sticks.

13. Bring the petri dish to the oven set at 800C and place on a wooden block to prevent the petri dish
from melting when in contact with the hot metal rack that is in the oven. Leave in there 30 minutes
in order to harden the PDMS. Be mindful of any volatile substances in the oven that can harm the
PDMS. If there are any such substances in the oven, remove them before placing the petri dish.

14. Take the petri dish out of the oven and separate the aluminum foil from the wafer mold and hardened
PDMS. Take/peel off the hardened PDMS from the wafer mold. This may require peeling off a small
layer of PDMS on the bottom of the wafer mold first, after first making a small incision with a razor
blade.

15. Place the hardened PDMS in a petri dish, channel-side up, and cut along the outside edges of each
chip to separate the four microfluidic chips. ALWAYS place the chips channel-side up to avoid excess
debris from entering the channels (which can occur when the channels are in contact with the surface
of the petri dish). Once more, avoid touching the channels in order to prevent having your fingerprints
on the chips. Hold the chips from the edges.

16. Place each chip in its own petri dish and using a yellow syringe needle, punch holes in the designated
hole markers shown on the chip. In order to punch the holes, it is best to push straight down, twisting
as you go down into the PDMS. Then pick up the chip and pick out the piece of PDMS pushed out by
the syringe needle before you take the needle out of the chip. Repeat for all 4 chips, discarding
the excess PDMS. This step is important: if the holes are plugged or greater in circumference than
that of the yellow syringe needle, then you might not be able to insert the sample in the channel during
next week’s lab.

17. Clean 4 glass slides and each microfluidic chip created (there should be 4). For the slide, hold it from
the edges and use compressed air to blow away particles of dust and debris. If necessary, ethanol can
be used to rinse the slide, but it must be dried completely before adding the microfluidic chip on top
of the slide. For the chip, tape pressed against the channel side of the chip and then removed should
clear any excess pieces of PDMS or other debris. Tape can also be used for the slide, but be careful
removing the tape so as not to break the fragile glass slide.
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18. Place one microfluidic chip at the center of each clean slide (at the center for ease of use with the
microscope) with the channel side down and against the glass. Ensure no air bubbles are formed
between the chip and the glass slide; otherwise the sample will fill these air pockets rather than the
channels between the slide and PDMS. If necessary, pull up on a corner of the PDMS and push down
with the tip of a flathead screwdriver beginning in the middle of the chip and sliding outwards slowly
towards the corner.

19. Place the microfluidic devices (PDMS on top of the slide with NO bubbles) in a petri dish and label the
dish with a marker with your name(s), Seitaridou, xt. 8344, and today’s date. Place the microfluidic
devices back in the oven set at 800C on top of the wooden block to bake overnight. This overnight
baking will allow the chips to seal properly by creating bonds between the PDMS and the glass slide.

20. Your lab instructor will remove the chips from the oven for you the following day. The chips are now
ready to use.

—————————————————————————————————————–
—————————————————————————————————————–
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END LAB #3

- - - - Brownian Motion and Microfluidics I: Chip Fabrication - - -
- - - - - - -
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Brownian Motion and Microfluidics II: Observing Brownian motion

(written by Matt Dorian, Emory Class of 2015)

In this lab you will observe the Brownian motion of polystyrene beads that you will insert in the microflu-
idic chips you fabricated last week.
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1. Background

Brownian motion is the erratic motion of tiny particles observed under the microscope. It takes its name
from the English botanist Robert Brown who in 1827 observed the motion of tiny particles that had been
ejected from pollen grains in water. Brown did not know that these particles were tiny packets of starch and
fat, nor that this erratic motion was caused by collisions of these particles with the many and much smaller
water molecules.

In 1905, Albert Einstein wrote two papers on Brownian motion. This was done the same year that he
wrote his papers on special relativity and on the photoelectric effect. Einstein’s theoretical analysis was
experimentally confirmed in 1908 by Jean Perrin. Einstein’s and Perrin’s work convinced scientists at that
point that matter consists of molecules in rapid motion and it also provided an independent way to measure
Avogadro’s number. In 1926 Perrin received the Nobel Prize for his overall work on Brownian motion.
Einstein received only one Nobel Prize in 1921 for his work on the photoelectric effect (but he deserves at
least two more.)

Figure 1: Brownian Motion: Simulations of the first 10 random steps of a single Brownian particle. The particles starts at P0

at (X,Y)=(0,0), and ends at P10 at (-0.82,0.91).

Brownian motion is fundamentally different than the usual motions described by Newton’s Laws. New-
tonian dynamics is completely deterministic, that is the position of a particle in the future can be calculated
if you know its current position, velocity and acceleration. Think of x = x0 + v0t + 0.5at2 for example. In
Brownian systems, however, this equation won’t work. That’s because Brownian particles are constantly,
and randomly, changing directions as they move. Figure 1 shows a typical example - a particle starts at the
origin at P0, executes a series of 10 random steps, and ends up finally at P10. Note that because the steps
are random in both length and direction, the particle doesn’t wind up back at the origin after these 10 steps.
Rather the particle tends to slowly drift away as time goes on. To see this more clearly, we look over longer
times in Fig. 2, which shows three simulations of the first 250 random steps of a single Brownian particle.
Just like at the earlier times in Fig. 1, the patterns all look somewhat random. Moreover, they all look
different, the final particle positions are different in each individual run. By comparing the final positions
in Figs. (1) and (2), we can say that the particles are further from the starting point after 250 steps than
after only 10 steps, so the displacement is going up in time, though not in any simple or obvious way.
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Figure 2: Brownian Motion: Simulations of the first 250 random steps of a single Brownian particle. Each sequence starts from
the origin ◦, and ends at • (indicated by the arrow → also).

Because of the randomness of Brownian motion, we can’t write an exact relation for how a single particle
will move as a function of time. When Einstein examined the problem, however, he found that if he
considered the motions of a very large number of Brownian particles, he could write an equation for how,
on average, particles would move. Specifically, he found that the equation for the average mean-squared
displacement of a Brownian particle as a function of time is

〈
(x− x0)2

〉
= 2D(t− t0) , (1)

where x0 (m) is the initial position along the x axis at time t0 (s) of the particle executing Brownian motion,
x (m) is the position along the x−axis of the particle at time t (s), and D is the diffusion coefficient (m2/s).
The square brackets < · · · > denotes the average. Similar equations can be obtained for the positions of the
particle along the y and z axis. Note that when we start at x0 = 0 at initial time t0 = 0, then Eq. (1) has
the simpler form 〈

x2
〉

= 2Dt . (2)

Note how different this is from Newtons’s result for a particle moving at constant velocity, x = v · t,
where displacements go up linearly with time. The Brownian Eq. (2) yields displacements,

√
〈x2〉 =

√
2Dt,

that grow as the square root of time! The cover figure shows what typical Brownian motion looks like. It is
simulated Brownian motion data (using Excel), and the data can be fit to the form,

〈
x2
〉
∝ t, given by Eq.

(2).
What these equations imply is that, if we know the positions of a particle and the times at which the

particle was located at these positions, we can use this information in order to experimentally obtain the
diffusion coefficient D. If the particle is spherical, then the diffusion coefficient D can also be obtained via
the Stokes-Einstein equation:

D =
kBT

6πηa
, (3)

where kB is the Boltzmann constant, T is the temperature (K), η is the viscosity of the fluid inside of which
the particle is moving (kg/m·s), and a is the radius of the spherical particle (m).

In this lab, you will be using Eqs. (1) and (3) in order to obtain the diffusion coefficient D in two
different ways, experimentally via Eq. (1) by looking at the Brownian motion of polystyrene beads that
you will insert in the microfluidic chip, and theoretically, by plugging into Eq. (3) the values of the relevant
parameters.

67



PHYS253 Lab #4: Brownian Motion and Microfluidics II: Observing Brownian motion Oxford College

2. Materials

For this experiment you will need the following:

• The microfluidic chip you fabricated last week

• Flexible tubes

• Pins

• Polystyrene beads

• Water

• Compressed air

• Kimwipes

In addition to these materials, you will also be using an inverted fluorescence microscope (Olympus
IX) for observing the beads’ Brownian motion, a Hamamatsu camera for data acquisition (images of the
beads at different moments in time), a mercury lamp, MetaMorph software for capturing the images on the
microscope, and Matlab for your data analysis.

3. Procedure

In this lab, we will be inserting a 1:5000 water solution of 0.29 µm in diameter polystyrene beads into
the different channels of the microfluidic chips created in the previous lab, and further observing the beads’
Brownian motion under the microscope. This task seems very simple, yet the complications arise due to the
tiny nature of the beads themselves along with the minute channels of the microfluidic chips.

After observing the beads, snapshots of the beads at a designated time interval will be taken and those
beads on the snapshots will be tracked via imaging software. The bead’s diffusion coefficients in both the
x and y directions along the Cartesian coordinate system will be calculated by the computer data analysis
algorithm (written in Matlab) along with the average diffusion coefficient, D.

Inserting the sample (fluid) into the chip:

1. Turn on the camera, brightfield lamp, and mercury lamp along with the computer, and open the
camera software, MetaMorph.

2. Obtain a length of plastic tubing equivalent to 9-12 inches. Insert the steel pin halfway on one side
inside this tubing. This tubing will be utilized to draw the sample out of its stored eppendorf tube
and into the tubing.

3. Use the sample containing the beads in a 0.2 part beads to 1000 parts deionized water relationship
and place the metal pin with the tubing down to the bottom of the eppendorf tube (so that the metal
pin is touching the bottom). Then place on the rack. On the other end of the tube, carefully insert the
syringe, without pricking or making a hole in the plastic tubing. If the tubing is pricked, the suction
will not hold and the sample will not be drawn out, rather, air will be taken into the tube (like trying
to use a broken straw for your soda!) If so, cut the pricked piece off the tubing containing the pin and
try again.

4. Holding the eppendorf tube of sample in the one hand (making sure the needle is at the bottom of
the sample) and the syringe in the other, SLOWLY push outward on the syringe, drawing the sample
out and filling the tube. It does not need much force, remember, we are working with extremely small
volume-sized samples. Also, be wary of air bubbles. We do not want them as we do not want to insert
air into the channels of the microfluidic chips. This is why it is important that the pin is inside the
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sample (at the bottom of the eppendorf tube) when you draw the sample with the syringe. If a bubble
occurs, discard the sample in a designated waste container and re-draw out another sample. Cohesive
and adhesive forces of water will keep the sample in the tube; so, take out the syringe from one end,
and the pin end out from the eppendorf tube containing the bead sample, drying off any water on the
outside of the pin itself. When you dry the pin, be cautious not to touch the tip of the tube (i.e., pin)
to the paper because it will draw out the sample. Leave the tube on the counter.

5. Place the chip on the microscope’s stage and view the channels under the microscope to determine how
good or poor the channels are. With use, the wafer molds deteriorate, which can result in damaged
channels. Be sure to take note of any broken channels because that is the last place we want to put
our sample! See step 10, parts (a-d) for microscope use instructions.

6. Now we will insert the steel pin into the microfluidic chip. Put the chip on a firm surface, like that
of the bench top. Push down on any one of the holes that are designated as good and correspond
to undamaged channels. Check to make sure the pin has been inserted all the way down right next
to the glass at the bottom of the chip. This will draw out the sample slightly when the steel pin’s
tip touches the glass; similarly to if the steel pin’s tip is touched with a kimwipe, paper towel, or the
PDMS surface of the chip.

7. Place the microfluidic device with the tube coming out of it onto the stage of the microscope and
secure it using tape pressed slightly on each end of the glass slide, so that it will not move even when
tugged by the tubes.

8. Turn on the air tank. Do this by first turning the main knob (on top) to the left until air fills the
tank chamber. Then turn the black knob protruding towards you until a pressure of about 3-5 psi is
maintained. This pressure will be used to push the sample into the tubes, through the manifold, and
then through the plastic tubing used to draw out the sample initially. It is possible to check if air is
coming out of the manifold by turning the separate knobs on the manifold to allow air into the desired
tube. Then hold the air tube right above the hairs on the back of your hand to determine whether or
not air is coming out of the tube.

9. Prevent air from going into the manifold for this step by turning the white knob at the beginning of
the manifold to off. Drape the tube containing the sample (this is the same tube that has already been
inserted into the microfluidic chip) over the top of the microscope and connect it to the manifold tube,
inserting the pin of the tube of the manifold into the dry end of the tubing containing the sample.
Then turn on the air from the manifold. At this point your setup should look like that shown in Fig.
3.

10. The insertion of the sample can happen slowly or quickly, depending on the amount of air pressure
applied from the air tank. To check that the sample has been inserted, use the microscope!

(a) You can use the imaging software to view the sample, or the eyepiece on the microscope; it is
completely up to you. In order to switch between the two, there is a small knob on the right side of
the microscope, that, when pulled out, switches to the camera. When pushed in, it switches to the
eyepiece of the microscope.

(b) Make sure you are using the 10× zoom lens. It should be preset to this magnification.

(c) Use the primary focus (middle) and then fine tune focus knobs (outer) on the side of the microscope
to obtain a clear (i.e., focused) picture. If the primary focus does not turn readily, it is LOCKED and
the part of the knob closest to the microscope must be turned to loosen its grip on the primary focus
knob, which is in the middle. The fine tuning knob, used to finely adjust the focus on the field of view,
is on the outer part of this knob. The microscope should be using the brightfield lamp at this step,
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Figure 3: The steel pins have been inserted into the microfluidic chip into pre-checked holes for deformities. The tubes shown
contain the sample and are going up so that they are draped over the top of the microscope and connected to corresponding,
separate tubes of the manifold. The chip itself is lightly taped down onto the stage of the microscope to prevent it from moving
in case a tube is moved or pulled.

meaning the shutter is pushed back and the brightfield lamp is on (the light appears green, while the
light from the mercury lamp, blue).

(d) Move the stage about using the knob attached to the stick, which hangs down from the stage on
the right hand side. The top part of the knob moves it up/down along the plane of the stage, the
bottom, left/right.

(e) Find the hole where you have inserted your sample! It will appear as if a water puddle is around
the hole when the desired one is found. Once it is, switch to the 40x zoom lens by twisting the large
disk on the left, under the stage, containing the different microscope objectives.

(f) To be sure the sample is in the tubes, turn off the lights in the room, close the door, turn off the
brightfield lamp, and then switch the shutter towards you in order to illuminate the sample with light
coming from the mercury lamp. Avoid looking directly at this light! Use the guard in between the
eyepiece and the microscope stage as this light is harmful to your vision.

11. Take pictures of the particles now, so that you will have a means of tracking them. Try to find a
particle that is moving and is not too close to other particles. This will make it easier to track a
single particle at a time while in Matlab. To take pictures, with MetaMorph open and the live camera
running, go to Acquire� Acquire Timelapse. From here, a desired time interval between pictures
will need to be selected (e.g. 0.25 secs) along with the overall time length pictures will be taken for
(10 secs is adequate). As a result, a total quantity of pictures will be taken as shown by clicking in
the Number of Planes to Acquire input window (in this case, 41).

12. Click OK, and while it is taking the pictures, it may be necessary to fine tune the focus: the bead is
also moving along the z-axis due to Brownian motion, rising and falling, making the bead move out
of focus. The more pictures out of the 41 that you have where the bead is in focus, the easier it will
be to track these movements of the bead.
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13. Create a folder on the computer desktop and save the time series as a MetaMorph.tiff file so that
way you will save each individual picture. Check to make sure all the pictures are in the folder you
created.

14. Repeat steps 11 through 13 two more times for two different beads. (If we have more time, we will
take more data points).

15. Finally, exit out of the time series that has popped up in addition to MetaMorph. We are now ready
to use Matlab!

4. Guide to GUI (Graphic User Interface) for tracking particles (pktrackalpha1)

1. Open Matlab.

2. Run the program, pktrackalpha1 (Use F5 or the green play button on the Editor menu of the code).
Click Add to Path.

3. The main window pops up (labeled, PK-Track Alpha V0.8) which contains two boxes: Image Title
and Images. If at any point during the analysis this main window is closed, then the whole GUI is
exited. This window has a menu with 3 choices: File, Edit, and Analyze.

4. Go to File and then Load Folder. The Load Workspace and Save Workspace options can be
used if at some point you want to stop the analysis and you do not want to lose the work you had
done at that point. You can save the whole workspace via Save Workspace and then you can resume
from the same point by loading the workspace via Load Workspace.

5. After selecting Load Folder the Load Images window pops up (NOTE: In that window, the Col-
ormap options, hot and gray do not work at this point → it is always set to hot).

