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Equipotential Lines and the Electric Field

In this experiment, you will study Equipotential Lines and Electric Fields.

Contents
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3 BACKGROUND 6

4 PROCEDURE 7
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Equipotential Lines and the Electric Field.

1. OBJECT

To map the equipotential lines between charge distributions of opposite sign
in order to find the electric field lines between the charges.

2. APPARATUS

A galvanometer, D.C. voltage source, field table, graphite paper, probes,
connectors, clips, electrode paper, white paper.

3. BACKGROUND

The electric field concept has been very useful in describing in a physically
meaningful way the force which is observed to act between electrically charged
objects. The electric field is defined in terms of this force as:

E = lim
q+→0

Fe

q+
(1)

where E (N/C) is the electric field intensity at a point, Fe (N) the electric force
on a positive test charge, q+ (C). Since force is a vector quantity, then E is also a
vector in the same direction as the force F exerted on a positive test charge q+.
The electric field may be represented graphically by lines. Each line is drawn
so that a tangent to it at any point shows the direction of the electric field at
that point.

Electric potential difference between two points is defined as the work per
unit charge that must be done to transfer a positive charge between the points
in question:

V =
W

q+
(2)

Work is needed to move the test charge q+ so long as force is acting on
the charge as it traverses a particular path. If, however, the test charge were
to move in a path that was always exactly normal to the lines of force, the
component of force along the path would be zero and no work would be done;
hence there would be no potential change. This path is called an equipotential
line or, in three dimensions, an equipotential surface. As has been pointed out,
the potential is always the same along each of these lines, and the lines are
always perpendicular to the electric field lines. Therefore, if the equipotential
lines or surfaces can be found, then the electric field lines may be determined.

Field patterns can be obtained by determining lines of equal potential on a
sheet of conducting paper (Teledeltos paper) and by constructing, from these
lines of equal potential, the electric force lines. These patterns will be similar
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to those present in static electricity cases. The exercise in this laboratory will
illustrate the nature of potential gradients, and variations in the equipotentials
due to different configurations of those surfaces which represent the sources of
the electric fields.

4. PROCEDURE

1. Place on the field table white paper, carbon paper (carbon side down) and
electrode paper (in that order).

2. Attach the electrodes to the terminals of the DC power supply.

3. Attach the galvanometer to the two probes.

4. Place the fixed probe on the left side of the paper near one electrode.

5. Using a voltage setting of 5V, move the movable probe to the right of
the fixed probe. At points on the same equipotential surface as the fixed
probe, no current will flow in the galvanometer. Mark these points by
pressing gently on the movable probe. Find 6 of these points. Be sure to
check the edges of the field.

6. Repeat for 8 − 10 positions of the fixed probe.

7. Press gently with the movable probe around each electrode, so the can
draw it in later.

8. Remove the paper and photocopy it for each lab partner.

9. Individually, draw in the electrodes and sketch a smooth curve through
each set of equipotential points.

10. Map the electric field lines by constructing curves perpendicular to the
equipotentials (in different color pencil).

11. Repeat for the other sheet of electrode paper.

12. Sketch the electric field lines for two equal point charges of like sign.

5. REFERENCES

[1] A PHET simulation of electric fields and potentials. This simulation can
be used to exactly recreate the single charges, electric fields, and potentials
studied in this lab! The picture on the lab cover (page 5) is from this
simulation.

[2] Another PHET simulation of just electric fields, no potentials.
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Measurement of Capacitance

In this experiment, you will study capacitors.
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Measurement of Capacitance:
Laboratory capacitance boxes are used for most of this lab. Banana plug

connectors should be used to place a 2µF box into the circuit. Construct the cir-
cuit shown in Fig. 1 below, and make sure you understand how it works. Set the
power supply to 10V DC. Include a 100Ω resistor between the capacitance box
and the SPDT switch. Set the SPDT (Single Pole Double Throw) switch to
charge the capacitor. Wait several seconds. For one setting of the reversing
switch, set the SPDT switch to discharge through the galvanometer. Record the
maximum reading on the galvanometer. Charge the capacitor again. Change
the setting of the reversing switch and discharge through the galvanometer.
Again record the maximum. Average the two maximum values and then di-
vide by 2µF to obtain the deflection per µF. This value is used to predict the
deflection in each subsequent measurement. A percent difference between the
predicted deflection and the average experimental deflection should also be cal-
culated. The capacitor combination formulas should be used for parallel and
series connections, in order to predict the deflection. For the last measurement
small industrial capacitors will be distributed. The measured deflection in this
case will typically be very different from the prediction.
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012-04367E Basic Electricity

