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General Instructions 
 

 
1.  Purpose of the Laboratory 
The laboratory experiments described in this manual are an important part of your phys-
ics course.  Most of the experiments are designed to illustrate important concepts de-
scribed in the lectures.  Whenever possible, the material will have been discussed in lec-
ture before you come to the laboratory.   
 
The sections headed Applications and Lab Preparation Examples, which are included in 
some of the manual sections, are not required reading unless your laboratory instructor 
specifically assigns some part.  The Applications are intended to be motivational and so 
should indicate the importance of the laboratory material in medical and other applica-
tions.  The Lab Preparation Examples are designed to help you prepare for the lab; you 
will not be required to answer all these questions (though you should be able to answer 
any of them by the end of the lab).  The individual laboratory instructors may require you 
to prepare answers to a subset of these problems. 
 
2.  Preparation for the Laboratory 
In order to keep the total time spent on laboratory work within reasonable bounds, the 
write-up for each experiment will be completed at the end of the lab and handed in before 
the end of each laboratory period.  Therefore, it is imperative that you spend sufficient 
time preparing for the experiment before coming to laboratory. You should take advan-
tage of the opportunity that the experiments are set up in the lab library (Room 506) and 
that TAs there are willing to discuss the procedure with you.    
 
At each laboratory session, the instructor will take a few minutes at the beginning to go 
over the experiment to describe the equipment to be used and to outline the important is-
sues. This does not substitute for careful preparation beforehand!  You are expected to 
have studied the manual and appropriate references at home so that you are prepared 
when you arrive to perform the experiment.  The instructor will be available primarily to 
answer questions, aid you in the use of the equipment, discuss the physics behind the ex-
periment, and guide you in completing your analysis and write-up.  Your instructor will 
describe his/her policy regarding expectations during the first lab meeting. 
 
Some experiments and write-ups may be completed in less than the three-hour laboratory 
period, but under no circumstances will you be permitted to stay in the lab after the end 
of the period or to take your report home to complete it.  If it appears that you will be un-
able to complete all parts of the experiment, the instructor will arrange with you to limit 
the experimental work so that you have enough time to write the report during the lab pe-
riod. 
 
Note: Laboratory equipment must be handled with care and each laboratory bench must 
be returned to a neat and orderly state before you leave the laboratory.  In particular, you 
must turn off all sources of electricity, water, and gas. 
 
3. Bring to Each Laboratory Session: 

a) A pocket calculator (with basic arithmetic and trigonometric operations). 
b) A pad of 8.5 x 11 inch graph paper and a sharp pencil.  (You will write your 

reports on this paper, including your graphs.  Covers and staplers will be pro-
vided in the laboratory.) 

c) A ruler (at least 10 cm long). 
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4.  Graph Plotting 
Frequently, a graph is the clearest way to represent the relationship between the quantities 
of interest.  There are a number of conventions, which we include below. 

a) A graph indicates a relation between two quantities, x and y, when other va-
riables or parameters have fixed values.  Before plotting points on a graph, it 
may be useful to arrange the corresponding values of x and y in a table.  

b) Choose a convenient scale for each axis so that the plotted points will occupy 
a substantial part of the graph paper, but do not choose a scale which is diffi-
cult to plot and read, such as 3 or 3/4 units to a square. 

c) Label each axis to identify the variable being plotted and the units being used.  
Mark prominent divisions on each axis with appropriate numbers. 

d) Identify plotted points with appropriate symbols, such as crosses, and when 
necessary draw vertical or horizontal bars through the points to indicate the 
range of uncertainty involved in these points. 

e) Often there will be a theory concerning the relationship of the two plotted va-
riables.  A linear relationship can be demonstrated if the data points fall along 
a single straight line.  There are mathematical techniques for determining 
which straight line best fits the data, but for the purposes of this lab it will be 
sufficient if you simply make a rough estimate visually.  The straight line 
should be drawn as near the mean of the all various points as is optimal.  That 
is, the line need not precisely pass through the first and last points.  Instead, 
each point should be considered as accurate as any other point (unless there 
are experimental reasons why some points are less accurate than others).  The 
line should be drawn with about as many points above it as below it, and with 
the 'aboves' and 'belows' distributed at random along the line.  (For example, 
not all points should be above the line at one end and below at the other end). 

 
5. Questions or Complaints: 
If you have a difficulty, you should attempt to work it through with your laboratory in-
structor.  If you cannot resolve it, you may discuss such issues with: 

- one of the laboratory preceptors in Pupin Room 729; 
- the undergraduate secretary in the Departmental Office – Pupin Room 704; 
- the instructor in the lecture course; 
- your undergraduate advisor. 

As a general rule, it is a good idea to work downward through this list, though some is-
sues may be more appropriate for one person than another. 
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Experiment 2-1:   
 

Electric Fields 
 
 
1. Introduction 
 
One of the fundamental concepts used to describe electric phenomena is that of the elec-
tric field.  (Later we will deal with magnetic fields.)  We explore the field concept ex-
perimentally by measuring lines of equal electric potential on carbon paper and then con-
structing the electric field lines, which connect them. 
 
 
2. Theory 
 
2.1 Fields 
 
If each point in space can be assigned a numerical value associated with a physical quan-
tity, we call that quantity a field.  For example, each point in the United States may be 
assigned a temperature (that we measure with a thermometer at that position).  The tem-
perature as a function of location is called the "temperature field". 
 

 
The electric field (as well as the magnetic field) is a vector field, because a vector (rather 
than just a number) corresponds to each position.  At each point in space, the force that 
would act on a small (unit) test charge, if placed at this position, is proportional to the 
electric field.  (The force is a vector; it has a magnitude and a direction.  So does the 
field!)  Drawing a line that follows the direction of the field produces a field line. 
 
A field is homogeneous if the field lines are parallel.  The potential corresponding to such 
a field increases linearly with the distance traveled along the field lines.  
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2.2 Equipotential Contours for Gravity 
 
How does a mountain appear on a topographical map?  You have probably seen on such 
maps that there are thin lines specifying contours of the same height, so a mountain may 
look as follows: 

These contours of the same height (h) are equi-height lines or, if you think in terms of 
potential energy (U=mgh), they are equipotential lines.  That is, every point on the con-
tour has the same value of U.  So as you move along a contour, you don’t change height 
and therefore you neither gain nor lose potential energy.  Only as you step up or down the 
hill do you change the energy. 
  
There are a few general properties of equipotential contours: 

1. They never intersect. (A single point cannot be at two different heights at the 
same time, and so cannot be on two different contours!) 

2. They close on themselves.  (A line corresponding to constant height cannot stop 
in the middle of nowhere!) 

3. They are smooth curves, so long as the topography has no sharp discontinuities 
(like a cliff). 

 
 
2.3 Analogy between Electric and Gravitational Potentials  
 
Electric potential is analogous to gravitational potential energy.  Of course, gravitational 
potential energy arises from any object (with mass), whereas the electric potential arises 
only from charged objects.  
 
As in mechanics, the absolute value of potential is not important.  The differences in po-
tential are important and have physical meaning.   In a real problem, it is usually best to 
choose a reference point which you define as having zero potential, and refer potentials at 
all others points relative to the reference point.  (For example, topographic height is usu-
ally provided relative to the reference at sea level!) 
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2.4 Field Lines 
 
Let’s exploit our analogy of mountains and valleys a bit further for electric fields.  The 
operational definition of the electric field was "Put a test charge at the point of interest 
and observe the direction in which it is pulled and measure how strong the pull is".  But 
this is similar to saying "Put a marble on the mountain and observe the direction in which 
it rolls and how fast it accelerates".  So if we carefully track a marble as we roll it down 
the hill in small increments, we get a "field-line". 
  
What is the characteristic of a field line?  Think about placing a marble on an inclined 
hillside.  Which way will it roll if you release it?  It will always begin rolling in the steep-
est direction, and this direction is always perpendicular to the contours of equal height (or 
equipotential lines).*   
 
So it is for the electric case: if we know the equipotential lines, we always draw the field 
lines such that they cross every equipotential line perpendicularly.  The picture below 
shows equipotential lines (dashed lines) and the corresponding field lines (solid lines). 

 
 

 

                                                        
* Keep in mind that the perpendicular to equipotential lines gives the biggest change in height over the 
shortest distance! 
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There are also a few rules for field lines: 
1. Field lines always begin or end on charges.  (They often terminate on material 

surfaces, but there are actually charges on those surfaces.) 
2. They never intersect (except at electric charges, where they terminate). 
3. They are usually smoothly continuous (except if they terminate). 
4. They always intersect equipotential lines perpendicularly! 
 