6. Clicking on the Load Folder. . . button of the Load Images window allows you to browse for the
folder that you want to load the images from. So, go to the folder you saved your time series in and
click OK.

7. The other buttons in the Load Images window stand for:

(a) Remove File: removes the selected item/image in the list. This can become useful when images
are poorly captured on the camera. Note: When an image is removed, the time interval must remain
the same between all loaded images, in order to have the same (t − t0) in Eq. (1) for all images; so,
not the next image after the deleted one, but the second to next and the second to previous image
must be deleted, and every second picture must be deleted. As a result, the quantity of pictures will
be cut in half.

(b) Import Image (or double clicking on a picture of the list): imports the selected frame on the
main window (i.e., PK-Track Alpha V0.8).

(c) Import All: imports all the images in the list box to the main window. This button overrides
the Import Image button.

(d) Previous/Next: Scrolls through the images.

8. Clicking on the Import All button will show all the images in the main window. You can then close
the Load Images window.

9. For the image analysis, due to memory limitations, the images need to be cropped so that only the
area of interest out of the whole image is kept. To crop, go to the main window Edit tab and select
Crop Images. The Crop Image window will pop up.

Note: In the Edit tab, the Manage List selection reveals 3 additional buttons in the main window.
These buttons allow you to change the order of the images in the list (placing them higher up on the
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list with Up or lower down with Down or completely remove them with Remove.) These Manage
List options are available before or after the images have been cropped.

10. In the Crop Image window you can select the region which you want to keep via the Select Region. . .
button. This allows you to drag the box onto the image window. Alternatively, you can manually
enter the x and y positions of the upper left corner of the box and then specify the width and height
of the box. You can then click Apply to apply these positions/dimensions or Clear so you can start
from the beginning. The Show Preview buttons shows a preview of the cropped region (it will look
zoomed in). Finally, Crop will crop the image shown in the main window and Apply to all will crop
all the images in the list box.

Note: Apply to all makes the cropping final (i.e., it cannot be undone. So, if the box does not work
for all images (eg., some beads have moved out of the box) then you will have to reload the folder from
the beginning and start over.) Therefore, to make sure that you have not picked wrong dimensions
for the box, you can scroll down the images in the main window (use the up/down arrow keys on the
keyboard) to see if the beads will move out of the box.

11. After clicking on Apply to all you can go to the Analyze menu option on the main window and click
on Track Particles. This will pop up the Track Particles window. Note: The Live Preview box
on this window should not be checked when importing or cropping images.

12. This Track Particles window has 3 sub-boxes. These will be used to determine the exact location of
the bead based on the center, and the brightness of the bead.

• Bandpass filter: The parameters used are described in the beginning of the Crocker and Grier
particle tracking algorithm by typing in the Matlab command window help bpass.

• Particle Find: The parameters used are described in the beginning of the Crocker and Grier
particle tracking algorithm by typing in the Matlab command window help pkfnd.

• Centroid Find: The parameters used are described in the beginning of the Crocker and Grier
particle tracking algorithm by typing in the Matlab command window help cntrd.

13. By playing around with different values of the parameters in these three sub boxes, one can find the
parameter values that best suit the acquired data based on the size of the particle especially. (The
larger the particle appears on the snapshot, the less bright it will be because the more out of focus it
is). A place to start is with these values: Noise: 2, Object: 9, Threshold (Bandpass): 10, Threshold
(Particle): 5, Size: 9, and under Centroid, Size: 11.

What do those values mean?

• Noise refers to the background noise that all images have. The value of noise represents the pixel
length of 2 such that any difference in intensity across 2 pixels is smoothed out.

• The object that we are searching for is the bead in this case and, on average - when in focus - is
around 9 pixels in length. This parameter tells the computer to not smooth out anything that is 9
pixels or more in length.

• The threshold under bandpass helps to remove any particles that are too dim (i.e., out of focus) to
be used for tracking. As a whole, the bandpass section serves as a filter. The threshold under the
particle section monitors the intensity of the pixels of the bead itself and corresponds to the minimum
brightness a pixel must have in order to be considered the maximum intensity of the bead. If too high,
the computer will not pay attention to the bead because it will fall under the overall threshold of
intensity of the pixels. If too low, then there will be a lot of pixels that are potential candidates for the
maximum intensity of the bead. In this case the object will appear just as bright as the background
because the noise and object together will fall above the threshold of intensity.
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• The size of the particle should be a bit larger than the object as to include a few pixels outside
of the object. This gets rid of all the intensity peaks above the threshold value but one within
the specified size. The centroid size is the diameter of the window over which to average to find
the centroid, which is the weighted average of the intensity of the pixels within that window. The
centroid value should be big enough to capture the whole particle but not so big that it captures
others. Recommended value is the object value used in the bandpass plus 2. By the time this step
is reached, the rest of the screen should be black and the only image shown should be that of the
bead. It is wise to maintain similar and odd numbers when referencing the size and the object length
under bandpass. With odd numbers it is more accurate because the exact middle (median) pixel can
be found.

14. By clicking Apply for each of the sub-boxes, the parameters of that box will be applied to the image
shown on the main window. (The Interactive button on the Centroid Find box is not working at
this point.)

15. Checking on the Live Preview box and then clicking on the Run List button, will apply all the
parameters that were selected for the first image to all images while at the same time showing what
each image looks like with these parameters. (Note: Even with Live Preview not checked - if you
click on Run List the parameters chosen for the first image will be applied to all the images.)

16. If some images look ”wrong” (i.e., the centroid is found at a position where the particle is not, the whole
screen is orange, etc.) when these parameters are applied, you can go back to those ”wrong” images
only with the up/down arrows and choose different parameters for these images. These parameters
are immediately saved, so there is no need to use (and you shouldn’t use) Run List again.

17. When done identifying the right parameters for the images, click on Export Track. If a Not all
images have been analyzed error message pops up, it means that there is an image or images
for which no particles have been found. This means that the parameters for that image need to be
changed so that the particles are identified. Sometimes, an image analyzed with incorrect parameters
will show up as just an orange box. Be sure to only adjust the parameters of this image and - often
- lower the parameters to get rid of this. If all particles have been found in all the images, then an
Export Complete message will pop up. Click on OK and then on Show Results in order to get
the values of the diffusion coefficients (Dx, Dy, and their average, D) for each of the particles. The
values of D are in µm2/sec. The values show up in order of increasing x coordinate of the bead for
the first image.
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5. Results and Analysis

At this point there should be three values of the diffusion coefficients, D, for each bead and for each trial
or set of images obtained from the microscope.

1. Compare those values of D to those acquired with the Stokes-Einstein equation (3) above. (T =
room temperature in Kelvin, Viscosity of water η = 0.001 kg/(m·s), radius of the bead a = 0.145 µm,
kB = 1.38× 10−23 J/K). Discuss any differences between the experimental and the theoretical values.

2. Compare the values of Dx and Dy. Explain why they are different (if they are). (a) Take the average
of the three (or more) Dx values. (b) Take the average of the three (or more) Dy values.

3. Based on your fundamental knowledge of Matlab at this point, can you explain how the Matlab
program operates? Hint: Each pixel represents an element of a matrix in the program.

4. You may ask, why use microfluidic chips? It is a bit unnecessary in this case as a drop of a water-bead
solution on a slide with a cover slip would suffice in order to observe Brownian motion; however, the
field of microfluidics is highly up and coming. In addition, as of now, very few people even know how
to produce these chips! The applications of these chips are numerous and because of the small amount
of sample necessary, can be very cost-efficient. Plus, Dr. S uses them in her research, so they MUST
be important!

6. References

1. Farhan Kamili’s work on creating the GUI for the data analysis (Summer 2010).
2. Crocker, J. C., Grier, D. G. (1996), Methods of digital video microscopy for colloidal studies., J. Coll.

Int. Sci., 179:298-310.
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.

Matlab Project #2: Maxwell-Boltzmann Distribution

(thanks to Gary Hunter, ghunter@physics.emory.edu)

1. Maxwell-Boltzmann Distribution.

The Maxwell-Boltzmann equation gives the fraction of molecules in a dilute ideal gas with speed between
v and v + dv,

f(v) = 4π
( m

2πkT

)3/2

v2e−mv2/2kT , (1)

where m is the mass, k ≈ 1.38 × 10−23 kg m2s−2K−1 is Boltzmann’s constant, v is given in m/s and T in
Kelvin.

Hand in all of the Matlab scripts, graphics and written discussion portions requested in the following
problems.

Problems:

1. Write a Matlab script to plot f(v) versus v for H2 , N2 , and NO3 at a certain temperature T . Use
your script to plot curves at −50, 0, and 90 degrees Celsius. Make a separate plot for each of the three
temperatures but use the same scale for all three graphs (speed axis from 0 − 4000 m/s and fraction
axis from 0 − 3.5 × 10−3). Label horizontal and vertical axes appropriately, and give each graph an
unambiguous title. Additionally, provide a legend within the plot that clearly associates each gas with
its corresponding curve, either by color or line style.

2. Briefly discuss any trends within and between the plots.

3. Derive a general expression for the slope of the Maxwell-Boltzmann distribution at a point v. Use this
expression to find the most probable speed of a molecule in terms of mass, absolute temperature, and
k.

4. Write a Matlab function to calculate the most probable speed of a molecule. Use the atomic weight
and temperature as input variables.

*** Remember, you can find more information on various built-in Matlab functions by using the doc or
help commands. For example, to learn more about the plot command, at the command line type

>>doc plot or >>help plot
You may want to learn more about the commands plot, axis, exp, legend, and rand. Turn in all plots

and any functions and scripts used to obtain them. Discussion and mathematical work should be neat and
organized, but do not need to be typed.
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.

*NOTES*
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.

Properties of Electrons

The Complete Properties of Electrons Apparatus is a compact device based on a built-in cathode ray tube
(CRT) that allows the electrical and magnetic properties of an electron beam to be investigated and permits
measurement of the electron charge to mass ratio, e/m. This experiment is based on the one used by J.J.
Thomson in 1897, at the beginning of the era of modern physics.
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1. Equipment

Figure 1: Components: [1] Removable Case Lid, [2] Socket for CRT, [3] Axial Field Solenoid, [4] CRT, [5] Transverse Field
Coils (2), [6] LED Displays for Voltage and Current, [7] Power Cable, [8] Voltage and Current Controls, [9] Screen Grid.

Figure 2: The supplied CRT is a 8SJ31J tube on a 14-pin base. Its overall length is 240 mm, with a neck diameter of 51.4
mm and a flat screen of 75 mm diameter. F = Filament, K = Cathode, G = Grid, FA = Focus Anode, A1, A2= Anodes, X1,
X2 = X-axis Deflection Plates, Y1, Y2 = Y−axis Deflection Plates. The Voltage between the cathode and anode, called the
cathode voltage VK , is what accelerates the electrons down the tube.

NOTE! Take care when inserting the CRT into the CRT socket (#19 in Fig. 3). The pins
are easily damaged by rough handling. Carefully line up the gap between pin 1 & pin 14
with the gap in the socket (at 3 o’clock viewed from the front) Do not force the CRT into the
socket. Never insert or remove the CRT into/from the socket with the main power switched
on.
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Figure 3: Properties of Electrons Apparatus.

1. Zero point adjust knobs (X and Y , 10 turns)

2. LED display for magnet current

3. CRT voltage selector switch (VG, VI , VK)

4. Magnet current fine adjust knob (10 turns)

5. Magnet current coarse adjust knob (10 turns)

6. Deflection power supplies indicator lamp

7. Deflection power supplies on/off switch

8. Electrostatic deflection selector switch (VX , VY , VD)

9. Fuse (2A instrument type 20 mm)

10. Main power on/off switch

11. Main power indicator lamp

12. Electrostatic deflection voltage adjustment knob Y -axis (VY , 10 turns)

13. Electrostatic deflection voltage adjustment knob X-axis (VX , 10 turns)

14. Sockets for connecting axial magnetic field solenoid (using supplied patch cords)

15. Transverse magnetic field reversing switch

16. Electrostatic deflection VX voltage AC/DC switch

17. CRT grid voltage adjustment knob (VG, 10 turns)

18. Sockets for connecting transverse magnetic field coils (2 pairs coils plug in directly)

19. CRT socket

20. CRT focus voltage adjusting knob (VI , 10 turns)

21. CRT accelerating voltage adjusting knob (VK , 10 turns)

22. Overload warning lamp

23. LED display for electrostatic deflection voltages (VX , VY , VD)

24. LED display for CRT voltages (VG, VI , VK)

25. Power cord

79



PHYS253 Lab #6: Properties of Electrons. Oxford College

Safety
The Complete Properties of Electrons Apparatus is self-contained; all high voltages are enclosed internally

for safety, and the built-in displays eliminate the need to connect multimeters externally. However, care
should always be taken when working with an electrical apparatus under power. Particular attention should
be paid to the following points:

• The CRT is a sensitive tube containing high voltages. Never insert or remove it while the power is
turned on. Ensure that the pins are properly seated in the socket before starting an experiment, and
handle the tube carefully when it is not attached to the apparatus.

• The power supply for the magnetic field coils can produce up to 30V. Never attach or remove the coils,
or connect/disconnect the patch cords with the power turned on. Do not touch the coils or sockets
while the coils are energized.

• If the overload warning lamp (#22 in Fig. 3) illuminates during an experiment, reduce voltage and
turn off the magnetic field immediately. Determine the cause of the overload before continuing with
the experiment.

Functions of the Controls
1. THE CRT CONTROLS (Figure 3, #s 1, 3, 17, 20, 21, 22, & 24).

• The CRT operates with the anode (A1 in Figure 2) at ground potential and the cathode (K) at
−750V. . .− 1400V. The grid (G) and the focus anodes (FA, A2) serve to control the brightness
and sharpness of the electron beam spot on the screen.

• The CRT voltage selector switch (3 in Fig. 3) controls which of the CRT voltages are shown on
the CRT LED display (24).

• The voltages are adjusted using three ten-turn potentiometers for the acceleration (21), focus
(20), and grid voltage (17) respectively.

• The zero controls (1) adjust the position of the beam spot on the screen in theX and Y−directions.

2. THE ELECTROSTATIC DEFLECTION CONTROLS (Figure 3, #s 6, 7, 8, 12, 13, 16, & 23).

• These controls apply voltages to the two pairs of deflection plates for the X and Y directions
(X1, X2, Y1 & Y2 in Fig. 2).

• The deflection power supplies switch (7 in Fig. 3) activates the X and Y deflection voltages and
illuminates the indicator light (6).

• The electrostatic deflection selector switch (8) controls which pairs of plates are activated (X, Y ,
or both–D) and which voltage is indicated on the electrostatic deflection LED display (23).

• The voltages are adjusted using the two ten-turn potentiometers ((13) for X, (12) for Y ) and the
voltage can be switched between D.C. and A.C. using the toggle switch (16).

3. THE MAGNETIC FIELD CONTROLS (Figure 3, #s 2, 4, 5, 6, 7, 14, 15, & 18).

• These controls supply power to the external transverse and axial magnetic field coils and indicate
the current supplied.

• The transverse field coils plug directly into the two pairs of sockets (18) which connect them in
series, while the axial field solenoid fits over the CRT and is connected to the pair of sockets (14)
using the supplied patch cords.

• The deflection power supplies switch (7 in Fig. 3) activates the magnet power supply and illumi-
nates the indicator light (6).

• The magnet current in each case is controlled by two ten-turn potentiometers (4 & 5, coarse and
fine adjustment) and indicated on the magnet current LED display (2).

• For the transverse field, the direction of the current in the coils can be reversed using the toggle
switch (15).
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2. Setup

Undo the latches on the front of the case and remove the lid by sliding it to the right. Place the lid in
a conveniently accessible place – the transverse magnetic field coils and patch cords are stored in the lid.
Carefully remove the CRT from inside the axial field solenoid and insert it into the CRT socket (#19 in Fig.
3) as described below Fig. 2. The front end of the CRT should be supported on the cradle attached to the
back of the screen, as shown in Figure 4. Plug the unit into a wall outlet.

Figure 4: The setup for the electron deflection in a transverse electric field experiment.

3. Experiment #1: Electron Deflection in a Transverse Electric Field

The CRT generates an electron beam traveling from the socket end of the tube to the screen. Fig. 2
shows a cross-section along the tube. Electrons are emitted by a cathode K , which is heated by a filament
FF . They are extracted from the filament area by a positive potential on the grid G, and pass through to
the anode system FA→ A1 → A2, which accelerates them and focuses them into a narrow beam traveling
towards the screen

The CRT also has two pairs of electrostatic deflection plates as shown in Fig. 2. The plates for the
Y−direction (vertical) are located after the electron beam has passed through the anode system, and are
separated from the plates for the X−direction (horizontal) by a diaphragm with a vertical slot. The
diaphragm is held at the anode potential (A2) so that the electrons experience no axial acceleration when
passing through the Y−plates, and also to isolate the effect of the Y−plates from any influence of the
potentials on the following X− plates.