The PASCO Circuits Experiment Board is designed to
implement a large variety of basic electrical circuits for
experimentation.  The Circuits Experiment Board can be
used for experiments beginning with a simple complete

Introduction

circuit and continuing on to a study of Kirchhoff’s Laws
and characteristics of diodes and transistors.  A labeled
pictorial diagram of the Experiment Board appears in
Figure 1.2 of Experiment 1.

Equipment

Instruction Manual and
Experiment Guide for
the PASCO scientific
Model EM-8622

012-04367A
3 / 9 1

Copyright © November 1990 $10.00

BASIC ELECTRICITY

Phone (916) 786-3800   •   FAX (916) 786-8905   •   TWX 910-383-2040
10101 Foothills Blvd. • P.O. Box 619011 • Roseville, CA 95678-9011 USA

better

teach physics

ways to

The PASCO Model EM-8622 Circuits Experiment Kit
includes the following materials:

(2) Circuits Experiment Boards,
(1) Resistor–– 3.3 !, 2W, 5%
(1) Potentiometer–– 25 !, 2W
(1) Transistor Socket
(32) Springs
(1) Battery Holder
(3) Light Sockets
(3) #14 Light Bulbs – 2.5 V, 0.3 A*
(1) Storage Tube

(1) Component Bag
Resistors

(2) 10 !–– 1 watt
(3) 100 !–– 1/2 watt
(8) 330 !–– 1/2 watt
(3) 560 !–– 1/2 watt
(3) 1000 !–– 1/2 watt
(2) 100 K !–– 1/2 watt
(2) 220 K !–– 1/2 watt

(2) Diodes 1N-4007

(2) Transistors 2N-3904
Capacitors

(2) 100 µ F–– 16 volts
(2) 330 µ F–– 16 volts

Wire Leads–– 22 ga.

(1) Experiment Manual

A
B

C

C

D E

CW

MODEL 

EM-8622

+
-

+
-

* NOTE: Due to manufacturer's tolerances,
wattage may vary by 15-30% from bulb to bulb.
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! Open the zip-lock bag containing the resistors and
other components.  Distribute the following resistors
and wires to each of the boards, storing them in the
plastic holder at the top of the board:

(3) 5" Wire Leads (12.7 cm)

(4) 10" Wire Leads (25.4 cm)

(1) 100 ! Resistor (brown, black, brown, gold)

(3) 330 ! Resistors (orange, orange, brown, gold)

(1) 560 ! Resistor (green, blue, brown, gold)

(1) 1000 ! Resistor (brown, black, red, gold)

Store the remainder of the components in the zip-
lock bag until needed in future experiments.

" Students will need to use the same resistors, same bat-
teries, etc. from one experiment to another, particu-
larly during experiments 4 to 6.  Labeling of the
boards and your meters will enable students to more
easily have continuity in their work.  A pad has been
included on the board for purposes of labeling indi-
vidual boards.  Use of a removable label or using a
permanent marker are two alternatives.

The experiments written up in this manual are develop-
mental, starting from an introduction to the Circuits
Experiment Board and complete circuits, through series
and parallel circuits, ultimately resulting in diode and
transistor characteristics.  These experiments can be used
in combination with existing labs that the teacher em-
ploys, or may be used as a complete lab unit.

Experiment 1 Circuits Experiment Board

Experiment 2 Lights in Circuits

Experiment 3 Ohm’s Law

Experiment 4 Resistances in Circuits

Experiment 5 Voltages in Circuits

Experiment 6 Currents in Circuits

Experiment 7 Kirchhoff’s Rules

Experiment 8 Capacitors in Circuits

Experiment 9 Diode Characteristics

Experiment 10 Transistor Characteristics

Getting Started

The Experiments

Additional Equipment needed:
Experiments 3-10 Digital Multimeter, VOM or

VTVM (See discussion on page 3)

Experiments 8-10 The Meter needs at least 106 !
input impedance

Experiment 8 A timing device is needed,
0.1 second resolution.