 
2.5 Metal Surfaces 
 
It turns out that for electrical phenomena, metals are equipotentials.  So, by using metal, 
we can impose some fancy shaped equipotential lines and observe the corresponding field 
lines.  Guess what we are going to do! 
 
Metals are always equipotentials because (a) they are excellent conductors of electric 
charge and (b) they have an abundant supply of freely moving negative charges (elec-
trons).  This means that, if a field line were to penetrate the surface, these freely moving 
charges would feel forces to move them until they encounter a surface.  The free elec-
trons ultimately distribute themselves along the surface of the metal so that there is a net 
negative charge on one side of the conductor and a net positive charge on the other (from 
where the electrons have fled).  The field created by this re-alignment of the free elec-
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trons precisely cancels the imposed field: the remaining free charges inside the conductor 
then feel no force and don't move!   Hence, field lines imposed from outside always end 
on metal surfaces (which they intersect perpendicularly).  And the surface (with the entire 
interior) is an equipotential. 
 
 
2.6 Electric Shielding Theorem 
 
As just discussed, whenever a piece of metal is placed in an electric field the entire metal 
will continue to be an equipotential.  That is, any point in the metal will be at the same 
potential.  No field lines penetrate through metals. 
 
What happens if we take an enclosed container of metal of arbitrary shape, say a tin can, 
and put it into an electric field?  Since no field gets through the metal, the inside of the 
can must also be field free.  This mean that every point inside the container, as well as all 
points on the container surface must be at the same potential!  (If they were not, then 
there would be differences in the potential and hence a field.) 
 
Let’s return to our analogy of gravity equipotentials in hills and valleys, with field lines 
in the direction a marble would roll down the hill.  Consider how a frozen lake would 
look on such a contour map.  The lake has the property that its entire surface has the same 
gravitational potential energy at all points.  If you place a marble on the frozen surface of 
the lake, the marble will not roll anywhere since there is no height difference.  In other 
words, there is no component of the gravitational field along the surface of the lake to 
push the marble.  Similarly, there is no electric field on the inside of a closed metal con-
tainer to push the charges around, and the entire interior is therefore a constant equipoten-
tial surface. 
 
 
Remarks for Experts: 
1. The gravitational analogy operates in only two dimensions: the horizontal coordinates 

describing the surface of the lake.  The analogy of the lake surface for the electrical 
case is the entire volume (three dimensions) of the interior of the can.   For this ex-
periment, we "cheat" a little by looking at electric field within a two dimensional 
world of slightly conducting paper.  But the field and potential arrangements are as 
one expects for electrostatic phenomena in a two dimensional system. 

2. To shield electric field, we actually don’t need a completely enclosed metallic sphere; 
a closed cage of wire mesh (Faraday cage) is sufficient.  So a sedan will work like a 
Faraday cage, but a convertible will not since it is not closed at the top.  
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3. Experiments 
 
3.1 Equipotential and Field Lines 
 
We use here pieces of conductive paper, which only slightly conduct.  Two electrodes are 
located on the paper with two different electric potentials.  We use the small holders, 
which we pin to the paper.  If we simply pin them to the paper, they act like two point 
charges.  These create the potential and field in the paper similar to that due to point 
charges.  If we then use the metal paint to draw different shapes on the paper, these will 
be equipotential curves.  By connecting the pins to areas covered with paint, we can de-
termine the field configurations between different equipotential shapes. 
 

 
To measure the potential in the paper, we connect two probes with cables to the voltage-
measuring device (digital multimeter).  One probe is connected to a pin at a "fixed point", 
which we use as a reference probe.  The other "measurement probe" is connected to a 
pen-like measuring instrument.  The multimeter then measures the difference in potential 
(in Volts) between the two points.  As we now move the measurement probe to different 
locations, you should see the voltage change on the meter. Whenever you measure zero, 
the two probes are at the same potential. At several such positions, you mark the paper. 
  
When you have a sufficient number of marks on the paper, draw a connecting line be-
tween the points.  This is the equipotential contour.  (Don't connect the single points by 
straight lines, but try to get a smooth curve by anticipating the curvature of the lines.) 
 
Now place the reference probe at a new position and repeat the procedure.  Several equi-
potential curves may be generated. 
 
Finally, since you have several equipotential lines you can draw field lines for this ar-
rangement. Construct the field lines such that they always cross the equipotential lines 
perpendicularly.  
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You should do the experiment for three different configurations: 
 
1. Two oppositely-charged point charges (just the two pins). 
2. Two parallel plates (using the paint) at opposite charge. 
3. A configuration of your choice. 
 
 
Hints: 
1. You get the best results if you stay at least 1-2 cm away from the edges of the paper.  

Also make sure that the pins are always in contact with the paper.  (Otherwise the ex-
periment does not work!)  Be careful not to make the holes too big or the pins will no 
longer be in contact with the paper. 

2. Give the metal paint enough time to dry.  First paint all the configurations you will 
use on the conductive paper.  While they dry, get started on the two point-charge ar-
rangement! 

 
 
3.2 Linear increase in Potential 
 
In the second part of the experiment, take one of the thin conducting paper and mark a 
little dash on each end using the paint.  Then connect the two pins from the voltage 
source at the ends.  This produces a potential difference between the ends.  Connect the 
reference pin to the lower end of the strip and, with the measuring probe, measure the po-
tential difference at any point between the two ends.  
 
The purpose is to verify that the potential increases linearly with distance as you move 
the probe from one end to the other. 
 
 
3.3 Electric Shielding Theorem 
 
Choose any electric field configuration and draw a closed loop of any shape on the paper 
using the metal paint.  (If you so desire, you can make it the shape of Snoopy.)  Make 
sure that the closed loop does not enclose an electrode. 
 
Put the reference pin anywhere within the closed surface or on its rim, and check that any 
point within the loop has the same potential as the reference pin.  This demonstrates that 
all points within the closed loop have the same potential. 
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4. Step by Step List 
 
Before we actually start our measurements we will have to draw the shapes on the con-
ductive paper using the metal paint. The metal paint will take a few minutes to dry.  
 
 
4.1 Preparation 
 
• Take three pieces of conductive paper.  Draw two parallel plates on one of the sheetss 

using the metal paint.  Draw an arbitrary configuration of two electrodes on one of the 
other sheets using the metal paint.  (This is for part 4.3) 
Remark:  Use a piece of cardboard provided to get sharp edges with the paint.  Don't 
use the rulers! 

 
• Take the thin strip and paint a line on each end of the strip using the metal paint. (You 

need this for part 4.4) 
• Use another sheet and draw with the conducting paint a closed loop of any shape that 

does not enclose an electrode.   
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4.2  Setup of the Voltage Source 
 
• “OUTPUT A” of the power supply will be used in this experiment to provide a constant 

potential difference of 10 volts. 
• Turn the “A VOLTAGE”, the “A CURRENT”, the “B VOLTAGE”, and the “B CURRENT” 

control knobs located on the right side of the front panel counterclockwise to the “MIN” 
position. 

• Set the “A/B OUTPUT” switch located on the upper right of the front panel to the 
“INDEPENDENT” setting, and set the “A/B METER” switch located between the two meters 
on the front panel to the “A” setting. 

• Turn the power on by using the button located on the left of the front panel. 
• Slowly turn the “A VOLTAGE” output knob until the voltage reads 10 volts.  After doing this, 

do not make any further changes on the power supply for the remainder of the experiment.  (The 
current meter will stay at a zero reading.) 

• Connect two cables to the “A OUTPUT (0~20V  0.5A)” of the power supply (red and black 
poles) and then connect these cables to two of the yellow-metallic pins.  These are your output 
pins. 

 
NOTE: To use the digital multimeter as an appropriate voltmeter for this experiment: turn the 
multimeter power on, select “DC” (button in out position), select “VOLTS” (push button in), set 
range to “2 VOLTS”, and connect your voltage-measuring cables to the “V- Ω” and the “COM” 
jacks. 
 
4.3  Equipotential and Field Lines 
 
• Connect two cables to the output of the function generator (black and red poles) and two of the 

yellow-metallic pins.  These are your output pins. 
• Take one additional cable and connect one end to the black pole of the multimeter and the other 

to a different metallic pin.  This is your reference or fixed-point probe.  Take the pen-like pin 
and plug it into the red pole of the multimeter.  This is your measuring probe. 

• Take an empty sheet and put the two output pins on it to act as point-like sources.  Push the pins 
in only a little bit and not all the way through. 