The Y−direction plates will be used in this experiment.

3.1. Procedure

1. Set up the Complete Properties of Electrons Apparatus as described in Section 2 above.

2. With the deflection power supplies switch (7) turned off, turn ON the main power switch (10) and wait
until the cathode warms up and a bright spot appears on the screen. Set the CRT voltage selector
switch (3) to read the grid voltage VG, and adjust the grid voltage to about −10V using the grid
potentiometer (17).

3. Now set the CRT voltage selector switch (3) to read the cathode voltage VK , and adjust this voltage
to 950 V using the acceleration potentiometer (21). The bright spot on the screen will now appear
bright, but generally diffuse. Set the CRT voltage selector switch to read the focus voltage VI , and
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use the focus potentiometer (20) to make the spot as sharp as possible. Record the acceleration, grid,
and focus voltages.

4. Set the deflection voltage switch (8) to read the Y−direction voltage VY , and turn the Y−deflection
voltage potentiometer (12) to read 0.0 Volts. Do the same for the X−deflection also. Now turn ON
the deflection voltage switch (7). The Y−deflection voltage should read zero. Use the X− and Y−zero
potentiometers (1) to position the bright spot at the center of the screen grid.

5. Dependence of Electron Deflection on Transverse Voltage VY . With the (longitudinal) cathode
voltage fixed at VK = 950V, slowly increase the Y−deflection voltage and observe the behavior of the
bright spot. Record the direction of motion of the spot and several pairs of data for the deflection
voltage VY and the distance D of the spot from its original position. Return the deflection voltage to
zero, and then decrease the voltage further and repeat the measurements for the spot moving in the
opposite direction.

6. Dependence of Electron Deflection on Longitudinal Voltage VK . With the (transverse) de-
flection voltage fixed at VY = 20V, slowly increase the cathode voltage VK from 950 to 1300V and
observe the behavior of the bright spot. Record the direction of motion of the spot and several pairs
of data for VK and the distance D of the spot from its original position.

7. Plot graphs of D vs. VY and D vs. 1/VK and note what you observe.

Figure 5: Electron deflection in a transverse electric field. Before entering the deflection plates, the electrons are first accelerated
by the cathode Voltage VK . The electron speed at the entrance of the deflection plates is ve =

√
2eVK/m.

3.2. Evaluation

Figure 5 shows an electron beam passing between a pair of plates carrying a potential difference VY . The
plate separation is d, and the deflection of the electron beam when it reaches the screen is D. There is no
electric field along the horizontal direction, so the velocity of the electrons in this direction, ve, is constant.
In passing through the electric field of the plates, Ey, the electrons are attracted towards the positive plate
and acquire a velocity vy in the Y−direction. After leaving the region of the field, the electrons continue
with unchanged velocities until they strike the screen and create the bright spot.

In the electric field, the electrons experience a force Fy = eEy which operates for the time ∆t that they
spend in the field, so the change in momentum is given by the momentum-impulse theorem, where py,i = 0,
I = Fy∆t, and py,f = mvy, so that

mvy = Fy∆t = eEy∆t = e(VY /d)∆t . (1)

But ∆t = w/ve since ve is constant, so

vy = (e/m) · (VY /d) · (w/ve) , (2)
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and
tan(θ) = vy/ve = (e/m) · (VY /d) · (w/v2e) (3)

For small deflections the electron energy is (1/2)m(v2e + v2y) ≈ (1/2)mv2e = eVK , where VK is the
accelerating voltage. Substituting:

tan(θ) = (w/2d) · (VY /VK) = D/L (4)

so
D = (wL/2d) · (VY /VK) (5)

or
D = k(VY /VK) (6)

The value of the constant k is not easily determined theoretically, because the geometry of the CRT
plates is not as simple as in Fig. 5.

• Inspect your graph of D vs. VY and determine whether it can be represented by a straight line.

• Inspect your graph of D vs. 1/VK and determine whether it can be represented by a straight line.

4. Experiment #2: Electron Deflection in a Transverse Magnetic Field

A transverse magnetic field can be set up to influence the paths of the electrons in the field-free region
between the electrode system and the screen. The two transverse field coils (#5 in Fig. 1) are plugged
directly into the two pairs of jacks (#18 in Fig. 3 – see Fig. 6) and the magnetic field strength and direction
are controlled by the ON/OFF switch (7), the potentiometers (4) and (5), and the reversing switch (15).

Figure 6: Setup with two field coils that produce a magnetic field B that is perpendicular to the electron paths in the CRT.

4.1. Procedure

*Note* All component (#’s) refer to the properties of electron apparatus shown in Fig. 3.

1. Set up the Complete Properties of Electrons Apparatus as described in Section 2 above, and plug the
transverse field coils into the two pairs of jacks (18).
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2. With the deflection power supplies switch (7) turned off, turn on the main power switch (10) and wait
until the cathode warms up and a bright spot appears on the screen. Set the CRT voltage selector
switch (3) to read the grid voltage VG, and adjust the grid voltage to about −10V using the grid
potentiometer (17).

3. Now set the CRT voltage selector switch to read the cathode voltage VK , and adjust this voltage to
950V using the acceleration potentiometer (21). The bright spot on the screen will now appear bright,
but generally diffuse. Set the CRT voltage selector switch to read the focus voltage VI , and use the
focus potentiometer (20) to make the spot as sharp as possible. Using the zero potentiometers (1),
center the spot on the screen grid. Record the acceleration, grid, and focus voltages.

4. Turn the coarse and fine magnetic field adjustment potentiometers (4) and (5) all the way counter-
clockwise, and turn ON the magnetic field current power switch (7).

5. Using the electrostatic deflection controls (12) and (13), re-center the spot on the screen. Record the
electrostatic voltages used for this.

6. Using the potentiometer (5), gradually increase the current i in the coils and observe the deflection S
of the spot on the screen. The current i used can be read on display (2). Record several corresponding
pairs of values of i and S.

7. Return the magnetic field current to its minimum value, then using the potentiometer (21), adjust the
accelerating voltage to VK = 1300V, readjust the centering of the spot with the zero potentiometers
(1), and record a new series of i and S values.

8. Reverse the direction of the magnetic field using the toggle switch (15) and record another set of
measurements for VK = 950V.

9. Draw graphs of S vs. i for each value of VK , for use in the evaluation below.

Figure 7: Electron deflection in a transverse magnetic field. In this figure the direction of the magnetic field B is out of the
page, towards the viewer.

4.2. Evaluation

Figure 7 shows the path of the electron beam through a transverse magnetic field of strength B. For
this purpose, the field can be taken to be uniform over a distance b, and zero elsewhere. The midpoint of
the field is a distance C from the screen.

While the electrons are traversing the magnetic field with a constant axial velocity v, they experience a
Lorentz force of magnitude e · v ·B at right angles to their direction of motion. This bends their path into
a segment of a circle whose radius R can be found using the centripetal force equation:

evB = mv2/R, so R = mv/(eB) . (7)
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The velocity v of the electrons can be found from the acceleration voltage VK and the conservation of
mechanical energy:

eVK = (1/2)mv2, so v =
√

2eVK/m (8)

The electron path is deflected through an angle φ by the magnetic field, and sinφ = b/R. After leaving
the field region, the electrons follow a straight path to the screen. Projecting this path backwards into the
field region, it meets the axis at the midpoint of b, so

S = C tanφ (9)

For the small angles φ considered here, we can approximate tanφ ' sinφ and, substituting for sinφ = b/R,
then for R and v, and rearranging, we obtain:

S = Cb
√
e/2m(B/

√
VK) (10)

The magnetic field of the coils is proportional to the current i: B = Ki, where K is an unknown constant.
So Eq. [10] becomes:

S = KCb
√
e/2m(i/

√
VK) (11)

or

S =
δ√
VK
× i (12)

where δ is a constant.

• Make graphs of S vs. i and fit your data to straight lines.

• Verify that the fitted slopes are inversely proportional to
√
VK .

5. Experiment #3: Spiral Electron Path in a Longitudinal Magnetic Field

In a longitudinal magnetic field, an electron that has a component of its velocity in any direction normal
to the axis (i.e., it is not moving exactly axially) experiences a Lorentz force that causes it to move in a
circular path whose radius depends on the strength of the axial magnetic field and the radial component of
its velocity. However, while executing this circular motion in the radial direction, the electron continues to
move axially, so that the three-dimensional path of the electron is a spiral with the magnetic field direction
as its axis.

The beam of electrons in the CRT all have the same velocity, but not exactly the same direction, so they
have a range of different radial velocities and a corresponding range of diameters for their spiral paths.

The electron beam in the CRT diverges from a focus point, and is re-focused at the screen. Fig. 8(a)
shows that if a series of circular paths of different diameters coincide at one point, they will do so again
after every complete revolution. We can use this property to measure e/m. If the screen spot is focused at
a certain magnetic field strength, then the distance between the screen and the first focus must correspond
to exactly an integral number of revolutions on the spiral path.

5.1. Procedure

1. Set up the Complete Properties of Electrons Apparatus as described in Section 2 above. Remove the
cradle from the end of the CRT, and fit the axial solenoid completely over the CRT. Connect the
solenoid jacks to the power supply jacks (14) using the supplied patch cords (See Fig. 8).

2. With the deflection power supplies switch (7) turned off, turn on the main power switch (10) and wait
until the cathode warms up and a bright spot appears on the screen. Set the CRT voltage selector
switch (3) to read the grid voltage VG, and adjust the grid voltage to about −10V using the grid
potentiometer (17).
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Figure 8: LHS: Electron paths in a longitudinal magnetic field. If a series of circular paths of different diameters coincide at
one point, they will do so again after every complete revolution. RHS: Experimental setup.

3. Now set the CRT voltage selector switch to read the cathode voltage VK , and adjust this voltage to
about 950V using the acceleration potentiometer (21). The bright spot on the screen will now appear
bright, but generally diffuse. Set the CRT voltage selector switch to read the focus voltage VI , and
use the focus potentiometer (20) to make the spot as sharp as possible. Use the zero potentiometers
(1) to approximately center the spot on the screen. Record the acceleration, grid, and focus voltages.

4. Turn the magnetic deflection potentiometers (4 & 5) all the way counterclockwise. Set the deflection
voltage switch (8) to read the Y−direction voltage VY , and turn the deflection voltage potentiometer
(12) until it reads 0 Volts. Do the same for the X−direction voltage VX . Turn on the deflection power
switch (7) and use the Y−direction voltage potentiometer (12) to deflect the spot ∼ 1/2 cm from the
center of the screen. Readjust the focus voltage VI , if necessary, to obtain a sharp spot.

5. Using the current adjustment potentiometer (4), slowly increase the axial magnetic field, observing
the behavior of the spot. When you find a field setting where the spot is again sharp, record the value
of the magnetic field current.

6. Continue increasing the magnetic field, recording the current each time a focus point is found.

7. Return the magnetic field to zero, adjust the accelerating voltage VK to a different value, and record
its new value. Repeat the focus measurements for this new accelerating voltage.

8. Repeat step 7 until you have records for four different accelerating voltages. Use the results to calculate
e/m as indicated below.

5.2. Evaluation

Figure 9 shows electron paths in a longitudinal magnetic field. The distance from the first focus F1 to
the screen is L, and the pitch of the spiral – the distance between successive focus points – is p. R is the
radius of the circular path in the x− y plane.

The pitch p is given by: p = vz.T , where vz is the electron velocity in the z−direction and T is the time
the electrons take to make one complete revolution. Setting the Lorentz force equal to the centripetal force,
we have:

mv2R/R = evRB, so vR/R = (e/m)B (13)

where vR is the electron’s radial component of velocity.
The circumference of the circle is 2πR, so T = 2πR/vR, and

T = 2πm/(eB), and p = vz2πm/(eB) (14)

which does not depend on vR, so the pitch of the spiral is independent of the radial velocity of the electrons.
The radial velocities of the electrons vR are very small compared to their axial velocity vz, so we can derive
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Figure 9: Electron paths in a longitudinal magnetic field

vz from the total kinetic energy eVK :

eVK = (1/2)mv2z , and vz =
√

2eVK/m (15)

So
p =

√
2eVK/m2πm/(eB) (16)

Rearranging:
e/m = (8π2/p2)(VK/B

2) . (17)

When the spot is focused on the screen, p = L/n (n = 1, 2, 3 . . .), so Eq. (17) can be written:

B2 =
(m
e

)(8π2

L2

)
n2VK , (18)

Values of B can be calculated from the formula for the field of a solenoid of N turns, diameter D, and length
LS , carrying a current i:

B = (4πNi× 10−7)/
√

(D2 + L2
S) (19)

• Use your data, Eq. (18), and the instrument constants below to plot a graph of B2 vs. n2VK and
calculate e/m from its slope.

• The published value of the electron charge to mass ratio is e/m = 1.759× 1011 C/kg.

Instrument Constants: L = 0.123 m, N = 1300, D = 0.0945 m, and LS = 0.235 m.

87



PHYS253 Lab #6: Properties of Electrons. Oxford College

6. References

[1] Properties of Electron Apparatus (PEA001) Manual, United Scientific Supplies, Inc.

7. Lab Writeup

Your lab writeup should be a short report as outlined on the syllabus.

———————————— END LAB #6 ——————————————
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.

Millikan Oil Drop

This experiment is patterned after the original experiments by R.A. Millikan to show that electric charge
exists as integral multiples of e, the charge of a single electron. Historically, this experiment ranks as one
of the greatest experiments of modern physics.
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1. INTRODUCTION

In 1910, Robert Millikan published the details of an experiment that proved beyond doubt that charge
was carried by discrete positive and negative entities, each of which had an equal magnitude. He was also
able to measure the unitary charge (which we now recognize to be the electron) accurately. Millikan received
the Nobel Prize in 1923 “for his work on the elementary charge of the electricity and on the photoelectric
effect.” In order to measure the charge of the electron, Millikan carefully balanced the gravitational and
electric forces on tiny charged droplets of oil suspended between two metal electrodes. Knowing the electric
field, the charge on the droplet could be determined. Repeating the experiment for many droplets, he found
that the values measured were always multiple of the same number. He interpreted this as the charge on
a single electron. This experiment has since been repeated by generations of physics students, although it
is rather difficult to do properly. The oil-drop experiment appears in a list of Science’s 10 Most Beautiful
Experiments originally published in the New York Times [1].

2. THEORY

In this experiment, a small charged colloidal sphere is observed in a closed chamber between two hor-
izontal parallel plates. By measuring the velocity of the fall of the sphere under gravity and its velocity
of rise and fall when the plates are at a high electrical potential difference, data is obtained from which
the charge of the sphere may be computed. In the experiment, the spheres are subjected to three different
forces: viscous, gravitational and electrical. By analyzing these various forces, an expression can be derived
which will enable measurement of the charge on the sphere and determination of e, the unit charge of the
electron.

2.1. Without an Electric Field, E = 0.

Let’s start by examining the case shown in Fig. 1(a), where there is no electric field present. The sphere
under observation falls slowly, subject to the downward pull of gravity and the upward force due to the
viscous resistance of the air to the motion of the sphere. For a particle of mass m, the gravitational force is
given by

Fg = mg . (1)

The viscous resistance to the steady motion of a sphere is obtainable from Stokes Law. The retarding force
acting on the moving sphere is given by

Fη = −6πηav , (2)

where a is the radius of the sphere, η is the coefficient of viscosity of the gas, and v is the velocity of the
sphere. The negative sign in Eq. (2) indicates that the air friction force is in the direction opposite to
the direction of motion. A falling sphere will quickly reach constant or terminal velocity when the upward
retarding force equals the downward gravitational force so that ΣF = Fg − Fη = 0. By equating Eqs. (1)
and (2), the terminal speed vg of the sphere is

vg =
mg

6πηa
or vg =

2ρg

9η
a2 , (3)

where ρ is the sphere density and we have used m = ρ · (4π/3)a3. Equation (3) can be rearranged to yield
an expression for the particle size a in terms of the fall speed vg,

a =

√
9ηvg
2gρ

. (4)

In this experiment, you will first measure the free fall speed vg, and, along with the known constants η, g,
and ρ, you will use Eq. (4) to determine the particle radii a.
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(a)  Falling Sphere, Fe= 0 (b)  Rising Sphere, Fe > 0 
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Figure 1: Motion and forces on a negatively charged sphere moving through air. In (a) there is no applied electric field, i.e.
Fe = 0, and the bead falls downward due to gravity. In (b) the electric field is turned on and Fe drives the particle upwards.