Experiment 9 A.C. Power Supply and an
Oscilloscope (optional)
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VOM:
The Volt-Ohm-Meter or VOM is a multiple scale, multiple
function meter (such as the PASCO SB-9623 Analog
Multimeter), typically measuring voltage and resistance,
and often current, too.  These usually have a meter move-
ment, and may select different functions and scales by
means of a rotating switch on the front of the unit.
Advantages:  VOM’s may exist in your laboratory and
thus be readily accessible.  A single meter may be used to
make a variety of measurements rather than needing
several meters.
Disadvantages:  VOM’s may be difficult for beginning
students to learn to read, having multiple scales corre-
sponding to different settings.  VOM’s are powered by
batteries for their resistance function, and thus must be
checked to insure the batteries are working well.  Typi-
cally, VOM’s may have input resistances of 30,000 ! on
the lowest voltage range, the range that is most often used
in these experiments.  For resistances in excess of
1,000 !, this low meter resistance affects circuit opera-
tion during the taking of readings, and thus is not usable
for the capacitor, diode and transistor labs.

DMM:
The Digital Multimeter or DMM is a multiple scale,
multiple function meter (such as the PASCO SB-9624
Basic Digital Multimeter or the SE-9589 General Purpose
DMM), typically measuring voltage and resistance, and
often current, too.  These have a digital readout, often
with an LCD (Liquid Crystal Display).  Different func-
tions and scales are selected with either a rotating switch
or with a series of push-button switches.
Advantages:  DMM’s are easily read, and with their
typically high input impedances (>106 !) give good results
for circuits having high resistance.  Students learn to read
DMM’s quickly and make fewer errors reading values.
Reasonable quality DMM’s can be purchased for $60 or
less.  PASCO strongly recommends the use of DMM’s.
Disadvantages: DMM’s also require the use of a battery,
although the lifetime of an alkaline battery in a DMM is
quite long.  The battery is used on all scales and func-
tions.  Most DMM’s give the maximum reading on the
selector (i.e., under voltage, “2” means 2-volt maximum,
actually 1.99 volt maximum).  This may be confusing to
some students.

VTVM:
The Vacuum Tube Voltmeter or VTVM is a multiple
scale, multiple function meter, typically measuring
voltage and resistance.  They do not usually measure
current.  The meter is an analog one, with a variety of
scales, selected with a rotating switch on the front of the
meter.

Advantages:  VTVM’s have high input resistances, on
the order of 106 ! or greater.  By measuring the voltage
across a known resistance, current can be measured with
a VTVM.

Disadvantages: VTVM’s have multiple scales.  Students
need practice to avoid the mistake of reading the incorrect
one.  An internal battery provides the current for measur-
ing resistance, and needs to be replaced from time to time.
Grounding problems can occur when using more than one
VTVM to make multiple measurements in the same
circuit.

Panelmeters:
Individual meters, frequently obtained from scientific
supply houses, are available in the form of voltmeters,
ammeters, and galvanometers (such as PASCO’s
SE-9748 Voltmeter 5 V, 15 V , SE-9746 Ammeter 1 A,
 5 A and SE-9749 Galvanometer ± 35 mV).  In some
models, multiple scales are also available.

Advantages:  Meters can be used which have the specific
range required in a specific experiment.  This helps to
overcome student errors in reading.

Disadvantages: Using individual meters leads to errors
in choosing the correct one.  With limited ranges, students
may find themselves needing to use another range and not
have a meter of that range available.  Many of the
individual meters have low input impedances
(voltmeters) and large internal resistances (ammeters).
Ohmmeters are almost nonexistent in individual form.

Light Bulbs
The #14 bulbs are nominally rated at 2.5 V and 0.3 A.
However, due to relatively large variations allowed by
the manufacturer, the wattage of the bulbs may vary by
15 to 30%. Therefore, supposedly “identical” bulbs may
not shine with equal brightness in simple circuits.