• Insert the reference probe at an arbitrary position and move the measuring probe until the 
multimeter shows a value of zero.  This means that the two points are at the same potential.  
Mark this position with one of the red markers provided, so as not to confuse it with the probe.  
Search for more equipotential points until you have enough to draw an equipotential contour. 

• Move the reference pin to a new position and construct another equipotential line. 
• Repeat for a total of about 5 equipotential lines. 
• Given these equipotential lines, draw about 5 field lines using the yellow pen.  Remember that 

the field lines and equipotential lines always intersect perpendicularly.   
• Do your equipotential and field lines show the symmetries you would expect for this system?  

Just what symmetries does/should this system have? 
• Obtain the equipotential and field lines for the other two configurations as well.  (Stick the two 

pins from the function generator into the metal paint-covered part of the paper, after the paint 
has dried!). 

• Are the equipotential lines as you expect them? 
• What the major problems and uncertainties in this part? 

 



Columbia Physics: Lab 2-1   (ver. 21)  10 

4.4 Linear increase in Potential 
 
• Take the small strip and connect the two output pins to the metal covered ends. 
• Take the reference probe and remove the pin from the end.  (You only need the cable 

and not the pin.)  Connect it to one of the output pins. 
• Take the measurement probe and measure how the voltage increases as you move fur-

ther away from the reference point.  
• Plot a voltage vs. distance graph. 
• Draw a best-fit line.  
• Do the points fall on a reasonably straight line?  
• How do you interpret the slope and intercept of this line? 
• Is the field between the two poles homogeneous? 
 
 
4.5 Electric Shielding Theorem 
 
• Take the sheet with the conducting loop on it, and set up an electric field e.g. on the 

parallel plates.   
• You need the reference pin as in the first part. Put it somewhere either within the loop 

or on the rim of it. 
• Take the search pin and measure at various places within the loop and on the rim.   

What the voltage difference between the reference and the search pin.  (You don't 
have to note the readings down.) 

• What do you conclude about the shielding theorem?  Does it hold or not? 
• What would happen with your readings if you had drawn the loop badly such that the 

loop was not perfectly closed? 
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5. Applications 
 
The canonical example in medicine for measuring voltage potentials and displaying them 
(with an oscilloscope) are ECG (Electrocardiography) and EEG (Electroencaphelogra-
phy). The basic idea of these two standard devices is fairly simple: 
By measuring the potential difference in time between two points (or usually several 
pairs of points) one gets a nice direct insight into the activity of the heart (brain) and can 
therefore detect dysfunctions easily. 
Let us for example take a closer look on how an ECG works: If you record the electrical 
potential between two points along your breast you can record the following voltage pat-
tern (in time).1 
 

 
 
As you can see, the pattern observed can be split into different parts: 
At first the atrial cells are depolarized, giving the first signal (P wave). (This signal is 
relatively weak due to the small mass of the atrium.) After a delay one gets the QRS 
complex, which indicates the depolarization (wave) of the ventricles. After another delay 
one gets the T wave, which comes from the repolarization of the heart.2 
What do all these results, obtained from the heart as a total, mean in terms of processes 
going on in the single cells? The next figure shows the measurement by your ECG in 
comparison to the potential in a single cell in a ventricle (obtained using a different 
method): 
First we recall that the interior and the exterior of the cell in their standard state have dif-
ferent ion concentrations and are therefore at different electrical potentials. (That is the 
zero line in the graph.) In the depolarization phase the ion channels in the cell membrane 
open and a flow of K+ ions changes the potential inside the cell very rapidly. After this 

                                                        
1 Remember: The ECG only shows the electrical polarization of the heart muscle. It does not show the con-
traction of the heart muscle! 
2 The interpretation of the U wave is still not yet 100% understood. 
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rapid change in potential one gets a plateau, which is mainly due to the inflow of Ca++ 
ions into the cell. (The Ca++ ions are much bigger than the K+ ions, because they have a 
much larger hydrogen cover surrounding them ⇒ they diffuse much slower through the 
ion channels.) Finally in the repolarization phase the ion channels close again and the ion 
pumps in the cell membrane reestablish the initial ion concentrations. 

 
How can you now take advantage of this method for a diagnosis? First of all you don’t 
want to take the measurements only along one single axis or plane, since e.g. if an infarc-
tion occurs on the front- or back wall of your heart you are probably going to miss it.  In 
our days the usual way to get a 3-D picture of the position of the heart axis3 is obtained 
by measuring with multiple channels simultaneously between the points indicated below. 
(The contacts with an R are placed on the patients back.) 

 
 

                                                        
3 The heart axis is a simplified concept of the locations of the electrical potentials in the heart. One can 
think of the heart axis as a vector symbolizing the (physical) axis of the heart. 
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From the location and amplitude of the main vector (axis) one can see for example if the 
muscle mass is increased on one side of the heart (hypertrophy). In that case the main 
vector is tilted.4 
Another thing to look for is if the depolarization and repolarization was performed prop-
erly. For example if the ion channels in a certain region of the heart are destroyed by an 
infarction, then the electric potential between the depolarization and repolarization phase 
does not reach the zero level. By looking at your data you can not only locate the infarc-
tion, but also read off additional information, e.g. if the infarction cilled the tissue 
through all of the heart wall or only parts of it. (That determines your treatment of the 
patient!) 
 

 
 
You can see that you can get a lot of useful information if you look at electrical potentials 
(and their change in time). 
 
 
 
Textbooks used: 
Stein: Internal Medicine 
Harrison’s Principles of Internal Medicine 
 

                                                        
4 Also in pregnant women the heart as a total is slightly repositioned and therefore the electrical axis is a 
little bit off.  
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6. Lab Preparation Problems 
 
Field Lines: 
 
Given the following equipotential lines draw 5-10 field lines in the diagram. 
 
1. 

 
 

 
2.  
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3.  

 
 

4.  

 
Shielding Theorem: 
 
5. Explain in a few sentences why you might be safe inside your new Volkswagen Beetle 

even when struck by a bolt of lightning. 
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EXPERIMENT 2-2 
 

THE POTENTIOMETER 
 

 
Object:  To construct a slide-wire potentiometer and use it to measure voltages without 
drawing current from the source of emf, e.g., a dry cell and a thermocouple. 
 
 

Introduction 
 
The potentiometer is an instrument which can be used to measure the emf of a source (or 
the potential difference between two points in a circuit), without drawing any current.  It 
is a null device, which essentially balances the unknown potential difference against an 
adjustable potential difference, which in turn can be calibrated in terms of a standard 
voltage cell. 
 
[The "standard cell" is a saturated Weston cell, containing an electrode of mercury in 
contact with a paste of mercurous sulfate and an electrode of cadmium amalgam in 
contact with a saturated solution or cadmium sulfate.  When little or no current is drawn 
from the cell, it produces a terminal voltage of long-term stability.  The precise value for 
each cell is given on its label.] 
 
The potentiometer is commonly used to measure voltages in situations where the circuit 
condition would be altered by the flow of current to a meter.  One example is the 
measurement of the emf of a flashlight dry cell; such a cell has an appreciable internal 
resistance, and its terminal voltage will be lowered when current is drawn from it.  
Another example is the measurement of the small voltage across a thermocouple, used to 
determine temperature differences by means of the thermal emf produced at the junctions 
of dissimilar metals.  In this case, the thermal emfs cannot supply sufficient current to be 
measurable on an ordinary meter. 
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Figure 1. 
 
A schematic diagram of the potentiometer is shown in Figure 1, where: 
 

B is a stable current source with a constant voltage greater than any voltage to be 
measured. 
 
MN is a long wire of uniform cross-section. 
 
P is a sliding contact which varies the resistance between M and P such that it is 
proportional to the distance MP. 
 
R0 is a variable resistance, which can be adjusted to reduce the total voltage across 
MN. 
 
G is a sensitive galvanometer which indicates zero current when the needle deflects 
neither to the left nor to the right. 
 
R' is a protective resistance to limit the current through the galvanometer when the 
potentiometer is not balanced.  The shorting button bypasses R', to increase the 
sensitivity in determining a null current only after an approximate balance is 
obtained. 
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Standard Cell 
 
The normal method of using a potentiometer is first to calibrate it with the standard cell 
voltage VS.  The movable contact P is adjusted to a position PS at which the galvanometer 
reads zero, (first with the shorting button open, and then, more precisely, with the shorting 
button depressed).  At this setting, the difference in potential between M and P is equal to 
the known value of VS. 
 