2.2. With an Electric Field.

When an electrical field E is applied between the plates a third force, the electric force Fe = qE, acts
on the sphere. Gravity still acts to pull the sphere downwards, and the viscous force again points in the
direction opposite to its motion. If the sphere has an electrical charge, q, when it reaches constant velocity
ve, the (vector) forces acting on the sphere are again in equilibrium and

ΣF =

Electric︷︸︸︷
qE +

Gravity︷︸︸︷
mg −

V iscous Drag︷ ︸︸ ︷
6πηave = 0 . (5)

Equation (5) is a general equation of motion valid for all directions of the electric fields and particle velocities.
It will be helpful for the data analysis below to simplify this equation by considering the two cases of upwards
and downwards applied Electric fields.

To start, suppose that under an applied electric field, the latex sphere moves upwards. The direction of
the electric field must depend on the sign of the charge q which may be either positive or negative. The
resultant force on the sphere is qE −mg, and this force causes the sphere to move upwards with a constant
terminal speed v+e . Equation (5) then reduces to

qE −mg = 6πηav+e (6)

If now the polarity of the electric field is reversed, the sphere will move downwards under the combined
force of gravity and the electrostatic force. The equation of motion then becomes

qE +mg = 6πηav−e , (7)

where v−e is the downwards speed.
We can eliminate the effects of gravity by adding the two cases, Eqs. (6) and (7), yielding 2qE =

6πηa(v+e + v−e ), which can be rearranged to yield an expression for the charge alone,

q =
3πηad

V
(v+e + v−e ) , (8)

where we have used the plate voltage relation V = E · d. In this experiment, you will measure the rise and
fall speeds v+e and v−e , and use Eq. (8) to find q, the electronic charge on the particles.
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3. EXPERIMENTAL PROCEDURE

This Millikan apparatus, shown in Fig. 2, comes assembled with a built-in light source and viewing
chamber already in place. Also included are a special viewing microscope with an internal grid for mea-
surements, and an atomizer assembly. The atomizer, shown in Fig. 3(a), consists of a small plastic jar with
a screw cap, attached to a squeeze bulb on one side, with a plastic tube that connects the atomizer to the
apparatus. It is used to introduce latex spheres, a supply of which is included, into the apparatus.

Figure 2: The Millikan apparatus.

Begin by setting the apparatus on a lab table. Set the Electrode Polarity Switch to OFF, the VOLTAGE
knob to O, and turn the power ON.

• The first item is to ensure that the projector light is correctly focussed. To do this, loosen the set
screws at the top of the electrode housing and remove the housing: verify visually that the focal point
of the light is in the center of the electrode housing ring, as illustrated in Fig. 3(b). If not, change the
focal point by adjusting the projector focussing set screw. The light was adjusted at the time the unit
was assembled and, under normal conditions, no further adjustment should be necessary.

• To use the latex spray, first loosen the set screws of the electrode housing to permit air to escape.
Then inject latex spheres into the chamber by using the spray bulb pump. To feed the latex spheres
in, cover the air hole of the spray bulb pump with a finger and squeeze the bulb. Note that the spheres
will not be injected unless the air hole is covered. Spraying is usually difficult the first few times. We
recommend that you begin your measurements after making several test sprays.
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(a) The spray pump unit. (b) The focussed projector lamp.

Figure 3: (c) Viewing ring alignment.

The procedure for data collection is as follows:

• Position the 3-way electrode polarity switch in its mid position, establishing a no field condition. Turn
the ON/OFF switch to ON. The illuminating lamp should light.

• Adjust the microscope by rotating the focus-adjusting knob until an approximate mid position is
established. The eyepiece divisions should be distinguishable from the background.

• Adjust the electrode voltage to 200 volts using the voltage-adjusting knob, but keep the polarity switch
in the mid, or OFF, position.

• Spray latex into the apparatus and carefully look for the dots of light in the microscope. If, after several
pumps on the atomizer bulb the latex spheres are still not visible, adjust the microscope carefully to
attempt to focus in on the spheres.

Obtaining a suitable drop may require patience, for drops continue to enter the region between the plates
for several seconds after spraying has stopped. Select a small drop which takes about 20 − 30 seconds to
move between two large divisions in the eyepiece. Though one person can do this experiment alone, it is
helpful if two work together, one taking the readings of the times of rise and fall of the latex sphere and the
other recording these readings.
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1. No Electric Field – Begin by selecting a single particle and, with the electric field OFF, record the
fall time tg of the latex sphere over a distance h = 2 mm, which is two large divisions in the eyepiece.
Record your measured values for tg and h in Data Table I. Continue to take similar data on as many
different spheres as possible, but use no less than 5 spheres.

2. With Electric Field – In this part you will study the motion of the charged spheres when electric
fields are applied. First, with the polarity switch still in the mid, or OFF, position, set the electrode
voltage to 200 volts using the voltage adjusting knob. Spray particles into the cell and, after finding a
single sphere, turn the polarity switch to the direction that makes the particle go upwards. Measure
the rise time t+ of the latex sphere as it moves up a distance h+, which should be between one and
two large divisions in the eyepiece (1 or 2 mm). While still examining the same sphere, reverse the
polarity of the electric field so that the particle goes downwards. Record the fall time t− over a similar
distance h−. When finished, record all 4 values in Data Table II.

*NOTE* – For a given applied voltage, the more charged a particle is, the faster it moves (see Eq. (8)).
The discrete nature of the electronic charge, which you will analyze in detail below, is most apparent when
there are the fewest number of charges, so you should try to focus your measurements primarily on the least
charged, slowest moving spheres. If there are spheres that are moving very slowly, you can also increase the
applied voltage (to 400− 500 Volts) to make the measurements easier.

⇒ Repeat the rise and fall time measurements until you have examined at least 20 spheres.

4. DATA ANALYSIS

4.1. Determination of Particle Size a:

Your results for the particle falling times in Data Table I can be used to find the individual particle sizes
a. To do this, first calculate vg = h/tg for all of your data. Then, use Eq. (4) and the following known
constants,

• The viscosity of air is η = 1.82 · 10−5 kg/m·s

• The density of the polystyrene beads is ρ = 1050 kg/m3

to solve for the colloidal particle sizes a. Compute the overall average size and compare to the listed, but
approximate, value a ' 0.50µm.

4.2. Determination of Particle Charges q, and the Electron Charge e:

1. For each of your measurements in Table II, calculate the corresponding rise and fall speeds v+e and v−e .

2. From your values for v+e and v−e , and the average particle size a found above, use Eq. (8) to solve for
the electronic charges q for all of your measured particles. (The plate separation is d = 0.005 m).

3. To display your results, first order your values of q from smallest to largest, and assign the number
1 to the first (smallest) value, 2 to the second value, and so on. Then plot your values for q vs. the
assigned number. Do you see a pattern in the graph? Ideally, the data points should fall into small
groups, with each group representing spheres with a different integer number of electron charges. If
this is the case, draw a line average through each group and estimate the charge of a single electron e
by calculating the charge differences between neighboring group averages. Finally, compare with the
known value |e| = 1.60 · 10−19 C.
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Cleanup: When the experiment is completed, clean the electrode housing. Turn it off and unplug the
unit. Remove the electrode DC power cord from the terminal. Remove the pipe from the latex container.
Loosen the setscrew of the electrode housing and remove the housing. Disassemble into electrode boards
above and below rings. Wipe off any water and latex beads with a soft cloth. After using the apparatus,
clean the spray tubing with water. If the spray is not cleaned after each use, the residue of latex beads in
the spray tubing will harden, preventing smooth operation of the spray. Reassemble the housing and set it
in the designated position (when assembling the intermediate ring, carefully align the objective lens of the
microscope with the peep window).

5. LAB WRITEUP

See guidelines for full lab report.

6. REFERENCES

[1] The 10 most beautiful experiments in physics according to the New York Times.
[2] The Wikipedia page of Robert A. Millikan.

7. APPENDIX

The keen observer may have noticed that the particle movements in the Millikan cell, when the electric
field was OFF, seemed to display small amounts of ’jiggling’. That is, while the particles were primarily
slowly falling downwards, they were also moving slightly from side to side, or up and down, in a somewhat
random fashion. This is a real affect, it is not due to air blowing through the chamber. But what effect is
it?

At first glance these jiggling motions are reminiscent perhaps of those you saw in the microfluidic cells.
There, small colloidal particles in liquids displayed similar random jiggling, and that was described as being
due to Brownian Motion. In fact the particles in the Millikan lab are very similar to the microfluidics lab,
both are micron sized polystyrene spheres. An apparent difference is that the microfluidic system uses a
liquid, the Millikan a gas. For some purposes however, in particular for very small objects, liquids and gases
can show similar behavior, though they posses very different densities and viscosities.

Let’s do some very rudimentary, back of the envelope, estimates to examine these ideas further. In the
microfluidics lab you learned the basic equations for random, Brownian motion. Namely that Brownian
particles move in a random fashion, and that if you look over a time interval ∆t, a Brownian particle will
have moved on average a distance =

√
6D∆t (in 3−dimensions). Here D is the diffusion coefficient (analogous

to the velocity in Newtonian dynamics), given by the Stokes-Einstein relation, D = kT/6πηa, where the
Boltzman constant k is k = 1.38× 10−23 J/K. Combining these relations, we find that over a time interval
∆t, a Brownian particle moves on average a distance

√
kT∆t/πηa (9)

This relation tells us the average magnitude of the Brownian jiggling over a given time ∆t. How can we
relate this to the motions seen in the Millikan lab? We can’t do a lot really, since we’re not recording
quantitatively the ’jiggling’. Moreover, unlike in the microfluidics lab, the particles are settling. But we
can make a very rough, order of magnitude attempt. Let’s make it simple, the ’jiggling’ seen happens fairly
quickly, since over longer times (10’s of seconds) the particles are primarily just falling downwards. Starting
there, let’s pick a short time interval, say one second, so ∆t = 1s, and calculate using Eq. (9) how far the
Brownian jiggling will carry the particles on average. Putting in the values of k, T = 300K, η, and a, we
find the distance to be about 12µm. Is that value in the ballpark for what you saw in the microscope? Each
minor division in the microscope is 200µm, so this would be a fraction of a single small division. Clearly, if
we had found distances of 1µm, which would be far too small to see, or 1mm, much larger than you saw,
then we could rule out Brownian motion. But 12µm is roughly in the range, and helps identify the jiggling
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motions seen as in fact being due to random Brownian motion brought about by collisions due to the gas
molecules in the air.

Data Table I - Particle Size a

a =

√
9ηvg
2gρ

Measurement h tg vg a

# (µm) (s) (µm/s) (µm)

1

2

3

4

5

6

7

8

9

10

aav =
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Data Table II - Particle charge q

q =
3πηad

V
(v+

e + v−e )

e = −1.60 · 10−19 C

Meas. V h+ t+ v+
e h− t− v−e q

# (Volts) (µm) (s) (µm/s) (µm) (s) (µm/s) (×10−19 C)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22
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.

———————————— END LAB #7 ——————————————
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Matlab Project #3: Quantization of Energy

(thanks to Gary Hunter, ghunter@physics.emory.edu)

1. Introduction.

In this project, you will gain further insight into how the Planck treatment works to correctly account
for the average energies of oscillators at thermal equilibrium. Plancks expression for the average energy, Eav
of an oscillator is

Eav =
hν

ehν/kT − 1
(1)

To obtain this expression, Planck assumed that the energy of an oscillator of frequency ν is quantized in
units of hν and that the energy of the oscillator is restricted to the values En = nhν , where n = 0, 1, 2 . . ..

The Planck expression for Eav was then obtained by evaluating the following summation over all values
of the oscillator energies,

Eav =

∞∑

n=0

EnP (En)

∞∑

n=0

P (En)

(2)

The term in the denominator of Eq. (2) is simply a normalization constant. The energy distribution function
P (En) is given by

P (En) =
e−En/kT

kT
=
e−nhν/kT

kT
. (3)

Note that the energy distribution function for the oscillators is also quantized.

Problem #1:

Consider three different types of oscillators characterized by the conditions (a) hν/kT = 0.1, (b) hν/kT =
1.0, and (c) hν/kT = 10.0.

1. Calculate the value of Eav for oscillators (a),(b), & (c) by using Plancks expression. Discuss the
relevance of the term hν/kT in terms of oscillator frequency and temperature.

2. Write a Matlab script that calculates kT × P (En) = e−nhν/kT and includes the following features:

(a) For 0 ≤ n ≤ 20, create an array of n-values and use this array to calculate the corresponding
kT × P (En) array for each type of oscillator.

(b) Generate histograms of kT × P (En) for each condition (a), (b), & (c). Plot each histogram
in a separate graph, but stack all the graphs on the same page for comparison. Make sure
to appropriately title your graphs and label all axes. (Hint: Look up the commands bar and
subplot).

3. P (En) is introduced above as a distribution function for the energy values associated with the oscil-
lators at some value of hν/kT . Consider the value of P (En′) for a particular value of n = n′ . What
does P (En′) represent physically? Recall the probabilistic nature of distribution functions.

4. Examine the histograms created in part 3. For each case (a), (b), & (c), describe how kT × P (En)
changes with n. What do the trends imply about the energy states (or energy levels) of each class of
oscillator? How does this relate back to temperature?
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Problem #2:

In this problem, you will generate blackbody radiation curves by using expressions from both classical
and quantized energy theories. The exercise will help to further clarify the roles of average oscillator energy,
oscillator frequency and temperature in the production of blackbody radiation curves.

Plancks blackbody radiation equation may be expressed as

u(λ, T )dλ =
8πhc

λ5
1

ehc/λkT − 1
dλ (4)

which is called the spectral energy density, i.e. for a blackbody at temperature T , Eq. (4) is the energy
emitted per unit volume for a given λ. The spectral energy density in terms of frequency is given by

ρ(ν, T )dν =
8πν2Eav

c3
dν (5)

where Eav in this equation is the same as in Eq. (1).

1. Starting with Eq. (4), show the mathematical steps needed to arrive at Eq. (5). (Hint: λ = c/ν, so
dλ = −cdν/ν2 Another Hint: You may discover a pesky negative sign that wont go away – this is
because equations (4 & 5) are not exactly equal. Remember, both are expressions for energy density
one in terms of λ and the other in terms of ν . However, the total energy density must be the same.
Think about how to express the total energy density in both cases, and set those equal to each other).
Prior to Plancks expression, there was the Rayleigh Jeans expression, which ultimately led to the Ul-
traviolet Catastrophe. The Rayleigh Jeans expression for spectral energy density in terms of frequency
is

ρ(ν, T )dν =
8πν2

c3
kTdν . (6)

2. Write a Matlab script that:

(a) Generates the blackbody radiation curve according to Planck for temperatures 1000K, 2000K,
and 3000K and plots ρ(ν, T ) versus ν for each temperature on the same plot. When youre deciding
about what range of frequencies to use, think about the what the frequency of visible light is.
Also, if you have a very large domain, it may be more appropriate to use the function logspace
to generate your domain. It may also be more appropriate to use semilogx instead of plot.

(b) Generates the classical Rayleigh-Jeans blackbody curves at the same temperatures and plots
them on the same graph as A. Make sure to choose appropriate ranges for your axes, label them
appropriately, and make it easy to distinguish between all the curves (either with color or line
styles or both). Include a legend in your graph.

3. From the results of part 2, discuss any agreements/disagreements between the Planck and Rayleigh-
Jeans treatment of blackbody radiation. Which treatment is more successful and why? You might use
your answers to Problem 1 as a basis.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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Black-Body Radiation

This lab is comprised of two different experiments on black-body radiation. The Leslie’s cube lab studies
radiative emission from different materials, and the Stefan-Boltzmann Source lab examines the temperature
dependence of black- body radiation.

Contents

1 Leslie’s Cube 102
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
1.2 Experimental Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
1.3 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

2 Stefan-Boltzmann Source 104
2.1 Introduction: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
2.2 Experimental Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
2.3 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
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1. Leslie’s Cube

In this experiment, you will investigate the emissivity of different surfaces.

1.1. Introduction

Stefan discovered that the power R per unit area at which an object radiates its energy is proportional
to its temperature T raised to the fourth power,

R = ε · σT 4, (1)

where R is in MKS units W/m2, σ = 5.6696 × 10−8 W/m2K4, ε is the emissivity constant of the emitting
material, and T is the temperature measured in Kelvin. The emissivity, which can vary between zero and
one depending on the properties of the object, is a measure of how ”good” a radiator an object is. The ideal
radiator, ε = 1, is also an ideal absorber. Such an object is referred to as a ”black body”. In contrast, an
emissivity of zero would correspond to an object which neither absorbs nor radiates energy.