Comments on Meters
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The springs are securely soldered to the board and serve
as a convenient method for connecting wires, resistors
and other components.  Some of the springs are con-
nected electrically to devices like the potentiometer and
the D-cells.  In the large Experimental Area, the springs
are connected in pairs, oriented perpendicular to each
other.  This facilitates the connection of various types of
circuits.

If a spring is too loose, press the coils together firmly to
tighten it up.  The coils of the spring should not be too
tight, as this will lead to bending and/or breaking of the
component leads when they are inserted or removed.  If a
spring gets pushed over, light pressure will get it straight-
ened back up.

The components, primarily resistors, and small wires can
be stored in the plastic container at the top of the board.
Encourage students to keep careful track of the compo-
nents and return them to the container each day following
the lab period.

Notes on the Circuits Experiment Board

When connecting a circuit to a D-cell, note the polarity
(+ or -) which is printed on the board.  In some cases the
polarity is not important, but in some it will be impera-
tive.  Polarity is very important for most meters.

Connections are made on the Circuits Experiment Board
by pushing a stripped wire or a lead to a component into a
spring.  For maximum effect, the stripped part of the wire
should extend so that it passes completely across the
spring, making contact with the spring at four points.
This produces the most secure electrical and mechanical
connection.

(side view)

(top view)
Wire

Spring

Figure 1 Diagram of wires and springs
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Basic Electricity Lab I:

You are to perform the following experiments:

1. Circuits experiment board.

2. Lights in circuits.

3. Ohm’s law.

4. Resistances in circuits.

19
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EQUIPMENT NEEDED:
-Circuits Experiment -Board
-D-cell Battery -Wire Leads
-Graph -Paper

Purpose
The purpose of this lab is to become familiar with the Circuits Experiment Board, to learn how to
construct a complete electrical circuit, and to learn how to represent electrical circuits with circuit
diagrams.

Background
! Many of the key elements of electrical circuits have been reduced to symbol form.  Each symbol

represents an element of the device’s operation, and may have some historical significance.  In this
lab and the ones which follow, we will use symbols frequently, and it is necessary you learn
several of those symbols.

" The Circuits Experiment Board has been designed to conduct a wide variety of experiments easily
and quickly.  A labeled pictorial diagram of the Experiment Board appears on page 6.  Refer to
that page whenever you fail to understand a direction which mentions a device on the board itself.

# Notes on the Circuits Experiment Board:

a) The springs are soldered to the board to serve as convenient places for connecting wires,
resistors and other components.  Some of the springs are connected electrically to devices like
the potentiometer and the D-cells.

b) If a spring is too loose, press the coils together firmly to enable it to hold a wire more tightly.
If a spring gets pushed over, light pressure will get it straightened back up.  If you find a spring
which doesn’t work well for you, please notify your instructor.

c) The components, primarily resistors, are contained in a plastic case at the top of the board.
Keep careful track of the components and return them to the storage case following each lab
period.  This way you will get components with consistent values from lab to lab.

d) When you connect a circuit to a D-cell (each “battery” is just a cell, with two or more cells
comprising a battery) note the polarity (+ or -) which is printed on the board.  Although in
some cases the polarity may not be important, in others it may very important.

e) Due to normal differences between light bulbs, the brightness of “identical” bulbs may vary
substantially.

Experiment 1: Circuits Experiment Board

Resistor Fuse

Light

Switch

Wire Battery
(Cell)
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Procedure
! Use two pieces of wire to make connections between the springs on one of the light bulbs to

the springs on the D-cell in such a way that the light will glow.  Discuss with your lab partner
before you begin actually wiring your circuit which connections you intend to make, and why
you think you will be successful in activating the light.  If you are not successful, try in order:
changing the wiring, using another light, using another cell, asking the instructor for assis-
tance.
a) Sketch the connections that the wires make when you are successful, using the symbols

from the first page of this lab.
b) Re-sketch the total circuit that you have constructed, making the wires run horizontally

and vertically on the page.  This is more standard in terms of drawing electrical circuits.
" Reverse the two wires at the light.  Does this have any effect on the operation?  Reverse the

two wires at the cell. Does this have any effect on the operation?