Unknown Voltage 
 
Next, the standard cell is replaced by the source of unknown voltage VX, and the 
procedure is repeated to find a point PX where the galvanometer reads zero.  The value of 
VX can then be determined from the ratio of the two distances along the slide wire (MPX 
and MPS) along with the known value of VS. 
 
Internal Resistance of a Dry Cell 
 
A dry cell can be considered as the equivalent of a source of chemical emf ε  in series with 
an internal resistance r.  When a current I is drawn from the cell, the voltage across the 
terminals of the cell will be ε − Ir .  The maximum current that can be drawn from such a 
cell is thus ε / r .  (As a dry cell is used up, the value of ε  remains relatively constant, but 
the value of r rises appreciably.) 
 
 
The Thermocouple 
 
If two dissimilar metals, such as copper and 
iron, are joined together, as in Figure 2, and 
if the two junctions are at different 
temperatures, a thermal emf will be  
generated.  This effect is utilized in making 
a thermocouple, an instrument for the 
accurate and rapid measurement of 
temperatures.   
 
 
 
 
 
Figure 3 shows a convenient laboratory 
thermocouple made of two twisted 
junctions of copper and constantin (a 
copper-nickel alloy) wires.  If one junction 
is kept in a mixture of ice and water, (i.e., 
at 0° C), the temperature of the other 
junction can be determined by measuring 
VX.  The junctions have very little heat 
capacity and will reach thermal equilibrium 
very quickly.  Note that the thermal emf is 
very much smaller than the emf of a dry cell 
(in millivolts, as opposed to volts.) 

 

Figure 2. 

 

Figure 3. 
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Procedure 
 
1)  Measure the emfs (ε ) of two dry cells, first singly and then for the two cells in series: 
Before each measurement, first adjust R0, (a decade resistance box), so that the voltage 
across MN is larger than the value of VX to be measured, and then use the standard cell to 
calibrate the potentiometer for this setting. 
 
CAUTION:  Never use a standard cell to supply current to a circuit; it is to be used only 
as a reference voltage when negligible current is drawn.  Since drawing a large current 
would damage the cell, a large protective resistor has been built into the cell holder. 
 
2)  Measure r, the Internal Resistance of a dry cell: 
One way to determine r would be to connect the cell to an external load, such as a light 
bulb, and measure both the voltage V across the terminals of the cell and the current I 
which it is delivering to the load.  Then the difference between ε , (measured in part 1), 
and V would be Ir. 
 
However, you can alternatively determine r without measuring I.  To do this, connect a 
calibrated variable resistance R (another decade box), as the load across the terminals to 
the dry cell, as shown in Figure 4.  When R is adjusted so that V equals exactly half of the 
emf of the cell, i.e., ε / 2, then the value of R is just equal to r.  This is so because, with 
the potentiometer balanced, the only current which flows in the external circuit is the 
current I around the loop abcd.  Thus we have: 
 

  
ε

ε
= +
= =





= +
∴ =

IR Ir

V IR

IR IR Ir

R r2

2
            

 
To utilize this method, the best procedure is first to set MP to half of the value it had for 
the measurement of ε  before R was connected, that is, set the potentiometer to measure 
ε / 2.  Then adjust R until the potentiometer is balanced at this setting. 

Figure 4. 
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3)  Use the thermocouple with the potentiometer to make a calibrated thermometer: 
Since the thermocouple output is in millivolts rather than in volts, a much larger value of 
R0 is necessary to reduce the current and thus the voltage across MN.  Therefore, replace 
the decade resistance box with a (variable) 100 kohm resistor.  You can then set up a 
direct-reading thermometer by:  
 

a) placing one junction in ice water (0° C) and the other junction in boiling water 
(100° C), 

 
b) placing the contact P at the extreme (100) position on the slide wire, 
 
c) adjusting the variable resistor R0 until the potentiometer is balanced.  Note that 

the unbalanced potentiometer will now produce much less deflection of the 
meter, so more care will have to be taken to find a balance. 

 
(Be sure NOT to connect the standard cell into the circuit while the large value of R0 is 
being used.) 
 
Check the linearity of the direct-reading thermometer that you have set up by removing 
the hot junction from the boiling water and using it to measure some intermediate 
temperatures such as room temperature and body temperature, which you can monitor 
with an ordinary centigrade thermometer. 



  

EXPERIMENT 2-3
 

THE OSCILLOSCOPE
 
 
Objective
 
The purposes of this experiment are (1) to acquaint the student with the operation of the 
cathode ray oscilloscope and (2) to use the oscilloscope to study the properties of an 
audio amplifier.  This experiment differs from the others in this course in that it is highly 
qualitative.  The most important part of this lab is not the actual data you obtain; it is 
gaining experience and familiarity with using the oscilloscope. 
 
 
General Description
 
The cathode ray oscilloscope, one of the most useful tools in modern experimental 
physics, can measure potential differences which change rapidly with time -- too rapidly 
to be followed by the needle of a simple voltmeter.  You will be using the oscilloscope in 
subsequent labs, so it is important to become familiar with it now.  You are encouraged 
to explore the operation of the oscilloscope by manipulating all of the controls. There is 
only one precaution which you must take in order to protect the instrument: 
 
WHEN THE SPOT ON THE SCREEN IS STATIONARY, KEEP THE INTENSITY 
VERY LOW, in order not to damage the fluorescent screen by "burning a hole in it" at 
that point.  In general, do not leave the intensity higher than necessary for reasonable 
visibility. 
 
 
The Cathode Ray Tube
 
Figure 1 shows schematically the essential features of the cathode ray tube in the 
oscilloscope. 

Figure 1. 
 

Electrons leave the heated cathode by thermionic emission. They are accelerated 
through a fixed voltage and emerge as a narrow beam focused through a hole in the 
accelerating plate. When the electron beam strikes the fluorescent screen on the face 
of the tube, it produces a small luminous spot. An external potential difference can be 
measured by applying it across a pair of parallel deflecting plates, through which the 
beam passes on the way to the screen. The beam is then deflected by the resultant 
transverse uniform electric field between the plates. There are two pairs of deflecting 
plates, one for vertical and the other for horizontal deflection. 
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If you double the externally applied potential across a pair of deflecting plates, you will 
also double:  
 

a) the electric field intensity between the plates,  
 
b) the transverse force on the electrons, 
 
c) the resultant transverse acceleration of the electrons, 
 
and since the time to travel the length of the plates does not depend on the 
transverse force, you will also double, 
 
d) the net transverse displacement of the electrons, 
 
e) the transverse component of their velocity, 
 
f) the tangent of the angle at which the beam leaves the region between the plates. 

 
The net displacement of the spot on the screen will therefore be proportional to the 
applied potential difference.  It is this property which makes the oscilloscope useful as a 
voltmeter. 
 
 
Display of Time-Varying Potential Difference 
 
In order to display the time variation of a potential difference which is applied across the 
vertical deflection plates, the beam can be deflected horizontally by an 
internally-generated voltage which increases uniformly with time. Figure 3 indicates the 
"sawtooth" voltage which, when applied to the horizontal deflection plates, sweeps the 
beam horizontally across the screen at constant velocity, and returns the beam to its initial 
position and repeats the sweep, etc. 
 

 
        Figure 2.      Figure 3. 
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The process is somewhat 
similar to writing on paper. To 
write, one "wiggles" the pen up 
and down while moving the 
hand horizontally across the 
paper. Here the time-varying 
voltage applied to the vertical 
plates "wiggles" the electron 
beam up and down while the 
linear sweep voltage moves the 
beam horizontally with 
constant velocity (See Figure 
4).  The beam leaves its written 
trace on the tube screen. 
 
Because of the persistence of 
vision (approximately 0.05 sec) 
and because of the screen 
fluorescence, we see a plot of 
the potential as a function of 
time displayed on the screen. 

Figure 4.  The image on the screen is formed by combining the 
constant horizontal sweep with a vertical deflection proportional 

to some time-dependent input voltage which you want to observe. 

 
 
 
 

 
Usually one observes the repeating pattern of a periodically varying voltage by 
appropriate adjustment of the sweep time and synchronization of the start of successive 
sweeps. Oscilloscope controls allow one to determine when the sweep initiates (in other 
words, when the sweep is "triggered"). See the description of the horizontal sweep trigger 
controls (17-21) in the instructions for the oscilloscope which follow. 
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LEADER MODEL LBO - 513A 
OSCILLOSCOPE 

 
 
The front panel of the Leader Model LBO - 513A oscilloscope is shown in the above 
figure. The inputs and controls with which you will be concerned can be divided into 
three groups depending on the part of the oscilloscope circuitry with which they are 
associated.  All oscilloscopes include this basic set of controls.  The numbers in the 
diagram refer to the controls described below. 
 