The Leslie’s Cube helps demonstrate the large differences in emissivity of different surfaces. It is a con-
tainer with four sides finished with different surfaces: black paint, white paint, polished brass, and roughened
brass. Filling the Cube with water assures that all surfaces are the same temperature.

Figure 1: Leslie’s cube experiment.
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1.2. Experimental Procedure

• Partially fill the Cube with hot water. Record the temperature of the water just prior to and after
making measurements.

• Darken the room and make sure no radiating objects are in the field of the radiometer. Set the
radiometer on the #1 range. With the shutter closed, adjust the Zero. (Note that on the #1 range,
full scale is 1 W/m2).

• Open the shutter and note the reading. If it is over 0.2 W/m2, find the source of radiation and remove
it. Now adjust the zero with the shutter open.

• Place the Leslie’s Cube about 1 cm from the front face of the radiometer to fill most of the collecting
field, see Fig. 1.

• Measure and record the radiation from each of the four surfaces and record your values in the table
on the next page. Make sure that if you change the scale range that you reset the zero point with the
shutter open and nothing in front of the detector.

1.3. Analysis

• Rank the surfaces in order of increasing emissivity.

• In the Data Table below, calculate the ratio Rd/Rd(black paint).

DATA TABLE: Leslie’s Cube

Surface Rd ( Wm2 ) Rd/Rd(black)

Rough Brass

Polished Brass

White Paint

Black Paint
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2. Stefan-Boltzmann Source

In this experiment, you will study the dependence of Black-Body radiation on Temperature.

2.1. Introduction:

In the early studies of radiation one of the significant steps forward was the connection between the
radiated energy from a hot body and its temperature. Such a radiating hot body is said to emit ”black
body” radiation, a term you will encounter many times in the study of radiation. Measuring the energy
as a function of wavelength and temperature occupied many investigators. In 1879, Stefan, using purely
thermodynamic arguments, was able to deduce that the total emitted radiation per unit area from an object
is proportional to the fourth power of its temperature T ,

R = ε · σT 4. (2)

The constant ε is an object’s emissivity and varies between 0 for highly shiny and reflective materials, and
1, for blackened, dull, objects. For the Stefan-Boltzmann constant, the accepted value is σ = 5.669× 10−8

W/m2K4. The units for [R] =W/m2.

In this experiment you will measure the emitted radiation from a hot tungsten filament as a function of
its temperature. By plotting your results for R vs. T you will be able to directly test Stefan’s Law Eq. (2).

2.2. Experimental Procedure

The radiation will be measured using a Daedalon EG-45 radiometer. In addition to the EH-15 Source
and the EG-45 Radiometer, two multimeters and a power supply with an adjustable output are required.
Meters with a digital display are preferred but analog meters can be used with little loss of accuracy. The
temperature of the filament will be determined by the resistance of the tungsten filament wire. The resistance
of the filament can easily be determined by measuring the current through it and the voltage across it.
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• Set the tungsten light source and the radiometer facing each other on a rigid surface as illustrated in
Fig. 2. The source should be taped to the surface since the leads tend to move the lamp assembly.
Measure the distance from the filament to the middle of the shutter control rod on the Radiometer.
Adjust this distance to ∼ 10 cm.

This distance does not actually matter in the experiment as long as it remains constant. Remember that
the radiation received by the detector varies as the inverse square law, so small changes in position of the
source or detector make large differences in measured radiation. Check the separation several times during
the experiment to make sure that it hasn’t changed.

Figure 2: Stefan-Boltzmann Lab setup.

• Connect the power supply in a series circuit through the ammeter (use the yellow 10A input) and the
CURRENT INPUT on the Tungsten lamp.

• Connect the voltmeter to the LAMP VOLTAGE on the Tungsten Lamp.

• TURN ALL OF THE DIALS ON THE POWER SUPPLY TO ZERO, THEN PLUG IT
IN. THIS STEP IS IMPORTANT BECAUSE IF THE POWER IS TURNED ON WITH
THE OUTPUT TURNED UP, THE LAMP COULD BURN OUT IMMEDIATELY

• Turn on the power supply. Be careful that the previous step has been carried out.

• Increase the Voltage and measure the resistance of the filament at a very low current value, between
100 and 150 mA, for instance. The voltage will be around 0.05 − 0.07 Volts. The resistance of the
filament measured from these values will be considered the room temperature resistance, r300 = V/I.

• Set the radiometer to the 1 scale, turn it on and, with the shutter closed, adjust the scale so that it
reads zero.

• Set the source voltage to about 1.3 − 1.5 Volts. The filament will not glow but it will be radiating.
Record the voltage and current readings. Open the radiometer shutter and record the meter reading
for the light intensity Rd. Write all readings in Data Table I.

• Increase the voltage in small steps, while recording the voltage V , current I, and detected radiation
intensity Rd in Data Table I. Check the scale often, particularly if the sensitivity range is changed.
From the data in this table you will be able to directly test Stefan’s Law Eq. (2).
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When adjusting the current, do not exceed 1.7A to avoid damage to the
filament and reduction of its life.

• To examine how the radiative power Rd varies with distance d, you will conduct a second experiment.
Set the lamp current to be in the I ∼ 1.0 Amp range. Move the detector so that it is very close to the
lamp and record the lamp-dectector separation distance d and power Rd in Data Table II. With the
lamp current constant, increase the separation distance in small steps, while recording the detected
radiation in Data Table II.

2.3. Analysis

The calculations are straightforward and repetitive. The best way to carry them out is using a graphing
program like Excel on the computer.

1. The first goal is to find the temperature of the tungsten lamp at the different voltage settings used
in the experiment. This can be found from the known dependence of the electrical resistance on
temperature of Tungsten. Since both the current and voltage were measured above, the value of the
filament resistance can be calculated from Ohm’s Law, r = V/I. From these resistance values use the
reference equation to find the temperature of the Tungsten filament [2],

T = 35 + 201.8(r/r300)− 1.58(r/r300)2, (3)

where r300 is the Tungsten resistance value at room temperature. Using Eq. (3) you should now write
in your values for r, r/r300, T and Rd in the Analysis Table below.

2. You can now now directly test Stefan’s Law Eq. (2) using your data. Since only the power law expo-
nent in Eq. (2) is being tested in this experiment, it is best to first take logarithms of your data for T
and Rd, and compare to the logarithmic form of Eq. (2),

logRd = log(σ) + log(ε) + α log T, (4)

where α is the power law exponent of the temperature. Plot logRd versus log T , do a linear fit of the
data, and determine the value of the exponent α. Compare to the Stefan value α = 4.

3. To test whether the power varies with distance as Rd ∝ 1/d2, plot logRd versus log d using your data

from Data Table II and fit to the form Rd = C · dβ . Do a linear fit and compare your exponent β to
the known value β = −2.

4. You can also determine the energy efficiency of the Tungsten lamp by comparing the lamps output
power, in the form of radiation, to the lamps input electrical power used to light it up. In your circuit,
the Tungsten lamp is a simple resistive load, and the electrical power it consumes is PEL = I2r, where
the units of PEL is Watts. To find the total radiation power detected, PRAD, you will need to first
convert the measured Rd, which is in units of Watts/m2, back to Watts. Find a way to do this, and
then choose one typical value from Table I and calculate the light efficiency e = PRAD/PEL. Is this
system very efficient in converting electrical energy to light energy?

References:

[1] P.A. Tipler and R.A. Llewellyn, Modern Physics, 5th Ed., W.H. Freeman and Co., NY (2008).
[2] Robert Weast, ed., CRC Handbook of Chemistry and Physics, 53rd Edition, The Chemical Rubber Co, Cleveland, (1972).
[3] http://en.wikipedia.org/wiki/Black body
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**Extra** — Rapid Filament Cooling
One of the interesting features of the Tungsten lamp you are using is that the filament stops glowing

almost immediately after the electrical power is switched off. Is this surprising? If I think of the filament
as a very hot object, then it appears that it cools down very very rapidly, in seconds or less. Is this cooling
caused by the emission of black body radiation itself?

To try and answer this we use some simple analysis:

Our model says that the cooling of the filament is due solely to the emission of black body radiation.
That is, once the electrical power is switched off, the energy (heat) loss due to radiation emission is what is
cooling the filament. Now the rate of radiative energy loss (dE/dt, in Watts) is given by Eq. (1),

dE

dt
= −A ·R = −εAσT 4 (5)

where A is the surface area of the tungsten filament. For an object of mass m, any heat loss (in a perfectly
conducting material) results in a temperature change given by dE

dt = mcp
dT
dt , where cp is the heat capacity.

Setting these two terms equal we find

mcp
dT

dt
= −εAσ · T 4. (6)

Assuming that the tungsten filament is a 2 cm long wire with a diameter of 20 µm, it has an approximate
mass m = 4 · 10−7 kg, surface area A = 1.3 · 10−6 m2, emissivity ε = 1.0, and heat capacity cp = 130 J/kgK.

• Your first assignment is to rearrange and solve (by integration) Eq. (6) to obtain a general expression
for the time t =

∫
dt that it takes the filament to cool down from an initial temperature Ti, to a final

temperature Tf .

• To make connections with your lab observations of rapid cooling, let’s estimate that the filament stops
visibly glowing when its temperature has dropped in half so that the brightness has decreased by
1 − (1/2)4 = 94%. So use your expression above to find this time t1/2 at which Tf = 1

2Ti. Your
result for t1/2 should now only depend on Ti. Plug in the values for m,A, ε and cp given above, and
calculate t1/2 for some of the filament temperatures Ti you found in Data Table I. Do the calculated
cooling times look reasonable. Does it cool faster or slower when it starts out hotter? Are these times
consistent with the filament cooling primarily by black body emission?
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Data Table I : Radiative Power vs. Voltage.

Distance from lamp to detector d =

# Voltage (V) Current (A) Rd ( Wm2 )

1

2

3

4

5

6

7

8

9

10

11

12
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Analysis Table : Radiative Power vs. Temperature

The resistance-temperature relation for the Tungsten filament is;

T = 35 + 201.8(r/r300)− 1.58(r/r300)2

# r = V/I (Ω) r/r300 T (0K) Rd ( Wm2 )

1

2

3

4

5

6

7

8

9

10

11

12
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Data Table II : Radiative Power vs. Distance.

Lamp Voltage V =

Distance (m) Rd ( Wm2 )
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Plank’s Constant: LED Lab

In this experiment, you will study the properties of light emitting diodes.
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1. INTRODUCTION

Light-emitting diodes (LEDs) are part of our daily life. Infrared LEDs are used for remote control of
electronic devices, such as television, red LEDs indicate if something is on, and more recently yellow, green
and blue LEDs have become available. White LEDs are developed as low-cost devices with the aim of
replacing fluorescent and inefficient incandescent light sources, and the first LEDs for indoor lighting are
now commercialized.

LED’s are all around us, and their usage is increasing, but how do they work? We know that traditional
incandescent light bulbs produce light through simple black body radiation. That is, a tungsten filament is
heated to such a high temperature (T ∼ 2500 0K!) that it radiates partially in the visible spectrum and we
see visible light. LED’s, by contrast, operate completely differently. They utilize the quantum mechanical
properties of selected materials to produce light (photons) with a single wavelength that is produced by
specific electronic transitions in the material. To induce these electronic transitions, we need to hook up a
voltage or power source, like a battery, to the LED in such a way that an electronic current flows through
the diode. Let’s first examine in more detail how to get a current flowing in an LED, and then show how
this current produces light.

An LED is made from two semi-conductor materials joined together. Semi-conductors are materials that
will only conduct electricity under certain, but not all, conditions. In a typical sample the base material
used is not an electrical conductor, but rather an insulator like for example silicon. To achieve some level
of conduction, a small amount of a second material is introduced into the insulator. This second material is
called the dopant, or the impurity.

Figure 1: Illustration of P and N type semi-conductors. The blue circles represent Si atoms, which have 4 outer valence
electrons that are shared amongst neighboring Si atoms. LEFT: An impurity atom, Boron (B), is introduced into the Si lattice.
B has only three valence electrons, not enough to share with all the neighboring Si atoms, leaving a vacancy or hole. RIGHT:
The impurity atom, P, has five valence electrons. The fifth electron is weakly bound and is readily conducted away under an
applied voltage, creating an N-type semiconductor [3].

Remember that an electrical insulator is a material in which all the electrons are bound to atoms, and
are not free to move through the material. By contrast, a conductor is one in which there are freely moving,
or unbound electrons. These freely moving electrons are what constitute the electronic current in a circuit.

To understand why impurities can turn an insulator into a partial conductor, let’s consider the example
shown in Fig. 1. Silicon atoms have 4 outer, or valence, electrons which bond to adjacent atoms. The
bonding is strong enough that under applied electric fields they don’t leave their Si atoms, so pure Si is
classified as an electrical insulator. Replacing a silicon atom with a dopant atom that has either 3 or 5
valence electrons will therefore produce either a space with a missing electron (a hole) or one with a spare,
or free, electron. This is the basis of how doping can be used to control the conductivity of materials. P-type
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doping, the creation of excess holes, is achieved by the incorporation into the silicon of atoms with 3 valence
electrons, most often boron or aluminum. N-type doping, or the construction of excess electrons, is achieved
by incorporating an atom with 5 valence electrons, most often phosphorus. The N in N-type doping refers
to the excess of negatively charged electrons to provide a constant supply of electrons that passes through
the circuit.

(a) Vb = 0 (b) Forward Biased Voltage. (c) Reverse Biased Voltage.

Figure 2: Light Emitting Diode behavior with differing applied voltages Vb, from ref. [2].

A diode comprises a section of N-type material bonded to a section of P-type material, with electrodes
on each end, as illustrated in Fig. 2. This arrangement conducts electricity in only one direction. When no
voltage is applied to the diode, electrons from the N-type material diffuse across to fill holes in the P-type
material along the PN junction between the layers, forming a depletion zone, see Fig. 2(a). In the depletion
zone, all of the holes are filled, so there are no free electrons or empty spaces for electrons, and charge can’t
flow.

In order to get current flowing in the LED, you have to get electrons moving from the N-type area to
the P-type area and holes moving in the reverse direction. To do this, as shown in Fig. 2(b), you connect
the N-type side of the diode to the negative end of a battery and the P-type side to the positive end. This
is the forward biased voltage arrangement, and the free electrons in the N-type material are repelled by the
negative electrode and drawn to the positive electrode. The holes in the P-type material move the other
way.

If you try to run current the other way, in the reverse biased case with the P-type side connected to
the negative end of the circuit and the N-type side connected to the positive end, current will not flow. As
shown in Fig. 2(c), the negative electrons in the N-type material are attracted to the positive electrode.
The positive holes in the P-type material are attracted to the negative electrode. No current flows across
the junction because the holes and the electrons are each moving in the wrong direction.

So by connecting a battery in the forward bias arrangement we can get current to flow through the diode,
but how does this produce light? To understand how, consider the the operating circuit shown in Fig. 2(b).
Both electrons and holes are flowing towards the PN junction. When they meet, free electrons ”fall into
the holes” and become bound atomic electrons. When this happens, they lose some energy because they
are dropping into a lower energy state (the energy lost is the negative of the ionization energy of the bound
state). The lost energy, called the semiconductor band gap energy EBG, is emitted from the atoms in the
form of photons of light. The wavelength of the emitted light can be calculated from EBG = hc/λ, and
depends on the semiconductor material properties. The band gap energy can also be written in terms of a
band gap voltage EBG = qVBG. It is this direct transformation of energy into light (in principle without
heat loss) which makes the LED so interesting as a potential efficient light source.
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2. THEORY

The relationship between applied voltage and the resultant current, the I-V characteristic, of an LED is
described by the ideal diode equation [6],

I = I0 · [eqVb/ηkT − 1], (1)

where I is the forward current through the diode when a forward (or positive) voltage Vb is applied across
it (see Eq. (10-49) on page 453 of your textbook [5]). In addition, Io is the reverse saturation current (see
Sec. 2.2 below), k is Boltzmann’s constant, and η is a device constant (or ideality factor) between 1 and 2
in LED’s. It’s quite clear that the ideal diode equation is dramatically different than that given by Ohm’s
law, I = V/R, for a simple resistor. Not only does the diode current have an exponential dependence on
voltage, but it is not symmetric in the sign of V . Let’s begin by examining Eq. (1) in a bit more detail for
the two cases of forward and reverse biased applied voltages:

2.1. No Applied Voltage, Vb = 0.

When no voltage is applied to the diode, I = 0, and no current flows.