# In the following steps, use a vacant spring
connection such as one of the three around the
transistor socket as shown on the right as a
“switch.”  Connect one lead from the battery to
this spring and then take a third wire from the
spring to the light.  You can now switch the
power “on” and “off” by connecting or not
connecting the third wire.

$ Use additional wires as needed to connect a second light into the circuit in such a way that it is
also lighted.  (Use a “switch” to turn the power on and off once the complete wiring has been
achieved.)  Discuss your plans with your lab partner before you begin.  Once you have
achieved success, sketch the connections that you made in the form of a circuit diagram.
Annotate your circuit diagram by making appropriate notes to the side indicating what
happened with that particular circuit.  If you experience lack of success, keep trying.

% NOTE:  Is your original light the same brightness, or was it brighter or dimmer that it was
during step 1?  Can you explain any differences in the brightness, or the fact that it is the
same?  If not, don’t be too surprised, as this will be the subject of future study.

& If you can devise another
way of connecting two lights
into the same circuit, try it
out.  Sketch the circuit
diagram when finished and
note the relative brightness.
Compare your brightness
with what you achieved with
a single light by itself.

' Disconnect the wires.
Return the components and
wires to the plastic case on
the Circuits Experiment
Board.  Return the equip-
ment to the location indi-
cated by your instructor.
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Figure 1.1
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Purpose
The purpose of this lab is to determine how light bulbs behave in different circuit arrangements.
Different ways of connecting two batteries will also be investigated.

Procedure

PART A

% NOTE: Due to variations from bulb to bulb, the brightness of one bulb may be substantially
different from the brightness of another bulb in “identical” situations.

! Use two pieces of wire to connect a single light bulb to one of the D-cells in such a way that the
light will glow.  Include a “switch” to turn the light on and off, preventing it from being on
continuously.  (You should have completed this step in Experiment 1.  If that is the case, review
what you did then.  If not, continue with this step.)

" Use additional wires as needed to connect a second light into the circuit in such a way that it is
also lighted.  Discuss your plans with your lab partner before you begin.  Once you have
achieved success, sketch the connections that you made in the form of a circuit diagram using
standard symbols.  Annotate your circuit diagram by making appropriate notes to the side
indicating what happened with that particular circuit.

% NOTE:  Is your original light the same brightness, or was it brighter or dimmer than it was
during step 1?  Can you explain any differences in the brightness, or why it is the same?

# If one of the light bulbs is unscrewed, does the other bulb go out or does it stay on?  Why or
why not?

$ Design a circuit that will allow you to light all three lights, with each one being equally bright.
Draw the circuit diagram once you have been successful.  If you could characterize the circuit
as being a series or parallel circuit, which would it be?  What happens if you unscrew one of
the bulbs?  Explain.

& Design another circuit which will also light all three bulbs, but with the bulbs all being equally
bright, even though they may be brighter or dimmer than in step 4.  Try it.  When you are
successful, draw the circuit diagram.  What happens if you unscrew one of the bulbs?
Explain.

' Devise a circuit which will light two bulbs at the same intensity, but the third at a different
intensity.  Try it.  When successful, draw the circuit diagram.  What happens if you unscrew
one of the bulbs?  Explain.

% NOTE:  Are there any generalizations that you can state about different connections to a set
of lights?

EQUIPMENT NEEDED:

-Circuits Experiment Board -Two D-cell Batteries
-Wire Leads -Graph Paper.

Experiment 2:  Lights in Circuits
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PART B

( Connect a single D-cell to a single light as in step 1, using a spring clip “switch” to allow
you to easily turn the current on and off.  Note the brightness of the light.

) Now connect the second D-cell into the circuit as shown in Figure 2.1a.  What is the effect
on the brightness of the light?

* Connect the second D-cell as in Figure 2.1b.  What is the effect on the brightness?

+ Finally, connect the second D-cell as in figure 2.1c.  What is the effect on the brightness?

% NOTE:  Determine the nature of the connections between the D-cells you made in steps
8-10.  Which of these was most useful in making the light brighter?  Which was least
useful?  Can you determine a reason why each behaved as it did?