(I) FORMATION OF THE ELECTRON BEAM  
 

(5) POWER  
      Push in to turn the power on.  
(7) BEAM INTENSITY  
      The INTEN control adjusts the intensity or brightness of the trace.                   
      Clockwise rotation increases the intensity. 

 
NOTE: WHEN THE SPOT ON THE SCREEN IS STATIONARY, KEEP THE 
INTENSITY VERY LOW IN ORDER NOT TO DAMAGE THE FLUORESCENT 
SCREEN AT THAT POINT. IN GENERAL, DO NOT LEAVE THE INTENSITY 
HIGHER THAN NECESSARY FOR REASONABLE VISIBILITY.  
 

(8)  BEAM FOCUS  
       The FOCUS control adjusts the sharpness of the electron spot on the   
       screen. 
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(II) VERTICAL DEFLECTION OF THE ELECTRON BEAM
 
(10) VERTICAL AXIS SENSITIVITY: VARIABLE FINE ADJUSTMENT. 
The vertical axis VARIABLE control is used for fine adjustments of the 
vertical axis sensitivity. The sensitivity is reduced by turning the vertical axis 
VARIABLE knob counterclockwise.   Only in the fully clockwise position 
(with the knob clicked into this position) can the vertical sensitivity be read 
from the VOLTS/DIV setting. 
 
(11-A) VERTICAL POSITION: This control is used to move the displayed 
trace up or down. Turning the knob clockwise moves the trace upward. 
 
(11-B) VERTICAL AXIS MAGNIFIER: GAIN x 5:  If the VERTICAL 
position control is pulled out, the vertical axis sensitivity is increased by a 
factor of 5. 
 
(12) AC-DC INPUT SELECTOR: With the button in (DC position), the input 
terminal is directly coupled to the vertical amplifier. With the button out (AC 
position) the direct current is blocked by a capacitor. 
 
(13) GND GROUND SWITCH: With the GND button in, the input to the 
vertical amplifier is grounded and the vertical INPUT terminal (14) has zero  
input voltage. 
 
(14) VERTICAL INPUT: This is the input terminal for the vertical amplifier. 
The maximum permissible input voltage is 600 Volts. 
 
(15) VERTICAL AXIS SENSITIVITY: RANGE SELECTION IN 
VOLTS/DIV.  The VOLTS/DIV 11-position switch determines the sensitivity  
of the vertical amplifier. The 11 ranges are indicated in volts per division on 
the front panel.  The indicated sensitivities are only correct if the vertical axis 
VARIABLE control is in the calibrated position (fully clockwise -- see (10)) 
and the VERTICAL position control is pushed in (the Gain = 1 position -- see 
(11-B)). 
 

 
(III) HORIZONTAL DEFLECTION OF THE ELECTRON BEAM

 
(16) EXT TRIG INPUT or H IN: EXTERNAL TRIGGER INPUT OR 
HORIZONTAL INPUT:  This input is used for externally triggering the 
horizontal sweep or for the HORIZONTAL INPUT In a x-y plot. This input is 
DC coupled (i.e., either a constant or a time varying voltage may be used -- 
compare with (12) above) and the maximum allowable applied voltage is 100 
volts. 
 
(17-21) HORIZONTAL SWEEP TRIGGER CONTROLS. There are four 
switches and one knob that are used in determining the conditions for 
triggering the horizontal sweep: 
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(17)  SOURCE = INT Sweep is triggered on the internal signal in 
conjunction with the VERTICAL INPUT. 

 
 SOURCE = EXT Sweep is triggered on an external signal fed 

into the H IN HORIZONTAL INPUT. 
 

(18) COUPLING = AC Sweep is triggered on any AC signal. 
 
 COUPLING = HF-REJ(TV-V) Sweep is triggered only on 

signals with a frequency below 20kHz. 
 
(19)  SLOPE = + Sweep is triggered on the positive slope of 

the signal.  
 
 SLOPE =  - Sweep is triggered on the negative slope of 

the signal.  
 
(20)  MODE = AUTO Sweep is automatically triggered regardless 

of amplitude or frequency. 
 
 MODE = NORM Sweep is triggered when the signal is greater 

than the trigger level set by the LEVEL 
control.  

 
(21)  TRIGGERING LEVEL This control determines the voltage 

level that will trigger the horizontal sweep 
when the MODE = NORM is selected. 

 
(22)  HORIZONTAL SWEEP TIME: VARIABLE FINE ADJUSTMENT: 
The horizontal axis VARIABLE control is used for fine adjustments of the 
horizontal sweep time per division. The sweep time per division is increased 
by turning the horizontal axis VARIABLE knob counterclockwise. Only in 
the fully clockwise position (with the knob clicked into position) can the 
sweep time be read from the TIME/DIV setting. 
 
(23)  HORIZONTAL SWEEP TIME: RANGE SELECTION IN TIME/DIV 
or H IN HORIZONTAL INPUT SELECTOR: This control is used to select 
the horizontal sweep time per division on the scope face. The indicated sweep 
times per division are only correct if the horizontal axis VARIABLE control is 
in the calibrated position (fully clockwise -- see (22)) and the HORIZONTAL 
position control is pushed in (no magnification position -- see (24-B)). In the 
fully counterclockwise position the sweep oscillator is disconnected and the 
signal on the H IN terminal is applied to the horizontal plates. 
 
(24-A)  HORIZONTAL POSITION:  This control is used to move the trace 
left or right. Turning the knob clockwise moves the trace to the right. 
 
(24-B)  HORIZONTAL SWEEP TIME MAGNIFIER: MAG x 5 :  If the 
HORIZONTAL position control is pulled out, the horizontal sweep time per 
division is reduced by a factor of 5 and the wave form displayed is 
consequently magnified by a factor of 5. 
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Procedure
 
1. Check the linearity between beam deflection and applied voltage
 
Use the slide wire resistance, connected in series with a fixed DC power supply, to serve 
as a variable voltage source. Obtain a spot -- at low intensity -- on the screen by 
disconnecting the horizontal sweep voltage from the horizontal plates (set (23) to the H 
IN position; the "sweep voltage" is applied to the horizontal plates only when (23) is set 
on one of the Sweep Time settings). Also set control (12) to DC.  With your voltage 
divider, check to see if the beam deflection is proportional to the voltage applied to the 
oscilloscope input terminals. Present your results graphically. 
 
2. Use the oscilloscope to display periodic and aperiodic signals
 

a) Use the signal generator to put sine waves and square waves of various 
frequencies on the vertical plates. Vary the amplitude of the input voltage, and 
vary the sweep times and the method of synchronizing the sweep. 
 
b) Observe some irregularly varying potential such as the output of a microphone 
into which you speak, hum, whistle, etc.  Determine the range of frequency of 
your voice by humming as low and as high a note as possible. 
 
c) Use the signal generator to put a variable frequency sine wave on the vertical 
plates, and have a small transformer connected to the horizontal plates to furnish 
them with the 60 cycle/sec AC line signal.  Vary the frequency and see whether 
you can observe a “Lissajous Figure”--the closed curve produced when the ratio 
of frequencies is the ratio of small integers. 

 
3. Use the signal generator and the oscilloscope to measure the gain of an audio amplifier 
as a function of frequency
 
A high fidelity amplifier is one that has constant amplification over the normal range of 
audio frequencies.  The amplification (or “gain”) is defined as the ratio of the peak-to-
peak voltage of the output signal (delivered to a loud speaker) to that of the input signal.  
Normally, of course, the input signal comes from a microphone, a record player, or a 
radio tuner.  Here, you can use the signal generator to produce sine waves of variable 
frequency and amplitude. 
 
It is convenient to keep the amplitude of the input signal constant; it is important to keep 
the amplitude small so that the amplifier does not “saturate” and distort the shape of the 
output wave. 
 
Plot a curve of gain versus frequency for a few settings of the “tone” control.  A curve 
such as this is the standard criterion for evaluating (and advertising) a high-fidelity 
amplifier. 
 
If you have a (relatively small) amplifier which you wish to test, you may bring it to the 
laboratory to use instead of the small (and relatively low fidelity) amplifiers provided. 
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EXPERIMENT 2-4 
 

CAPACITANCE
 
 

INTRODUCTION 
 
A capacitor is a device for storing electric charge and energy.  For simplicity, an ideal 
capacitor can be considered as a pair of parallel conducting metal plates, as shown in 
Figure 1.  When a charge +Q is placed on the upper plate and -Q on the lower plate, a 
potential difference V is established between the plates, and the quantities Q and V are 
related by the expression: 
 
  Q = CV,  (1) 
 
where the capacitance C is determined by the size and separation of the plates. 