2.2. Reverse Biased: Vb < 0.

In the reverse bias case, Vb < 0, and Eq. (1) indicates that in the limit

− Vb � ηkT/q ' 50mV , I → −I0. (2)

That is, for reverse bias voltages −Vb � 50mV, the current is negative and saturates to the value −I0, hence
the name reverse saturation current. It’s important to note that, as you will see in this lab, I0 is typically
very, very small, of order I0 ∼ 10−20 A! Such incredibly small currents, while present, are not in practice
measurable and we can safely consider that in the reverse bias case no current flows.

2.3. Forward Biased, Vb > 0.

In the forward bias case, current does flow, and Eq. (1) indicates that it will rise exponentially with
voltage (see for example the graphs shown on the cover page). Since typically eqVb/ηkT � 1 in Eq. (1), we
can also approximate the diode equation as

I = I0 · eqVb/ηkT (3)

In this lab you will measure I vs. Vb for several diodes and quantitatively compare your data to the
diode Eq. (3).

1. In this first part of the data analysis, you will determine a value for q, the elementary unit of electron
charge, by comparing your measured exponential growth rates to the theoretical one, q/ηkT .

2. In the second part, you will determine values for Plank’s constant h from your measurements of the
current pre-factor I0.

In the ideal diode model, I0 is related to the band gap energy EBG, I0 = Ae−(EBG/ηkT ), where A is
a constant of the junction material and geometry. In direct band gap semiconductors like LED’s, when
electrons recombine with holes the energy that is released, EBG, is directly transformed into light photons
of energy hν = EBG. Expressing this in terms of the photon wavelength λ, this leads to

Io = A · e−(ch/ληkT ) , (4)

where you will extract values for h from your data for I0.
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3. EXPERIMENTAL PROCEDURE

(a) The experimental arrangement. (b) The LED box unit.

Figure 3: Planck’s constant LED lab equipment.

The Planck’s constant apparatus provides an array of clear LED’s with peak emission wavelengths in
the λ = 470− 940 nm range. The on-board controls allow each LED to be selected in turn and the applied
voltage varied so that its electrical characteristics may be investigated.

The procedure for data collection is as follows:

• Connect two cables from a digital voltmeter to the two V ports on the LED box. Set the voltmeter
range to 0− 9 V.

• Connect two cables from a digital ammeter to the two current ports labeled A on the LED box. Set
the range on the ammeter to 0− 20 mA.

• Connect two cables from the DC power supply to the two voltage input ports on the LED box that
are labeled DC9V.

• Make sure the on/off switch on the LED box is in the 0, or off position. Set the output voltage
from the DC power supply to 9 volts DC. Rotate fully counter-clockwise the voltage-adjust (labeled
ADJUST).

The lab equipment is now setup. To perform the experiments:

1. Select the λ = 570nm LED. Start at zero voltage on the LED box by turning the voltage ADJUST
fully counter-clockwise. Turn ON the LED box. Take at least 12 data points of current I vs. voltage
V and record your data in Data Table I below. Note that you should take at least 8 data points in the
low current regime up to I = 2 mA, and you should not exceed I = 13mA total to avoid damaging
the LED.

2. Repeat Step 1 for the λ = 650, 880 and 940 nm LED’s.
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4. DATA ANALYSIS

Your analysis should include a comparison of your I vs. Vb data to the ideal diode model. To do this,
make semi-log plots of ln I vs. Vb and analyze your data by comparing to the semi-log form of the ideal
diode Eq. (3),

ln I =

slope︷ ︸︸ ︷(
q

ηkT

)
·Vb +

y−intercept︷ ︸︸ ︷
ln I0 (5)

Does your data for ln I vs. Vb show a simple linear form like Eq. (3)? Note that the ideal diode model
is known to work well at low currents, but it can break down at higher currents and voltages. Does this
describe your data? Because of this potential breakdown, for the quantitative analysis below you should
restrict your analysis to data only in the small current regime, I ≤ 2mA.

4.1. Determination of the Electron Charge q.

In the first part you should determine a value for q, the elementary unit of electron charge by equating
your fit values for the slopes of your ln I vs. Vb plots to

slope =
q

ηkT
. (6)

For the constants η and k, use the values listed in the Physical Constants table below. Obtain values of q
for each wavelength λ, average your results, and compare to the known value.

4.2. Determination of Planck’s Constant h.

In the second part you should determine values for Plank’s constant h from the y-intercepts of your ln I
vs. Vb plots. In the ideal diode Eq. (5), the y-intercept is equal to ln I0, which, from Eq. (4), can also be
written as

y− intercept = ln(I0) = lnA−
(

c

ληkT

)
h . (7)

There are two different ways that h can be found from your data:

1. Using the constants A, q, c, η and k from the Physical Constants table below, obtain values of h for
each wavelength λ, average your results, and compare to the known value.

2. Plot your values for the y-intercept, − ln I0 vs. ( c
ληkT ), find the slope, and set it equal to h. This

technique has the advantage that it avoids having to know the diode constant A, which can vary from
diode to diode.

4.3. Diode Resistance R.

3. Plot a graph of the effective diode electrical resistance using your data for I, Vb and Ohm’s law
R = Vb/I.
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5. LAB WRITEUP

Include a brief statement of the purpose of the experiment, a description of the procedure, a table and
graph of your raw I vs. Vb data. Show a graph of the LED resistance R vs. V as calculated form Ohm’s law.
Include a log-lin graph of your I−Vb data and show the fit lines to the ideal diode model Eq. (5) for each of
the 4 wavelengths λ. List the fit results in the Analysis Table and give your results for the electron charge
q and Planck’s constant h for each λ. List also the value for h found from the slope method. Calculate the
errors in q and h based on the the standard deviation of your results. Compare to the literature values and
discuss discrepancies, if any.

Physical Constants

Speed of Light c = 3.00 · 108 m/s

Boltzmann’s Constant k = 1.38 · 10−23 J/K

Diode Non-Ideality Factor η = 1.85

Diode Constant A = 0.1A

Temperature T = 300 0K

Planck’s Constant h = 6.63 · 10−34 J·s
Electron Charge q = 1.60 · 10−19 C
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.

Data Table I: Current vs. Voltage.

λ = 570 nm λ = 650 nm λ = 880 nm λ = 940 nm

Voltage Current Voltage Current Voltage Current Voltage Current

(V) (mA) (V) (mA) (V) (mA) (V) (mA)

2.0 2.0 2.0 2.0
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.

Analysis Table:
.

λ (nm) Slope (1/V ) q (C) y-intercept h (J·S)

570

650

880

940

Average ——– ± ——– ±

Literature ——– q = 1.60 · 10−19 C ——– h = 6.63 · 10−34 J·s

Value for h from slope of − ln(Io) vs. (
qc

ληkT
), h = ——————–
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.

*NOTES*
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.

Atomic Spectra

The objective of this experiment is to study the emission spectrum of hydrogen and to understand its origin
in terms of the energy level changes which are associated with electronic transitions from one level to another
as described by Bohr’s model.
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1. Introduction

In 1913 Neils Bohr proposed a model of the hydrogen atom that combined the work of Planck, Einstein,
and Rutherford that was remarkably successful in predicting the observed photon emission spectrum of
the simplest atom, Hydrogen [1]. The planetary model for the hydrogen atom that explained the emission
spectrum of the hydrogen gas was proposed by Bohr, who made the following assumptions.

1. The electron in a hydrogen atom travels around the nucleus in a circular orbit.

2. Only some orbits with certain energies are allowed. In other words, the orbits are quantized. This
is an ad hoc hypothesis and is equivalent to asserting that the angular momentum of the electron is
quantized. More precisely, the angular momentum in the nth orbit is Ln = mvnrn = nh̄. Here m
is the mass of the electron, vn and rn are the speed and the radius of the electron in the nth orbit,
and h̄ is Planck’s constant. In the Bohr model, n = 1, 2, 3, . . . is also known as the principal quantum
number.

3. Light is absorbed when an electron jumps to a higher energy orbit and emitted when an electron falls
into a lower energy orbit. The energy of the light emitted or absorbed equals the difference between
the energies of the orbits involved in the transition. Notice that an electron in a circular orbit is
accelerating and, according to classical mechanics, will lose energy by radiation and would spiral down
and eventually fall into the nucleus. Bohr knew this but, since atoms are stable, he also recognized
that it was impossible to explain the spectrum of the hydrogen atom within the limits of classical
physics. Thus he made an intellectually daring hypothesis that one or more of the principles from
classical physics might not be valid on the atomic scale.

2. Theory

We can use the physical assumptions in the Bohr model above to derive an expression for the electronic
energy levels of the Hydrogen atom. The outline of the calculation is as follows: Assumption 1 states that
the orbiting electron is in a stable circular orbit when the Coulomb force pulling it toward the proton is
equal to the centrifugal force pulling it away from the proton,

Coulomb Force︷︸︸︷
ke2

r2
=

Centrifugal Force︷ ︸︸ ︷
mv2

r
, (1)

where k = 1/4πε0 = 8.99 · 109 Nm2/C2. Solving Eq. (1) for the electron speed v, we get v = (ke2/mr)1/2.
We now make use of Assumption 2, that the electron’s angular momentum Ln is quantized, i.e.

mvnrn = n · h̄ where n = 1, 2, 3, . . . (2)

Equations (1) and (2) are two equations with 2 unknowns, vn and rn. We can solve both equations to find
solutions for both unknowns as

rn = n2a0 and vn =
1

n
·
(

e2

2ε0h

)
. (3)

where a0 ≡ ε0h
2/πme2 = 0.529Å is known as the Bohr radius. For the lowest energy state, n = 1, the

electron orbits at the Bohr radius r1 = a0.
We can now use Eq. (3) to find the energy of the light emitted or absorbed when electrons make

transitions between orbits of differing quantum numbers n. To do this, we need to find the total energy
of the electron at each energy level. The total energy En = Kn + Un is the sum of the kinetic energy,
Kn = (1/2)mv2, and the (Coulomb) potential energy Un = −ke/rn. After substituting in values for Eq.
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(3) and some algebra, we find En = −hcR/n2, where R ≡ mk2e4/4πch̄3 = 1.097 · 107 m−1 is known as the
Rydberg constant. The energy released when an electron jumps from state ni to nf is given by

∆E = hcR[1/n2f − 1/n2i ] . (4)

and the emitted photons have a wavelength given by

1

λ
= R

(
1/n2f − 1/n2i

)
. (5)

• The group of transitions for which nf = 1 and ni = 2, 3, 4, 5 . . . is known as the Lyman series

• Transitions for which nf = 2 and ni = 3, 4, 5, 6 . . . form the Balmer series

• Transitions for which nf = 3 and ni = 4, 5, 6, 7 . . . form the Paschen series

For Hydrogen, emission lines in the Lyman series fall in the ultraviolet region of the light (electromag-
netic) spectrum, while the Paschen series lines lie in the infrared region - neither of which are visible to the
naked eye. In this experiment we will be interested in investigating the visible spectral lines of the Balmer
series, where nf = 2.

Figure 1: Energy levels for the Hydrogen atom.

Table 1: Balmer Series: Some Wavelengths in the Visible Spectrum.

Name of Line nf ni Symbol Wavelength

Balmer Alpha 2 3 Hα

Balmer Beta 2 4 Hβ

Balmer Gamma 2 5 Hγ

Balmer Delta 2 6 Hδ
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3. Operating Instructions

The purpose of this laboratory is to check the validity of the Bohr model of Hydrogen. This will be done
by measuring the wavelengths of the Balmer lines of the hydrogen emission spectrum using a diffraction
grating and directly comparing the measured values with the Bohr theory.

You will do three different experiments in this lab. The first two experiments will familiarize yourself
with the operation and capabilities of the spectrometer before you measure the Hydrogen gas spectra in the
final lab.

1. Experiment #1: Calibration and angular test of the spectrometer’s rotating arm.

2. Experiment #2: Measurement of the diffraction grating line spacing using a He-Ne laser.

3. Experiment #3: Measurement of the light spectra of Hydrogen gas.

3.1. Light Source - Hydrogen Gas Discharge Tube

The light source in this lab is a Hydrogen gas-filled tube, also known as a discharge tube. It is long glass
tube with electrodes at both ends, see Fig. 2. When a voltage is applied to the electrodes, it can accelerate
free electrons in the gas. When these fast moving electrons meet and collide with atoms, the energy absorbed
can cause the atoms to enter excited states. The relaxation of these excited states, involving a transition
from a higher energy level to a lower one, is what generates photon emission and light production.

**Note that you will examine in closer detail these absorption/emission processes in the upcoming Frank-
Hertz experiment!

Figure 2: Noble gas discharge tubes; from left to right: helium, neon, argon, krypton, xenon. From [3].

Figure 3: Spectrophotometer System (top view).
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(a) Ray diagram for first order
diffraction pattern, m = 1.

(b) Grating Spectrometer.

Figure 4: Light Paths.

3.2. Spectrometer

The Pasco Spectrophotometer, shown in Fig. 3, allows you to view and measure the spectral pattern
(spectrum) produced by a given light source. Starting from the left side of Fig. 3, light from the source first
passes through a narrow collimating slit and then a collimating lens to produce a narrow beam of parallel
light rays. The light beam then hits the diffraction grating which disperses the light into its component
colors; each color diffracts to a specific angle. Specifically, the angular location θ of the maxima for light of
wavelength λ is given by the expression

mλ = d · sin θ . (6)

Here d is the distance between the slits in the grating and m is the order of the maximum, m = 0,±1,±2 . . ..

Equation (6) is the main working equation for this experiment; from the measured angle θ of a specific
spectral emission line, we can compute its wavelength λ and compare it to that predicted by Bohr’s theory.

Caution! Handle the Grating carefully. Avoid touching the Grating or the glass plate to
which the Grating is attached except by the edges of the glass plate.

The grating is mounted on one side of a rectangular glass plate. There are two magnetic pads on the
same side of the glass plate as the grating. These pads hold the grating in place on the grating mount. Once
the light from the source is collimated, attach the grating to the grating mount so that the glass side of the
grating faces the light source.
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3.3. Experiment #1: Angular Test of the Spectrometer’s Rotating Arm.

Start the software by clicking on the PHYS253-Spectra.ds icon on the desktop. The datastudio soft-
ware program should open, and you should see an empty graph page with axes labeled Light Intensity
Ch. B (% max) vs. Actual Angular Position. (If there is some data already on the chart, click on
Experiment→Delete ALL data runs. The following steps will help you get used to how the instrument
works.

1. The rotating arm with the light sensor is not controlled by the computer, you have to manually move
it. The instrument knows that you are moving the arm because there is a small pin, or pinion, that
rotates when you manually move the rotating arm (see Fig. 3). The rotating pinion box then is
connected by a cable to the computer.

2. Your first assignment then is to test how accurate the angular recordings are when you move the
rotating arm. To do that, first move the rotating arm so 0 reading on the angle plate is lined up with
the white line marker. In this setup the slit in front of the light detector is at 0 degrees. Next, on the
graph page, click on the y-axis label and select Actual Angular Position = x/60. The graph now
shows the angle vs. time (it says y now, but this is the angle).

3. - Now push the Start button to begin recording data. To test the system, slowly move the
rotating arm from the 00 position to the 500 position, then back to the 00 position. Do this slowly,

taking 1-2 seconds per 100 of motion. When you are done, hit the button. You should
get a figure something like that shown in Fig. 5. There are several things to note here. First, the

Figure 5: Rotating arm calibration test.

instrument has no sensor to tell it what the absolute angle is. At the beginning of every experiment,
it always starts from 0 degrees, no matter where the rotating arm actually is. So if you want the
recorded angles to correspond to the actual angles, you need to rotate the plate to 00 before you hit
the Start button. Second, look carefully at your graph, does it actually go from 00 to 500 then back
to 00? Often there are slight differences, and these are mainly due the imperfect contact of the pinion
with the rotating plate. That is, sometimes the pinion doesn’t turn freely when you move the rotating
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arm. The best practice is to carefully watch the pinion to ensure that it is always turning when you
rotate the arm. You should practice at least several more times recording data while rotating the arm
to gain some confidence in operating the instrument.

4. Note that you can always erase previous data on the graph by clicking on the Data button on the top
of the graph sheet and selecting No Data.

3.4. Experiment #2: Measurement of the diffraction grating using a He-Ne laser.

Our ultimate goal in this lab is to identify the spectral emission lines of Hydrogen. To do that, you
will use a diffraction grating to spread out the light emission spectra so that different angles correspond to
different wavelengths, as described by the diffraction Eq. (6). Of critical importance then is knowing the
actual spacing distance d between the slits of the grating. The grating is listed as having approximately
600 lines per millimeter. The inverse of this gives the spacing between the grating lines, or d ≈ 1666 nm
(1.666× 10−6 m).