PART C
11 Connect the circuit shown in Figure 2.2.  What

is the effect of rotating the knob on the device
that is identified as a “Potentiometer?”

Discussion
! Answer the questions which appear during the

experiment procedure.  Pay particular attention
to the “NOTED:” questions.

" What are the apparent rules for the operation of
lights in series?  In parallel?

# What are the apparent rules for the operation of
batteries in series?  In parallel?

$ What is one function of a potentiometer in a
circuit?

Figure 2.2 (Not to scale)

Potentiometer

Battery

Light

!
! !

! !
!

Figure 2.1cFigure 2.1a Figure 2.1b
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EQUIPMENT NEEDED:
-Circuits Experiment Board -D-cell Battery
-Multimeter -Wire Leads
-Graph Paper.

Purpose
The purpose of this lab will be to investigate the three variables involved in a mathematical
relationship known as Ohm’s Law.

Procedure
! Choose one of the resistors that you have been given.  Using the chart on the back, decode the

resistance value and record that value in the first column of Table 3.1.

" MEASURING CURRENT:  Construct the circuit shown in Figure 3.1a by pressing the leads
of the resistor into two of the springs in the Experimental Section on the Circuits Experiment
Board.

# Set the Multimeter to the 200 mA range, noting any special connections needed for measuring
current.  Connect the circuit and read the current that is flowing through the resistor.  Record this
value in the second column of Table 3.1.

$ Remove the resistor and choose another.  Record its resistance value in Table 3.1 then measure
and record the current as in steps 2 and 3.  Continue this process until you have completed all of
the resistors you have been given.  As you have more than one resistor with the same value, keep
them in order as you will use them again in the next steps.

& MEASURING VOLTAGE:  Disconnect the Multimeter and connect a wire from the positive
lead (spring) of the battery directly to the first resistor you used as shown in Figure 3.1b.  Change
the Multimeter to the 2 VDC scale and connect the leads as shown also in Figure 3.1b.  Measure
the voltage across the resistor and record it in Table 3.1.

' Remove the resistor and choose the next one you used.  Record its voltage in Table 3.1 as in step
5.  Continue this process until you have completed all of the resistors.

Experiment 3:  Ohm’s Law

Figure 3.1bFigure 3.1a

Red (+)

Black (-)

Red (+)

Black (-)
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Resistance, ! Current, amp Voltage, volt Voltage/Resistance

Table 3.1

1st Digit
2nd Digit No. of Zeros

Tolerance

0
1
2
3
4
5
6
7
8
9

Black
Brown
Red
Orange
Yellow
Green
Blue
Violet
Gray
White

None
Silver
Gold
Red

±20%
±10%
±5%
±2%

Fourth Band

Figure 3.2

Data Processing

! Construct a graph of Current (vertical axis) vs Resistance.

" For each of your sets of data, calculate the ratio of Voltage/Resistance.  Compare the values
you calculate with the measured values of the current.

Discussion
! From your graph, what is the mathematical relationship between Current and Resistance?

" Ohm’s Law states that current is given by the ratio of voltage/resistance.  Does your data
concur with this?

# What were possible sources of experimental error in this lab?  Would you expect each to
make your results larger or to make them smaller?

Reference
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Purpose
The purpose of this lab is to begin experimenting with the variables that contribute to the opera-
tion of an electrical circuit.  This is the first of a three connected labs.

Procedure
! Choose the three resistors having the same value.  Enter those sets of colors in Table 4.1 below.

We will refer to one as #1, another as #2 and the third as #3.

" Determine the coded value of your resistors.  Enter the value in the column labeled “Coded
Resistance” in Table 4.1.  Enter the Tolerance value as indicated by the color of the fourth band
under “Tolerance.”

# Use the Multimeter to measure the resistance of each of your three resistors.  Enter these values
in Table 4.1.

$ Determine the percentage experimental error of each resistance value and enter it in the appropri-
ate column.

Experimental Error  =  [(|Measured - Coded|) / Coded ] x 100%.

& Now connect the three resistors into the SERIES CIRCUIT, figure 4.1, using the spring clips on
the Circuits Experiment Board to hold the leads of the resistors together without bending them.
Measure the resistances of the combinations as indicated on the diagram by connecting the leads
of the Multimeter between the points at the ends of the arrows.