Figure 1. 
 

 
Discharging a Capacitor
 
If a wire is attached to the upper plate and then touched to the lower plate, charge will 
flow through the wire until the charge q and  potential difference V are zero.  (We will 
use Q to indicate the initial charge and q for the time dependent charge.)  This process, 
known as discharging the capacitor, does not occur instantaneously.  Instead, as the 
charge flows from one plate to the other, the potential difference decreases, and the 
current (or rate of change of charge) gradually diminishes.  Since the rate of change is 
proportional to the amount of charge remaining, the current is initially large and then 
decays exponentially with increasing time.  Exponential growth or decay occurs 
whenever the rate of change of a quantity is proportional to the quantity present at that 
time.  Exponentials are also characteristic of the growth rate of cells or organisms and the 
decay of radioactive isotopes. 
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The changing current which discharges a 
capacitor can be calculated as a function of 
time by considering the circuit shown in 
Figure 2.  The capacitor C is initially 
charged by a battery of emf ε , placing a 
charge Q C= ε  on the plates.  When the 
switch is closed, a current I flows in the 
circuit, and according to Ohm's Law the 
voltage drop across the resistance is IR. 
 
  Figure 2. 

 
The resistance may be a separate circuit element or merely the resistance of the wire 
itself.  Since the sum of the voltage drops around the circuit must be zero, we obtain the 
equation: 
 

  IR
q
C

+ = 0       (2) 

 
The equation can be rewritten in terms of charge alone from the definition of current, 

I dq dt
q
tt

= =
→

/ lim   (  )
∆

∆
∆0

,  

 

  R dq
dt

q
C

+ = 0       (3) 

 
Equation (3) is a differential equation for q and has a solution which gives the time 
dependence of the charge 
 
  q t C e t RC( ) /= −ε       (4) 
 
Students familiar with calculus can verify this result by differentiating Eq. (4) and 
combining q(t) and dq / dt  to show that Eq. (3) is satisfied.  From the definition of 
current, I = dq / dt, we find that 
 

  I t
R

e t RC( ) /= − −ε
      (5) 

Note that at t = 0, when the switch is just closed, I
R

= −
ε

.  As time increases, the current 

I(t) gets smaller and reaches zero as time goes to infinity. 
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Charging a Capacitor
 
The process of charging an uncharged capacitor has many similarities with the process of 
discharging described above.  In this case, a battery with an emf of ε  volts is connected 
in series with a resistance R and the capacitance C, as indicated in Figure 3. 
 

 
Figure 3. 

 
When the switch is first closed, there is no charge on the capacitor and thus no voltage 
across it, and the full voltage ε  appears across R, causing maximum current I to flow.  As 
the capacitor becomes charged, the voltage-drop IR (and thus the current I) gradually 
decreases.  I approaches zero as the capacitor is charged toward its maximum potential 
difference of   ε = Q C/ . 
 
The equation which indicates the sum of voltage drops around the circuit loop at any time 
during the charging is: 
 

  ε = +IR
q
C

.       (6) 

 
Again, this can be converted to a differential equation, the solution of which is: 
 

  I t
R

e t RC( ) /= −ε
.      (7) 

 
Comparing Eq. (5) with Eq. (7), we note that the current for discharging a capacitor from 
a given potential ε  decreases in time identically to the current for charging the capacitor 
through the same resistance to the same final voltage ε .  The difference in the sign of I 
indicates, of course, that the two currents flow in opposite directions. 
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Graphical Presentation of Exponential Decay
 
In Eqs. (5) and (7), the symbol e stands for the constant 2.71828..., the base of natural 
logarithms.  A graph of the function y ae x b= − /  is given in Figure 4, where y = a at x = 0 
and then decays exponentially as x increases, reaching a value of y ae a= =−1 37.  at x = b.   
 

 
Figure 4. 

 
Although it is possible to determine values of a and b from experimental results plotted 
on such a curve, it is more informative to plot log y versus x, or to use semi-log graph pa-
per, where the horizontal lines and scale of the y-axis are spaced in equal increments of 
log y. 
 
Then, taking the logarithm (base 10) of y ae x b= − /  yields: 
 

 log log log (log ) log log .y a x
b

e a e
b

x a
b

x= − = − ⎛
⎝
⎜

⎞
⎠
⎟ = − ⎛

⎝
⎜

⎞
⎠
⎟  434  (8) 

 
which is a linear equation in x representing a straight line with slope = -.434 / b, if log y 
is plotted against x as in Figure 5. 
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Figure 5. 
 

A simple way to determine b from a straight line drawn through the experimental points 
on such a plot is to note the values of x at which the line crosses values of y differing by a 
factor of 10.  Then, using the values shown in Figure 5, 
 

 ∆(log ) log log (log log ) (log log )y
a a

a a= − = − − − = − + =
100 10

100 10 2 1 1− . 

 

Since from Eq. 8 the slope 
∆

∆
(log )y

x
 equals -.434 / b, then 

 
 − = −1 434/ . /∆x b , or b x=. (434 )∆ .     (9) 
 
In the present experiment, y represents the current I; x is the time 
t; a is the initial value of I; and b is the time constant RC. 
 
Note:  You may produce a graph like the one in Figure 5 by 
either: 1) Plotting log y on the y axis of normal graph paper; or 2)  
Plotting y on semi-log graph paper (shown at right).  Semi-log 
graph paper (provided in the lab) has the y axis already 
logarithmically compressed, so you do not need to calculate log  y 
for each point--you can simply plot the y values themselves. With 
semi-log graphs you can verify quickly whether the data behaves 
exponentially or not; y = 1 / x, for example, will not produce a 
straight line on a semi-log plot.  Note also that on semi-log graphs 
y  approaches 0 only exponentially--there is no y = 0. 
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PROCEDURE
 
1.  Large RC-charging
 
Figure 6 shows the circuit to be wired for measuring the current I as a function of time 
for charging a capacitor C through a resistance R to a voltage ε .  For this part of the lab 
you will use the bank of three large capacitors which are attached to a piece of wood with 
three switches and the label “30 MFd”.  (In this case the prefix “M” in MFd indicates 
micro, µ, or 10-6.)  Be sure to use a low-voltage (15 volts max.) power supply and to 
connect the positive terminal on the power supply to the positive terminal on the 
microammeter.  Before closing the switch to the power supply and starting each new 
measurement, momentarily connect a low resistance across the capacitor in order to start 
with no charge on the capacitor plates. 

Figure 6. 
 

 
Measure I at a series of time intervals after closing the switch.  Plot the results on semi-
log paper and determine the RC time constant. 
 
Repeat the above for a different value of C.  (Note that the "capacitor" supplied is in fact 
a bank of capacitors with the provision for varying C by switching in different numbers 
of the capacitors in parallel.) 
 
2.  Large RC-discharging

Figure 7. 
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Use the circuit shown in Figure 7 to measure the discharge current through the resistance  
R of the same capacitors C used in Part 1.  You will use the same equipment as you used 
in Part 1 of the lab. 
 
Before closing the switch to begin the measurement, momentarily connect the power 
supply directly across the capacitor in order to give it an initial charge.  Then disconnect 
the power supply, close the switch, and measure I as a function of time.  Again, plot the 
results on semi-log paper and determine RC.  Compare with the results found in Part 1 for 
the same values of C. 
 
3.  A Relaxation Oscillator
 
A neon bulb has the property of having a very high resistance (almost infinite) until the 
voltage applied to it is high enough to "break down" the gas, at which point the bulb 
lights and its resistance becomes very low.  In this part of the lab you will use a high 
voltage power supply.  Thus, it is essential that you are sure to use the small capacitor 
with a value of 0.082 µF rather than the bank of capacitors you use in the first two parts 
of the lab.  Wire a neon bulb in parallel with the capacitor in the circuit of Figure 8. 
 
CAUTION:  Since a relatively high-voltage power supply is necessary for this part of the 
experiment, it is important not to touch any exposed metal parts of the circuit while the 
power supply is connected to the circuit and turned on, whether or not the switch is 
closed.  Since the capacitor stores charge, it may be charged even if the voltage supply 
has been removed.  Be sure to discharge the capacitor fully by simultaneously touching 
an insulated wire to each end of the capacitor before touching any of the metal parts of 
the circuit. 

 
Figure 8. 