You can find a more accurate value for the grating line spacing d by examining a light source with a single
known wavelength λ. Since a He-Ne laser produces light at λ = 632.8 nm, Eq. (6) says that it will yield
discrete diffraction lines at angles determined by sin(θ) = ±λ/d, ±2λ/d, ±3λ/d, . . .. You are to measure
the diffraction angles θ that are produced and use Eq. (6) to determine the diffraction spacing d.

Figure 6: Scanning the Spectrum.

• First click on the y-axis label and set it to Light Intensity, Ch. B (% max), and click on the x-axis
label and set it to Actual Angular Postion = x/60.

• Turn the detector aperture slit to the thin 0.1 mm slit, and rotate the goniometer arm so that the
angle reads 0 degrees.

• To do the He-Ne Calibration, first rotate the dial on the sensor array to the white solid circle. Make
sure that the Gain setting on the light detector is set to the middle value, 10. Turn the laser on
and align the beam so that, with the collimating slit set to the middle slit (#3), you get a laser spot
showing up somewhere in the white circle in front of the detector. To see if you have diffraction lines,
move a piece of white paper to the left and right of the detector at angles of 10-40 degrees or so. You
should see some faint spots that will fall on the detector when it swings around.

• You are now ready to begin recording data. Hit the button. Scan the spectrum continuously
in one direction by pushing on the post directly under the light sensor so as to rotate the degree plate.
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The intensity data should be visible on the computer screen. Scan all the way through the first and
(weaker) second order lines on one side of the central dot, then reverse and go back through the central

ray and the first and second order lines on the other side (Fig. 6). Hit the button.

Software Tips:

– Use this Data button in the Graph window to select which data sets to show in the graph window.

– Click on this button in the upper left of the Graph window to open an x − y location tool to help
locate peak positions in your graphs.

– Use this pull-down menu item to export the numeric data that appears in the graph shown
on the screen. A two-column .txt numeric file will be saved on the desktop.

1. For analysis, use the built-in tools in the data acquisition programs graph display to find the angles
of the two matching order spectral lines. Fill in your results in Table 2. The diffraction angle, θ, is
one-half of the angle between the two lines. Use d = mλ/ sin θ, and the known wavelength λ = 632.8
nm to calculate the grating spacing d. Take the average of d for both m = 1 and m = 2.

2. Be sure to save your data as a .txt file which you can import into a spreadsheet program like Excel.
You should include a graph and analysis of this He-Ne calibration in your report.

Table 2: He-Ne Laser Calibration

θm=−1 θm=+1 θ̄1 d

θm=−2 θm=+2 θ̄2 d

The average value d̄ =

The average # of lines/mm = 1/d =
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3.5. Experiment #3: Measurement of the light spectra of Hydrogen gas.

Change to the Hydrogen gas tube. Be careful with the tube, it may be hot after having been used.

• Click on Experiment→Delete ALL data runs.

• Align the light path to get the brightest zeroth order image. Make sure the entrance slit on the laser
side is set to the widest slit so that the maximum amount of light hits the diffraction grating. Also
increase the slit width at the detector to 1 mm.

• Make sure the room is as dark as possible, the Hydrogen lamp is much weaker than the He-Ne laser.

• Using the same data collection procedures as with the He-Ne laser above, scan the spectrum in both
angular directions up to θ ∼ 450. If you have trouble picking up the weaker lines you can increase the
gain setting on the light detector from 10 to 100.

• Extract from your data the angles θ of the spectral lines and, along with your value for d above, extract
the emission wavelengths λ and compare to the Hydrogen Balmer series you calculated in Table 1. Fill
in Table 3 with your data.

• Be sure to save your data as a .txt file which you can import into a spreadsheet program like Excel.
You should include a graph and analysis of your Hydrogen spectra in your report.

Table 3: Hydrogen Spectral Lines.

θ−1 θ+1 θ̄1 λ1 Name of Line

θ−2 θ+2 θ̄2 λ2 Name of Line

θ−3 θ+3 θ̄3 λ3 Name of Line

3.5.1. Other Gases:

There are several other gas tubes available, He, Kr, Ar... If you have time you can repeat the procedures
you used for Hydrogen to measure their spectral lines. Your values can be checked against the known values
by consulting web sites like those in ref. [2]. Note that there are not simple formula like Eq. (5) for atoms
larger than Hydrogen. The Bohr model does very well on predicting the Hydrogen energy levels, but is
mostly limited to single electron atoms (you would have to pull off all the other electrons, leaving only one
then the Bohr model would give accurate results to compare with experiments). Nevertheless, you can check
whether you can reproduce the known spectral lines.

129



PHYS253 Lab #11: Atomic Spectra Experiment Oxford College

4. References
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Frank-Hertz Experiment

In this experiment, you will verify the quantization of atomic energy levels in Argon using the Franck-Hertz
technique.
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1. INTRODUCTION

Quantum theory predicts that bound atoms have certain discrete energy states. In 1914, James Franck
and Gustav Hertz bombarded mercury atoms with electrons and observed that only discrete amounts of
energy were absorbed during inelastic collisions. During such a collision, an electron lost energy to the
mercury atom by raising it from a lower to higher energy state. This experiment provided further evidence
for the quantization of atomic energy levels.

In the Frank-Hertz experiment, as explained on pages 174 − 175 of your textbook [1], electrons are
thermionically emitted from a cathode lament and accelerated through a rareed gas1 towards an anode
grid as illustrated in Fig. 1. The electrons pass through holes in the anode grid and are then slightly
decelerated by a retarding voltage before reaching a collector electrode (anode). Initially, the collisions
between electrons and gas atoms occur elastically, without significant energy transfer to the atoms. However,
when the accelerating voltage is increased significantly, the electrons kinetic energy is large enough to excite
the gas atoms directly in front of the grid anode (the atoms then give off a photon when they de-excite,
causing a glowing layer between the cathode and anode). The electrons lose their kinetic energy and can
no longer reach the collector electrode against the braking voltage. Thus, the current reading given by
the measuring amplifier decreases. When the accelerating voltage is increased further, the collision zone
moves closer to the filament. The electrons slowed down by collisions are accelerated again. Thus, they
can reach the collector electrode until their kinetic energy has become so large they are slowed down by
a second non-elastic collision with a gas atom. This energy transfer recurs periodically with an increasing
accelerating voltage.

On the Frank-Hertz curve shown in Fig. 3 for Neon, this periodic energy transfer is indicated by the
maxima and minima of the collector electrode current as a function of the accelerating voltage. The minima
are spaced at intervals that are characteristic of the energy ∆E0 required to transition from the ground to
the first excited state of the gas atoms. For the neon gas data shown in Fig. 3, three such minima can be
observed.

For Argon, the Noble gas used in this experiment, the ground state configuration of the 18 electrons fills
the shells (1s22s22p63s2)3p6. In the first excited state of Argon [2], one the the 3p shell electrons moves
out the the 4s shell, i.e. (1s22s22p63s2)3p6 −→ (1s22s22p63s2)3p54s1. The energy needed to reach this first
excited state is ∆E0 = 11.83 eV [3]. In this lab you will conduct an experiment to determine the energy
level difference ∆E0.

132



PHYS253 Lab #12: Frank-Hertz Experiment Oxford College

Figure 1: Schematic of the Frank-Hertz experiment. Electrons, which are emitted by the heated filament at left, are accelerated
down the tube by the applied voltage VG2K . During this passage, they may scatter inelastically with atoms of Argon gas.
After passing through the grid they are met by a retarding potential VG2A that slows them down before they hit the Anode
and register as an electronic current.

2. OPERATING PRINCIPLE

Figure 1 shows the basic arrangement for the Frank-Hertz experiment. A glass tube is filled with Argon
gas and contains a heated filament for electron emission. The electrons emitted by the filament are then
accelerated by the potential VG2K between the filament and the grid near to the anode. (There is also a
small grid near the filament, not shown, that helps in minimizing space charge effects). The grid is a wire
mesh that allows the electrons to pass through. To help make the dips in the plate current more prominent,
the anode plate is maintained at a potential slightly negative with respect to the grid.

In this experiment, the electron current I is measured as a function of the voltage VG2K . As the voltage
VG2K increases, the electron energy goes up and so the electrons can overcome the slight retarding potential
VG2A and reach the plate A. This gives rise to a current in the ammeter, which shown an initial increase
of I with VG2K . As the voltage increases further, the electron energy reaches the threshold value to excite
the atom in its first allowed excited state. In so doing, the electrons lose energy and therefore the number
of electrons reaching the anode plate decreases. This decrease is proportional to the number of inelastic
collisions that have occurred. When the accelerating voltage VG2K is increased further and reaches a value
twice that of the first excitation potential, it is possible for an electron to excite an atom halfway between
the filament and grid, loose all its energy, and then gain anew enough energy to excite a second dip in the
current.
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3. OPERATING INSTRUCTIONS

1. Before the power is switched ON make sure that all of the control knobs are at their minimum position
and the Current Multiplier knob is at the 10−9 position.

2. Switch ON the power.
3. Turn the Manual-Auto switch to Manual, and check that the Scanning Voltage knob is at its minimum

position.
4. Turn Voltage Display Selector to VG1K and adjust the VG1K knob until the voltmeter reads 1.5 V.
5. Turn Voltage Display Selector to VG2A and adjust the VG2A knob until the voltmeter reads 7.5 V.
6. Leave the scanning knob at the minimum position.
7. Rotate the filament knob 1/4 turn clockwise from the minimum position.

Figure 2: Frank-Hertz Lab setup.

When you have finished steps 1− 7, you are ready to do the experiment with the following parameters,

To perform the experiment: Rotate the VG2K knob and observe the variation of the plate current
with the increase of VG2K . The current reading should show maxima and minima periodically, as illustrated
in Neon gas in Fig. 3.

• Take systematic readings of the output current I vs. VG2K , with data taken at intervals of 1 Volt, and
record your data in Table I.

• Plot a graph with output current I on the Y-axis and accelerating voltage VG2K on the X-axis.
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Table 1: Starting Parameters:

VG1K 1.5 V

VG2A 7.5 V

VG2K 0 V

Current Multiplier 10−9A

Figure 3: Example graph of Current vs. Accelerating Voltage in Neon [3].

**PRECAUTIONS**

1. During the experiment, whenever the voltage is over 60 V, please pay attention to the output current
indicator. If the ammeter reading increases suddenly, decrease the voltage at once to avoid damaging
the Ar gas tube.

2. Whenever the Filament Voltage is changed, please allow 2− 3 minutes for its stabilization.

4. REPORT CONTENTS

Your report should contain a complete I − V data and graph set using Data Table I and should contain
a discussion relating to the following questions.

• Determine the mean value and error of the voltage difference ∆V between two adjacent maxima.
Calculate from the excitation voltage you determined the energy ∆E0 and the wavelength λ of the
resulting emission line (using h = 4.13610−15 eVs; c = 2.998108 m/s, and the general equations
∆E = qe∆V and E = hc/λ, where qe is the electron charge).

• Why is an electron at energies below ∆E0 only able to perform elastic collisions?

• How does an atom excited by an inelastic collision dispose itself of the acquired energy?

• What is the difference, if any, between the excitation of an atom by electrons or by photons?

• Why is it necessary to apply a deceleration voltage VG2A between the collector electrode and anode
grid?
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.

Data Table I: Electron Current vs. Voltage.
.

VG1K = VG2A = VG2K =

Filament Voltage= Current Multiplier=

V (V) I (A) V (V) I (A) V (V) I (A) V (V) I (A) V (V) I(A)

1 21 41 61

2 22 42 62

3 23 43 63

4 24 44 64

5 25 45 65

6 26 46 66

7 27 47 67

8 28 48 68

9 29 49 69

10 30 50 70

11 31 51 71

12 32 52 72

13 33 53 73

14 34 54 74

15 35 55 75

16 36 56 76

17 37 57 77

18 38 58 78

19 39 59 79

20 40 60 80
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To read a published article with more theory and experimental data on the Franck-Hertz experiment,
see ref. [6].

5. REFERENCES

[1] Paul A. Tipler and Ralph A. Llewellyn, Modern Physics, 5th edition, pages 174 − 175, W.H. Freeeman and Company,
New York (2008).

[2] Wikipedia page on Argon, http://en.wikipedia.org/wiki/Argon.

[3] Users Manual, Franck-Hertz Experiment, SVS Labs inc., Saratoga, Ca. 95070.

[4] Franck-Hertz simulation, http://phys.educ.ksu.edu/vqm/free/FranckHertz.html.

[5] The Nobel prize of 1925. http://nobelprize.org/nobel prizes/physics/laureates/1925

[6] G. Rapior, K. Sengstock and V. Baev, New features of the Franck-Hertz experiment, Am. J. Phys. 74, 423 (2006).
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————————————————————

*END* — FRANK-HERTZ LAB

————————————————————
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Microwave Optics

In these experiments you will study the electromagnetic properties of Microwave Radiation. Microwaves have
a wavelength of λ = 2.85 cm, much larger than visible light. You will perform experiments on Double-Slit
Interference and Bragg Diffraction from a crystalline arrangement.
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Microwave Transmitter with Power Supply

Introduction
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Gunn Diode Transmitter
The Gunn Diode Microwave Transmitter provides 15 mW
of coherent, linearly polarized microwave output at a
wavelength of 2.85 cm.  The unit consists of a Gunn di-
ode in a 10.525 GHz resonant cavity, a microwave horn
to direct the output, and an 18 cm stand to help reduce
table top reflections. The Transmitter may be powered
directly from a standard 115 or 220/240 VAC, 50/60 Hz
outlet by using the provided power supply. Other features
include an LED power-indicator light and a rotational
scale that allows easy measurement of the angle of po-
larization.

The Gunn diode acts as a non-linear resistor that oscillates
in the microwave band.  The output is linearly polarized
along the axis of the diode and the attached horn radiates
a strong beam of microwave radiation centered along the
axis of the horn.

To Operate the Microwave Transmitter
Simply plug the power supply into the jack on the
Transmitter's bottom panel and plug the power supply into
a standard 115 or 220/240 VAC, 50/60 Hz outlet.  The
LED will light indicating the unit is on.

 CAUTION:  The output power of the Microwave
Transmitter is well within standard safety levels.
Nevertheless, one should never look directly into the
microwave horn at close range when the  Transmit-
ter is on.

Power Supply Specifications:

9 Volt DC, 500 mA;

Miniature Phone Jack Connector (the tip is positive)

Equipment

There are many advantages to studying optical phenom-
ena at microwave frequencies.  Using a 2.85 centimeter
microwave wavelength transforms the scale of the experi-
ment.  Microns become centimeters and variables ob-
scured by the small scale of traditional optics experiments
are easily seen and manipulated.  The PASCO scientific
Model WA-9314B Basic Microwave Optics System is
designed to take full advantage of these educational ben-
efits.  The Basic Microwave Optics System comes with a
2.85 centimeter wavelength microwave transmitter and a
receiver with variable amplification (from 1X to 30X).
All the accessory equipment needed to investigate a vari-
ety of wave phenomena is also included.

This manual describes the operation and maintenance of
the microwave equipment and also gives detailed instruc-
tions for many experiments. These experiments range
from quantitative investigations of reflection and refrac-
tion to microwave  models of the Michelson and Fabry-
Perot interferometers.  For those who have either the
Complete Microwave Optics System  (WA-9316) or the
Microwave Accessory  Package (WA-9315), the manual
describes experiments for investigating Bragg diffraction
and Brewster's angle.



2

012-04630FMicrowave Optics

Microwave Receiver

Microwave Receiver
The Microwave Receiver provides a meter reading that,
for low amplitude signals, is approximately proportional
to the intensity of the incident microwave signal.  A mi-
crowave horn identical to that of the Transmitter's collects
the microwave signal and channels it to a Schottky diode
in a 10.525 GHz resonant cavity.  The diode responds
only to the component of a microwave signal that is polar-
ized along the diode axis, producing a DC voltage that
varies with the magnitude of the microwave signal.

Special features of the Receiver include four amplification
ranges—from one to thirty—with a variable sensitivity
knob that allows fine tuning of the amplification in each
range.  For convenience in class demonstrations, banana
plug connectors provide for an output signal via hookup
to a projection meter (such as PASCO Model ES-9065
Projection Meter or SE-9617 DC Voltmeter).  This output
can also be used for close examination of the signal using
an oscilloscope.  The receiver is battery powered and has
an LED battery indicator; if the LED lights when you turn
on the Receiver , the battery is working.  As with the
Transmitter, an 18 cm high mount minimizes table top
reflections, and a rotational scale allows convenient mea-
surements of polarization angle.