EQUIPMENT NEEDED:

-Circuits Experiment Boar
- Multimeter
-Resistors.

Experiment 4:  Resistances in Circuits

#1

#2

#3

Colors
1st     2nd     3rd     4th Resistance

Measured
Resistance

Coded
Error

% Tolerance

Table 4.1
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Series

' Construct a PARALLEL CIRCUIT, first using combinations of two of the resistors, and then
using all three.  Measure and record your values for these circuits.

Parallel

% NOTE:  Include also R13

( Connect the COMBINATION
CIRCUIT below and measure
the various combinations of
resistance.  Do these follow
the rules as you discovered
them before?

%

%

%

%

%

R1

R2 3

R123

R3

R1   =

R23  =

R123=

R2

Figure 4.3

R1 R2 R3

%

%

%

%

%

%

R23=

R12=

R123=

Figure 4.1

R23=

R12=

R123=

R12 %

%

Figure 4.2

R12

R123

R23

R2

R3

R1

R1

Combination

) Choose three resistors having different values.  Repeat steps 1 through 7 as above, recording
your data in the spaces on the next page.  Note we have called these resistors A, B and C.
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Colors
1st     2nd     3rd     4th Resistance

Measured
Resistance

Coded
Error

% Tolerance

B

A

C

%

%

%

%

%

%

RA RB

RAB

RC

RABC

RBC

RABC=

RBC =

RAB =

Series

Parallel

% NOTE:  Include also RAC

%

%

RC

RA

RAB

RB

RAB =

RBC =

RABC=

Figure 4.5

Figure 4.4

Table 4.2
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Combination

Discussion
! How does the % error compare to the coded tolerance for your resistors?

" What is the apparent rule for combining equal resistances in series circuits?  In parallel
circuits?  Cite evidence from your data to support your conclusions.

# What is the apparent rule for combining unequal resistances in series circuits?  In parallel
circuits?  Cite evidence from your data to support your conclusions.

$ What is the apparent rule for the total resistance when resistors are added up in series?  In
parallel?  Cite evidence from your data to support your conclusions.

Extension
Using the same resistance values as you used before plus any wires needed to help build the
circuit, design and test the resistance values for another combination of three resistors.  As
instructed, build circuits with four and five resistors, testing the basic concepts you discov-
ered in this lab.

Reference

RB

RA

RA

RABC

RC

RABC=

RBC =

RA  =

%

%

%

%

% RBC

Figure 4.6

1st Digit
2nd Digit No. of Zeros

Tolerance

0
1
2
3
4
5
6
7
8
9

Black
Brown
Red
Orange
Yellow
Green
Blue
Violet
Gray
White

None
Silver
Gold
Red

±20%
±10%
±5%
±2%

Fourth Band

Figure 4.7
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.

Basic Electricity Lab II:

You are to perform the following experiments:

5. Voltages in circuits

6. Currents in circuits.

7. Kirchoff’s rules.

31
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EQUIPMENT NEEDED:
-Circuits Experiment Board -Multimeter
-D-cell Battery -Resistors
-Wire Leads

Purpose
The purpose of this lab will be to continue experimenting with the variables that contribute to the
operation of an electrical circuit.  You should have completed Experiment 4 before working on
this lab.

Procedure
! Connect the three equal resistors that you used in Experiment 4 into the series circuit shown

below, using the springs to hold the leads of the resistors together without bending them.  Con-
nect two wires to the D-cell, carefully noting which wire is connected to the negative and which
is connected to the positive.

" Now use the voltage function on the Multimeter to measure the voltages across the individual
resistors and then across the combinations of resistors.  Be careful to observe the polarity of the
leads (red is +, black is -).  Record your readings below.

Series

%

%

%

%

%

%

% %

R1

R1    = V1    =

R2    = V2    =

R3    = V3    =

R12  = V12  =

R23  = V23  =

R123= V123=

Figure 5.1

- -

V1

R2 R3

V23

V12

V123

+ +-+

- +
+-

Experiment 5:  Voltages in Circuits
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# Now connect the parallel circuit below, using all three resistors.  Measure the voltage across
each of the resistors and the combination, taking care with the polarity as before.