 
When the switch is closed, the capacitor will start to be charged as in Part 1, with the 
time constant RC, and the high resistance of the neon bulb will have negligible effect on 
the circuit.  However, when the capacitor is charged to sufficiently high voltage, the neon 
bulb will light.  The capacitor will then be quickly discharged through the bulb.  If R is 
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sufficiently large, there will not be sufficient current to keep the bulb lit after the 
capacitor is discharged.  The bulb will then be extinguished; it will return to a state of 
high resistance, and the charging process will start again.  For a given applied voltage ε , 
and a neon bulb with a given breakdown voltage, the period of this repetitive 
"oscillation" will thus be determined by the value of RC. 
 
Measure the period for different combinations of R and C, and verify its dependence on 
the product RC. 
 
4.  Demonstration of Short RC Time - (to be set up by Lab Instructor)
 
If the RC time constant of a circuit is too short to be detected using an ammeter, the effect 
can be displayed on an oscilloscope as illustrated in Figure 9.  In this case, it is 
convenient to use a square-wave generator, which switches a voltage on and off at a 
variable repetition rate. 

 
 

Figure 9. 
 
Use the smallest values of R and C available.  From observation of the oscilloscope trace, 
plot I versus time on semi-log graph paper and determine the value of RC.  Compare the 
result with the value of RC calculated from the labels on the circuit elements.  
(Remember that the total R of the circuit includes any internal resistance in the square-
wave generator.) 
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EXPERIMENT 2-5 
 

THE MAGNETIC FIELD 
 
 
Object:  To determine the strength of the magnetic field in the gap of an electromagnet by 
measuring: (I) the force on a current-carrying rod, (II) the effect of the change of 
magnetic flux through a coil when the coil is inserted into or removed from the region 
containing the magnetic field. 
 
CAUTION:  (1) Always reduce the current through the electromagnet to zero before 

 opening the circuit of the magnet coils. 
 (2) Remove wrist watches before placing hands near the magnet gaps. 
 
 

PART I - FORCE ON A CURRENT-CARRYING WIRE 
 
Physical Principles 
 
Consider a rigid length of 
wire rod L, held horizontally 
and normal to the direction 
of a uniform, horizontal 
magnetic field B.  If a 
current i is passed through 
the wire, as indicated in 
Figure 1, then there will be a 
vertical force  F = iLB  on 
the wire rod. 
 
        Figure 1. 
Experimental Apparatus 
 
The experimental set-up is shown in Figure 2.  The horizontal magnetic field B is 
produced in the air gap of a “C-shaped” iron electromagnet.  The strength of B is 
determined by I, the current in the magnet coils, which is supplied by an adjustable low-
voltage power supply. 
 

Figure 2. 
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A more detailed drawing of the balance and electro-magnet arrangement is shown in 
Figure 3. 
 

Figure 3. 
 
Note that the current i through the horizontal conductor is supplied by a separate power 
supply. The current balance is constructed out of conducting and insulating materials such 
that current can enter through one side of the knife edge, flow through one side of the 
balance arm to the horizontal conductor, and then flow back through the other side of the 
balance arm and out through the other knife edge. 
 
The current i in the balance is provided by the HP E3610A power supply, which can 
operate either in constant voltage or constant current mode.  The voltage dial sets the 
maximum voltage the device will supply to the circuit; the current dial likewise sets the 
maximum current, and if the circuit tries to draw more current, the power supply will 
reduce the voltage until it reaches whatever value is needed to maintain the maximum 
current (by V = IR). 
 
To use the power supply in constant current mode, begin with the current dial turned all 
the way down (counter-clockwise) and the voltage dial turned all the way up (clockwise).  
Set the range to 3 Amps, and connect the leads to the + and − terminals.  You can now set 
the current to the desired level--note that the digital meters on the power supply show the 
actual voltage and current being supplied, so you will not normally see any current unless 
the leads are connected to a complete circuit.  (If you want to set the current level without 
closing the circuit, you can hold in the CC Set button while you turn the current dial.)  
Once you close the circuit, the voltage adjusts automatically to maintain the constant 
current level, and the CC (Constant Current) indicator light should be on.   
 
Procedure 
 
Set the current I through the electromagnet at 5 amperes. Then determine the weights 
needed to bring the balance to equilibrium for several different values of the current i 
through the balance. (Note that it is easier to make the final adjustment on i once weights 
have been selected for the approximate current value.) Present the measurements of force 
versus balance current graphically, and from the graph find a value for B. Repeat the 
above for magnet currents of 4 amperes, 3 amperes, and 2 amperes. Determine B in each 
case. All your results may be plotted on the same graph.  Draw a diagram similar to Figure 
3, and indicate the direction of i, F, and B for your set-up. 
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PART II - EMF INDUCED IN A MOVING COIL 
 
Physical Principles 
 
A more accurate method of measuring B is to use a charge integrating circuit to 
determine the total charge which flows through the circuit of a small search coil when it is 
suddenly inserted into (or removed from) the region of magnetic field.  The EMF ε  
induced across the coil by a change of magnetic flux ∆Φ through the coil is given by 
Faraday’s Law: 
 

  ε = N
t

∆Φ
∆

        

 
where N is the number of turns in the search coil.   
 
If the total resistance of the coil and its circuit is R, then the resulting instantaneous 
current i Q t= ∆ ∆/  flowing through the circuit will be 
 

  
∆
∆

∆Φ
∆

Q

t
i

R

N

R t
= = =

ε
  . 

 
The instantaneous induced EMF and current will thus depend on the time ∆t , i.e. the 
speed with which the search coil is moved into the field.  However, the total charge which 
flows during the motion is independent of ∆t : 
 

  ∆ ∆ΦQ
N

R
=   . 

 
If the search coil is started in a field-free region and is plunged into the magnet gap so that 
B is normal to the plane of the coil, then ∆Φ = A Bcoil , where Acoil  is the area of the coil, 
and therefore: 
 

  ∆Q
N

R
A B= coil  . 

 
Note that both the inner and outer diameter of the search coil should be measured, since 
the innermost windings have a different area than the outermost ones. 
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Experimental Apparatus 
 

Figure 4. 
 
A charge integrator (the Magnetic Field Module shown in Figure 4) is used to measure the  
∆Q  produced by the EMF induced in the search coil. A capacitor in the module stores the 
charge ∆Q , and the voltage across this capacitor (read on the external voltmeter shown) is 
proportional to∆Q .  Therefore 
 

  V K Q K
N

R
= =∆ ∆Φ 

 
where K is a constant that depends on the capacitance and gain of the integrator circuit.  
Instead of trying to calculate a value of KN / R in terms of the components, it is more 
direct to calibrate the combination of the search coil and the integrator circuit by 
measuring V for a known ∆Φ.  This known magnetic flux can be created by passing a 
measured current I sol  through a long air-core solenoid of n turns per meter and with a 
cross-sectional area of  Asol so that  
 
  ∆Φsol sol sol sol sol= =B A nI Aµ0  
 
where µ0  is the permeability of free space ( µ π0

74 10= × ⋅− T m / A  ). 
 
Procedure 
 
Connect the apparatus as shown in Figure 4. Turn on the power supply. Before any 
measurements are made, depress the shorting switch, then release the shorting switch and 
turn the drift adjust control to minimize the drift in the output voltage as observed on your 
meter. The shorting switch must be used to discharge the integrating capacitor prior to 
each measurement.  Also, the drift adjust setting should be checked occasionally. If the 
gain setting on the Magnetic Field Module is changed, the drift adjust control must be 
reset. 
 
Magnetic field measurements are made by inserting or removing the search coil from the 
region containing the field to a field-free region or by leaving the search coil stationary and 
turning the field on or off. 
 
 

 



Columbia Physics: Lab 2-5   (ver. 10)  5 

Since the magnetic field in the large iron-core electromagnet is much greater than the field 
in an air-core solenoid, the Magnetic Field Module was designed with two gain settings. In 
the gain=100 position, the module is 100 times as sensitive as in the gain=1 position. For 
measuring fields generated by the air-core solenoid, set the gain at 100. For fields 
generated by the large electromagnet, set the gain at 1. 
 
Connect the solenoid to the + and − terminals of the HP Power Supply.  A three position 
(on-off-on) reversing switch is part of the solenoid circuit.  Flip the switch to one of the 
on positions and adjust the power supply current such that two amperes is flowing 
through the solenoid. 
 