The female audio connector on the side of the Receiver is
for an optional Microwave Detector Probe ( PASCO
Model WA-9319).  The probe works the same as the Re-
ceiver except it has no horn or resonant cavity.  The Probe
is particularly convenient for examining wave patterns in
which the horn could get in the way, such as the standing
wave pattern described in Experiment 3 of this manual.

NOTE:  The detector diodes in the Receiver (and
the Probe) are non-linear devices.  This non-linear-
ity will provide no problem in most experiments. It
is important however, to realize that the meter read-
ing is not directly proportional to either the electric
field (E) or the intensity (I) of the incident micro-
wave. Instead, it generally reflects some intermedi-
ate value.

To Operate The Microwave Receiver:

NOTE:  Before using the Receiver, you will need
to install the two 9-volt transistor batteries—they are
included with the system.  See the instructions in the
Maintenance section at the end of this manual.

! Turn the INTENSITY selection switch from OFF to
30X, the lowest amplification level.  The battery indi-
cator LED should light, indicating that the battery is
okay.  If it does not, replace the battery following the
procedures in the Maintenance section of this manual.

NOTE:  The INTENSITY selection settings (30X,
10X, 3X, 1X) are the values you must multiply the
meter reading by to normalize your measurements.
30X, for example, means that you must multiply the
meter reading by 30 to get the same value you
would measure for the same signal with the INTEN-
SITY selection  set to 1X.  Of course, this is true
only if you do not change the position of the VARI-
ABLE SENSITIVITY knob between measurements.

" Point the microwave horn toward the incident micro-
wave signal.  Unless polarization effects are under in-
vestigation, adjust the polarization angles of the Trans-
mitter and Receiver to the same orientation (e.g., both
horns vertically, or both horns horizontally).

# Adjust the VARIABLE SENSITIVITY knob to attain
a meter reading near midscale.  If no deflection of the
meter occurs, increase the amplification by turning the
INTENSITY selection switch clockwise.  Remember,
always multiply your meter reading by the appropriate
INTENSITY selection (30X, 10X, 3X, or 1X) if you
want to make a quantitative comparison of measure-
ments taken at different  INTENSITY settings.
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Initial Setup

Attaching the Transmitter and Receiver Stands

Hand Screw

Washers

Fixed Arm Assembly (1)

Goniometer (1)

Accessory equipment for the Basic Microwave Optics
System includes:

Rotating Component Holder (1)

Component Holder  (2)

!"#$#%&'(#$)*+

Rotating Table (1)

Accessory Equipment

To attach the microwave Transmitter and Receiver to their
respective stands prior to performing experiments, pro-
ceed as follows:

! Remove the black hand screw from the back panel of
both the Transmitter and the Receiver.

" Attach both units to the stands as shown below.  Ob-
serve the location of the washers.

# To adjust the polarization angle of the Transmitter
or Receiver, loosen the hand screw, rotate the unit,
and tighten the hand screw at the desired orientation.
Notice the rotational scale on the back of each unit for
measuring the angle of polarization.  Be aware, how-
ever, that since the Transmitter and Receiver face each
other in most experiments it is important to match their
polarization angle. If you rotate one unit to an angle of
10-degrees, you must rotate the other to -10-degrees
(350-degrees) to achieve the proper polar alignment.
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Wide Slit Spacer (1)

Narrow Slit Spacer (1)

 Slit Extender Arm (1)

Metal Reflector  (2)

Partial Reflector  (2)

Polarizers (2)

Tubular
Plastic Bags (4)

Ethafoam Prism Mold w/
Styrene Pellets (1)

Polyethylene Panel (1)

Cubic Lattice with 100 metal
spheres—5x5x4 array (1)

The WA-9315 Microwave Accessory Package (which is
part of the Complete Microwave Optics System Model
WA-9316) includes the following:

The following components, compatible with the WA-
9314B Basic Microwave Optics System, are available
from PASCO scientific:

Model WA-9319 Microwave Detector Probe plugs di-
rectly into the Microwave Receiver.  The probe is essen-
tial for experiments in which the horn of the Receiver
might otherwise interfere with the wave pattern being
measured.

Model WA-9318 Microwave Modulation Kit includes a
modulator and microphone.  With this kit, you can use
your Transmitter and Receiver as a microwave communi-
cations system.



5

012-04630F Microwave Optics

Assembling Equipment for Experiments

The arms of the Goniometer slide through the holes in the
Component Holders as shown. Make sure the magnetic
strip on the bottom of the arm grips the base of the car-
riage.  To adjust the position of the holders, just slide
them along the Goniometer arms.  Attach the mounting
stands of the microwave Transmitter and Receiver to the
arms of the Goniometer in the same manner.

For most experiments it is advantageous to attach the
Transmitter to the long arm of the Goniometer and the
Receiver to the shorter, rotatable arm.  This maintains a
fixed relationship between the microwave beam and com-
ponents mounted on the long arm (or on the degree plate)
of the Goniometer. In turn the Receiver moves easily to
sample the output.

Reflectors, Partial Reflectors, Polarizers, Slit Spacers, and
the Slit Extender Arm all attach magnetically to the Com-
ponent Holders.  The metric scale along the Goniometer
arms and the degree plate at the junction of the arms al-
low easy measurement of component placement.   When
rotating the rotatable arm, hold the degree plate firmly to
the table so that it does not move.

IMPORTANT NOTES:

1. CAUTION—Under some circumstances, microwaves can interfere with elec-
tronic medical devices.  If you use a pacemaker, or other electronic medical
device, check with your doctor or the manufacturer to be certain that low power
microwaves at a frequency of 10.525 GHz will not interfere with its operation.

2. Always mount the apparatus on a CLEAN, SMOOTH table.  Before setting up
the equipment, brush off any material—particularly metal chips—that might
have adhered to the magnetic strips on the bottom of the Goniometer arms.

Mounting the Component Holder
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EQUIPMENT NEEDED:

– Transmitter – Goniometer
– Receiver – Reflector (1)

Purpose
This experiment gives a systematic introduction to the Microwave Optics System.  This may
prove helpful in learning to use the equipment effectively and in understanding the significance of
measurements made with this equipment. It is however not a prerequisite to the following experi-
ments.

Procedure
! Arrange the Transmitter and Receiver on the Goni-

ometer as shown in Figure 1.1 with the Transmitter
attached to the fixed arm. Be sure to adjust both
Transmitter and Receiver to the same polarity—the
horns should have the same orientation, as shown.

" Plug in the Transmitter and turn the INTENSITY
selection switch on the Receiver from OFF to 10X.
(The LEDs should light up on both units.)

#  Adjust the Transmitter and Receiver so the distance
between the source diode in the
Transmitter and the detector diode
in the Receiver (the distance la-
beled R in Figure 1.1) is 40 cm
(see Figure 1.2 for location of
points of transmission and recep-
tion).  The diodes are at the loca-
tions marked "T" and "R" on the
bases. Adjust the INTENSITY and
VARIABLE SENSITIVITY dials
on the Receiver so that the meter
reads 1.0 (full scale).

$ Set the distance R to each of the
values shown in Table 1.1.  For each
value of R, record the meter reading.
(Do not adjust the Receiver controls
between measurements.)  After mak-
ing the measurements, perform the
calculations shown in the table.

%& Set R to some value between 70 and
90 cm.  While watching the meter,
slowly decrease the distance between
the Transmitter and Receiver.  Does
the meter deflection increase steadily
as the distance decreases?

Experiment 1: Introduction to the System

R

Figure 1.1  Equipment Setup

!"#$ !"#$

Transmitter Receiver

Effective Point of Reception of
Transmitter Signal

Effective Point of Emission of
Transmitter Signal

Figure 1.2  Equipment Setup

%
&#$' ()*)+"%),-./0"&(' ("!"%

&#$'
("!"%1

&#$1'

23

!3

43

53

63

73

833

893 23 8433

Table 1.1
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' Set R to between 50 and 90 cm. Move a Reflector, its plane parallel to the axis of the microwave
beam, toward and away from the beam axis, as shown in Figure 1.3.  Observe the meter read-
ings.  Can you explain your observations in steps 5 and 6?  Don’t worry if you can’t; you will
have a chance to investigate these phenomena more
closely in Experiments 3 and 8, later in this manual.  For
now just be aware of the following:

IMPORTANT: Reflections from nearby objects, in-
cluding the table top, can affect the results of your mi-
crowave experiments.  To reduce the effects of extrane-
ous reflections, keep your experiment table clear of all
objects, especially metal objects, other than those com-
ponents required for the current experiment.

( Loosen the hand screw on the back of the Receiver and
rotate the Receiver as shown in Figure 1.4.  This varies
the polarity of maximum detection.  (Look into the
receiver horn and notice the alignment of the detector
diode.)   Observe the meter readings through a full 360
degree rotation of the horn.  A small mirror may be
helpful to view the meter reading as the receiver is
turned.  At what polarity does the Receiver detect no
signal?

Try rotating the Transmitter horn as well.  When fin-
ished, reset the Transmitter and Receiver so their polari-
ties match (e.g., both horns are horizontal or both horns
are vertical).

) Position the Transmitter so the output surface of the horn
is centered directly over the center of the Degree Plate of
the Goniometer arm (see Figure 1.5).  With the Receiver
directly facing the Transmitter and as far back on the
Goniometer arm as possible, adjust the Receiver controls
for a meter reading of 1.0.  Then rotate the rotatable arm
of the Goniometer as shown in the figure.  Set the angle
of rotation (measured relative to the 180-degree point on
the degree scale) to each of
the values shown in Table
1.2, and record the meter
reading at each setting.

Figure 1.5  Signal Distribution

Figure 1.3  Reflections

Reflector

Figure 1.4  Polarization

Handscrew

Table 1.2
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Questions
! The electric field of an electromagnetic wave is inversely proportional to the distance from

the wave source
(i.e., E = 1/R).  Use your data from step 4 of the experiment to determine if the meter read-
ing of the Receiver is directly proportional to the electric field of the wave.

" The intensity of an electromagnetic wave is inversely proportional to the square of the distance
from the wave source (i.e., I = 1/R2).  Use your data from step 4 of the experiment to determine
if the meter reading of the Receiver is directly proportional to the intensity of the wave.

# Considering your results in step 7, to what extent can  the Transmitter output be considered a
spherical wave? - A plane wave?
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Experiment 6: Double-Slit Interference

EQUIPMENT NEEDED:

- Transmitter, Receiver - Goniometer, Rotating
- Component Holder - Metal Reflectors (2)
- Slit Extender Arm - Narrow Slit Spacer
- Wide Slit Spacer

Introduction
In Experiment 3, you saw how two waves moving in
opposite directions can superpose to create a standing
wave pattern.  A somewhat similar phenomenon
occurs when an electromagnetic wave passes through
a two-slit aperture.  The wave diffracts into two
waves which superpose in the space beyond the aper-
tures.  Similar to the standing wave pattern, there are
points in space where maxima are formed and others
where minima are formed.

With a double slit aperture, the intensity of the wave
beyond the aperture will vary depending on the angle
of detection.  For two thin slits separated by a dis-
tance d, maxima will be found at angles such that
d sin! = n". (Where  ! = the angle of detection, " = the wavelength of the incident radiation,
and n is any integer) (See Figure 6.1).  Refer to a textbook for more information about the nature
of the double-slit diffraction pattern.

Procedure
! Arrange the equipment as shown in Figure 6.2.  Use

the Slit Extender Arm, two Reflectors, and the Nar-
row Slit Spacer to construct the double slit.  (We
recommend a slit width of about 1.5 cm.) Be precise
with the alignment of the slit and make the setup as
symmetrical as possible.

" Adjust the Transmitter and Receiver for vertical po-
larization (0°) and adjust the Receiver controls to give
a full-scale reading at the lowest possible amplifica-
tion.

# Rotate the rotatable Goniometer arm (on which the
Receiver rests) slowly about its axis.  Observe the meter readings.

$ Reset the Goniometer arm so the Receiver directly faces the Transmitter.  Adjust the Receiver
controls to obtain a meter reading of 1.0.  Now set the angle ! to each of the values shown in
Table 6.1.  At each setting record the meter reading in the table.  (In places where the meter read-
ing changes significantly between angle settings, you may find it useful to investigate the signal
level at intermediate angles.)

Figure 6.1 Double-Slit Interference

d

!

Figure 6.2 Equipment Setup
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%&Keep the slit widths the same, but change
the distance between the slits by using the
Wide Slit Spacer instead of the Narrow
Slit Spacer.  Because the Wide Slit Space
is 50% wider than the Narrow Slit Spacer
(90mm vs 60mm) move the Transmitter
back 50% so that the microwave radiation
at the slits will have the same relative
intensity.  Repeat the measurements.
(You may want to try other slit spacings as
well.)

Questions
! From your data, plot a graph of meter

reading versus !.  Identify the angles at
which the maxima and minima of the
interference pattern occur.

" Calculate the angles at which you would expect the maxima and minima to occur in a standard two-
slit diffraction pattern—maxima occur wherever d sin! = n", minima occur wherever
d sin! = n"/2.  (Check your textbook for the derivation of these equations, and use the wavelength
measured in experiment 3.)  How does this compare with the locations of your observed maxima and
minima?  Can you explain any discrepancies?  (What assumptions are made in the derivations of the
formulas and to what extent are they met in this experiment?)

# Can you explain the relative drop in intensity for higher order maxima? Consider the single-slit dif-
fraction pattern created by each slit.  How do these single slit patterns affect the overall interference
pattern?

NOTE:
!  Wavelength at 10.525 GHz = 2.85 cm.

"  The experimenter’s body position may affect the results.
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Experiment 12: Bragg Diffraction

EQUIPMENT NEEDED:

- Transmitter - Receiver
- Goniometer - Rotating Table
- Cubic Lattice

Introduction
Bragg’s Law provides a powerful tool for investigating crystal structure by relating the
interplanar spacings in the crystal to the scattering angles of incident x-rays. In this experiment,
Bragg’s Law is demonstrated on a macroscopic scale using a cubic “crystal” consisting of 10-mm
metal spheres embedded in an ethafoam cube.

Before performing this experiment, you should understand the theory behind Bragg Diffraction.
In particular, you should understand the two criteria that must be met for a wave to be diffracted
from a crystal into a particular angle.  Namely, there is a plane of atoms in the crystal oriented
with respect to the incident wave, such that:

! The angle of incidence equals the angle of reflection, and

" Bragg's equation, 2dsin" = n!, is satisified; where d is the spacing between the diffracting
planes, " is the grazing angle of the incident wave, n is an integer, and ! is the wavelength of the
radiation.

Procedure
! Arrange the equipment as shown in Figure 12.1.

" Notice the three families of planes indicated in Figure
12.2.  (The designations (100), (110), and (210) are
the Miller indices for these sets of planes.) Adjust the
Transmitter and Receiver so that they directly face
each other.  Align the crystal so that the (100) planes
are parallel to the incident microwave beam.  Adjust
the Receiver controls to provide a readable signal.
Record the meter reading.

Figure 12.1 Equipment Setup

Rotating Table

Cubic Lattice (210)
(110)

(100)

Figure 12.2 "Atomic" Planes of the
Bragg Crystal

Figure 12.3 Grazing Angle

Grazing Angle
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# Rotate the crystal (with the rotating table) one degree clockwise and the Rotatable Goniometer arm
two degrees clockwise.  Record the grazing angle of the incident beam and the meter reading.  (The
grazing angle is the complement of the angle of incidence. It is measured with respect to the plane
under investigation, NOT the face of the cube; see Figure 12.3.)

$ Continue in this manner, rotating the Goniometer arm two degrees for every one degree rotation of
the crystal. Record the angle and meter reading at each position.  (If you need to adjust the
INTENSITY setting on the Receiver, be sure to indicate that in your data.)

%&Graph the relative intensity of the diffracted signal as a function of the grazing angle of the incident
beam.  At what angles do definite peaks for the diffracted intensity occur?

Use your data, the known wavelength of the microwave radiation (2.85 cm), and Bragg’s Law to
determine the spacing between the (100) planes of the Bragg Crystal. Measure the spacing between
the planes directly, and compare with your experimental determination.

' If you have time, repeat the experiment for the (110) and (210) families of planes.

Questions
! What other families of planes might you expect to show diffraction in a cubic crystal?  Would you

expect the diffraction to be observable with this apparatus?  Why?

" Suppose you did not know beforehand the orientation of the “inter-atomic planes” in the crystal.
How would this affect the complexity of the experiment?  How would you go about locating the
planes?

The Bragg Diffraction Experiment was developed by Dr. Harry Meiners of Rensselaer Poly-
technic Institute.
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