Slide the search coil over the solenoid and, while holding the search coil at the center of 
the solenoid, discharge the Magnetic Field Module and then turn the current through the 
solenoid off using the three position switch (or turn the current from off to on).  Take 
several readings and record the voltage on the integrator and the current through the 
solenoid.  Then the result is 
 

  V K
N

R
K

N

R
nI Asol sol sol sol= ⋅ ⋅ ⋅ = ⋅ ⋅100 100 0∆Φ ( )µ   (1) 

 
Now set the gain to 1 on the Magnetic Field Module, and readjust the drift controls.  Set 
the current for the large electromagnet to 5 amps, and use the search coil to measure the 
resulting B.  Move the search coil gently and smoothly into the region of the magnetic 
field (do not move the coil hastily as you may damage it by striking against the magnet 
itself).  Record Vmag .  The corresponding equation is: 

 

  V K
N

A Bmag coil magR
= ⋅       (2) 

 
Combine the results of (1) and (2) to determine the value of B for the large electromagnet 
when the current is 5 amps, and then do the same for the other magnet currents of 4, 3, 
and 2 amps.  Compare these values for B with those obtained in Part I. 
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EXPERIMENT 2-6 
 

e/m OF THE ELECTRON 
 
 

GENERAL DISCUSSION 
 
The "discovery" of the electron by J. J. Thomson in 1897 refers to the experiment in which 
it was shown that "cathode rays" behave as beams of particles, all of which have the same 
ratio of charge to mass, e/m.  Since that time, a number of methods have been devised for 
using electric and magnetic fields to make a precise measurement of e/m for the electron.  
When combined with the value of the electron's charge, which is measured in the Millikan 
Oil Drop Experiment, the determination of e/m leads to an accurate value of the mass of 
the electron.  In the present experiment, electrons are emitted at a very low velocity from 
a heated filament, then accelerated through an electrical potential V to a final velocity v, 
and finally bent in a circular path of radius r in a magnetic field B.  The entire process 
takes place in a sealed glass tube in which the path of the electrons can be directly 
observed.  During its manufacture, the tube was evacuated, and a small amount of 
mercury was introduced before the tube was sealed off.  As a result, there is mercury 
vapor in the tube.  When electrons in the beam have sufficiently high kinetic energy (10.4 
eV or more), a small fraction of them will collide with and ionize mercury atoms in the 
vapor.  Recombination of the mercury ions, accompanied by the emission of characteristic 
blue light, then occurs very near the point where the ionization took place.  As a result, the 
path of the electron beam is visible to the naked eye. 
 
The tube is set up so that the beam of electrons travels perpendicular to a uniform 
magnetic field B.  B is proportional to the current I through a pair of large diameter coils 
(so-called "Helmholtz Coils") in which the coil separation is selected to produce optimum 
field uniformity near the center. 
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Experimental Apparatus 
 
A.  The Sealed Glass Tube 
 

Figure 1.  Diagram of the interior of the sealed glass tube. 
 
 
Figure 1 shows the filament surrounded by a small cylindrical plate.  The filament is heated 
by passing a current directly through it.  A variable positive potential difference of up to 
100 volts is applied between the plate and the filament in order to accelerate the electrons 
emitted from the filament.  Some of the accelerated electrons come out as a narrow beam 
through a slit in the side of the cylinder.  The entire tube is located inside a set of coils, 
which produce a uniform magnetic field B perpendicular to the electron beam.  The 
magnitude of the field can be adjusted until the resultant circular path of the electron beam 
just reaches one of the measuring rods.  These rods are located along a cross bar, which 
extends from the cylinder in a direction perpendicular to that in which the electron beam 
was emitted--i.e., along a diameter of the circular orbits. 
 
B.  The Helmholtz Coils and Uniform Magnetic Field 
 
The magnetic field produced at the position of the electron beam by a current I flowing 
through the coils must be computed.  For a single turn of wire of radius R, the field on the 
axis at a distance x from the plane of the loop is given by: 
 

  
( )′ =

+
B

R I

R x

µ0
2

2 2 3 2
2

/  . 
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For the arrangement in Figure 2, there are two loops with N turns each, separated by a 
distance equal to the coil radius R.  The coils contribute equally to the field at the center: 
 

  
( )[ ]

B
R NI

R R

NI

R
II =

+
=

×
+

= ×
−µ π0 constant    Tesla

2

2 2 3 2

7

1
4

3 2
2

4 10

1/ ( )/ /  

 
where N = 72 is the number of turns of each coil and R = 33 cm is the radius of the coils 
used. 

Figure 2.  Helmholtz coils used to produce a uniform magnetic field. 
 
This arrangement, called a pair of Helmholtz coils, yields a remarkably uniform field in 
the region at the center. 
 
The net field B in which the electrons move is not BI  alone, but the resultant of the earth's 
field Be  and BI .  If the equipment is oriented so that the field of the Helmholtz coils is 
parallel to that of the earth, and if the current through the coils causes BI  to be directed 
opposite to Be , then 
 
  B B BI e= −        (1) 

 



Columbia Physics: Lab 2-6   (ver. 10)  4 

C. The Trajectories of the Electrons in the Glass Tube 
 
If an electron of charge e and mass m starts nearly from rest and is accelerated through a 
potential difference V to a final velocity v, then  
 

  1
2

2
2

2
mv eV e m

v

V
= =     or      /  .    (2) 

 
If the electron then enters a uniform magnetic field B which is perpendicular to its 
velocity, it will move in a circular orbit of radius r, where 
 

  
mv

r
evB e m

v

Br

2

= =      or       /   .    (3) 

 
If it were possible to measure the velocity directly, then e/m could be determined by 
measurements of either the electric or magnetic field alone.  Since a direct measurement of 
v is not feasible in this experiment, e/m can be determined from the combination of electric 
and magnetic fields used.  Specifically, by eliminating v from equations (2) and (3), e/m 
can be expressed directly in terms of V, B, and r. 
 
Instead of determining e/m from a single measurement of r for given values of V and B, 
however, it is preferable to measure the variation of r with B (or I) at fixed values of V.  In 
particular, the data can be presented in convenient form by plotting the curvature 1/r as a 
linear function of I. 
 

  
1

2 2r

e m

V
B

e m

V
BI e= +

/ /
     (4) 

 
Derive (4) from (1), (2), and (3) for your report before coming to laboratory. 
 
Note that equations (2), (3), and (4) apply strictly only to electrons with trajectories on the 
outside edge of the beam -- i.e., the most energetic electrons.  There are two reasons why 
some electrons in the beam will have less energy: 
 
1) There is a small potential difference across the filament caused by the heating current.  

Only electrons leaving the negative end of the filament are accelerated through the 
whole potential difference V. 

 
2) Some of the electrons in the beam will lose energy through collisions with mercury 

atoms. 
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PROCEDURE 
 
Orientation of the Apparatus 
 
Orient the coil frame so that the axis of the coils is parallel to the earth's field.  The 
direction of the field can be determined by using a compass and a dip needle.  The 
compass needle will indicate the horizontal component of the field, and the dip needle, 
when its plane is aligned in this direction, will show the true field direction.  Do not be 
surprised if the earth's magnetic field in a steel frame building is not in the direction you 
would expect. 
 
Preliminary Adjustments 
 
The supplies and controls for the Helmholtz coils and the filament are permanently wired 
on a board and are designed to minimize the possibility of damage to the tube or coils.  
Locate each control, and note the qualitative effects observed when the control is varied.  
In particular: 
 
a)  Figure 1 shows that the filament and its associated lead wires form a small loop.  

Since a 4 amp current is required to heat the filament, this loop creates a measurable 
field.  The filament coil reversing switch permits you to study the effect of this field.  
The effect can be minimized in the experiment by rotating the tube slightly in its 
mounting so that the electrons come out parallel to the plane of the coils. 

 
b)  Note the direction of the coil current for each position of its reversing switch by using 

the dip needle to check the direction of the resultant field.  Knowing the field 
direction, check the sign of the charge of the particles in the deflected beam.  Also, 
determine whether the earth’s field adds to or subtracts from the coil field. 

 
c)  The beam will have a slight curvature in the earth's field when the coil current is zero.  

Make a preliminary measurement of the earth's field by adjusting the coil current to 
remove this curvature.  The special Meter Switch and low current meter (200 mA) will 
enable you to measure the relatively small current needed, and the straight line 
trajectory can be checked by comparison with the light emitted from the filament. 

 
Measurement of the Circular Orbits 
 
With the accelerating voltage at an intermediate value, the current in the Helmholtz coils 
can be adjusted so that the outside edge of the beam strikes the outside edge of each bar in 
turn.  Measure field current as a function of radius for the highest voltage V which allows 
you to adjust the beam with respect to all five bars. 
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