%NOTE:  Keep all three resistors connected throughout the time you are making your
measurements.  Write down your values as indicated below.

Parallel

$ Now connect the circuit below and measure the voltages.  You can use the resistance read-
ings you took in Experiment 4 for this step.

Combination

& Use the three unequal resistors that you used in Experiment 4 to construct the circuits shown
below.  Make the same voltage measurements that you were asked to make before in steps 1
to 4.  Use the same resistors for A, B and C that you used in Experiment 4.

%%

V1

R1

R2

R3

- +

R123=

R1    =

R2   =

R3   =

V1   =

V2   =

V123=

V3   =

Figure 5.2

Figure 5.3

%

%

%

%

%

%

- +

R2

R1

R3

V1 V23

V123

R123  =

R1     = V1    =

V23   =

V123  =

R23    =
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%

%

%

%

%

%

- + +

-

RA RB RC

VAB

VABC

-

+- VA

-

VBC

+

+

Figure 5.4

Series

%%

RABC=

VA   =

VB   =

VABC=

VC   =RC   =

RB   =

RA    =

VA

RC

RA

RB

- +

Parallel

Figure 5.5

RA    = VA    =

RB    = VB    =

RC    = VC    =

RAB  = VAB  =

RBC  = VBC  =

RABC= VABC=
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Combination

Discussion
On the basis of the data you recorded on the table with Figure 5.1, what is the pattern for how
voltage gets distributed in a series circuit with equal resistances?  According to the data you
recorded with Figure 5.4, what is the pattern for how voltage gets distributed in a series
circuit with unequal resistances?  Is there any relationship between the size of the resistance
and the size of the resulting voltage?

Utilizing the data from Figure 5.2, what is the pattern for how voltage distributes itself in a
parallel circuit for equal resistances?  Based on the data from Figure 5.5, what is the pattern
for how voltage distributes itself in a parallel circuit for unequal resistances?  Is there any
relationship between the size of the resistance and the size of the resulting voltage?

Do the voltages in your combination circuits (see Figures 5.3 and 5.6) follow the same rules
as they did in your circuits which were purely series or parallel?  If not, state the rules you see
in operation.

RABC=

RBC   = VBC  =

%

%

%

%

%

%

- +

RB

RA

RC

VA VBC

VABC

RA    =

VABC =

VA   =

Figure 5.6



19

012-04367E            Basic Electricity

Experiment 6:  Currents in Circuits

EQUIPMENT NEEDED:

-Circuits Experiment Board -Digital Multimeter
-Resistors -D-cell Battery
-Wire Leads.

Purpose
The purpose of this lab will be to continue experimenting with the variables that contribute to the
operation of electrical circuits.

Procedure
! Connect the same three resistors that you used in Experiments 3 and 4 into the series circuit shown

below, using the springs to hold the leads of the resistors together without bending them.  Connect
two wires to the D-cell, and carefully note which lead is negative and which is positive.

Series
" Now change the leads in your DMM so that

they can be used to measure current.  You
should be using the scale which goes to a
maximum of 200 mA.  Be careful to observe
the polarity of the leads (red is +, black is -).  In
order to measure current, the circuit must be
interrupted, and the current allowed to flow
through the meter.  Disconnect the lead wire
from the positive terminal of the battery and
connect it to the red (+) lead of the meter.
Connect the black (-) lead to R1, where the wire
originally was connected.  Record your reading
in the table as Io.  See Figure 6.2.

# Now move the DMM to the positions indicated
in Figure 6.3, each time interrupting the circuit,
and carefully measuring the current in each
one.  Complete the table on the top of the back
page.

$ NOTE:  You will be carrying values from Experiments 3 and 4 into the table on the back.

Figure 6.1

+ -

- + - -

R1 R2 R3

++

Figure 6.2

- +

-

R1

+

- +
R3R2

I0
+-

+ -
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% Connect the parallel circuit below, using all three resistors.  Review the instructions for
connecting the DMM as an ammeter in step 2.  Connect it first between the positive terminal
of the battery and the parallel circuit junction to measure I0.  Then interrupt the various
branches of the parallel circuit and measure the individual branch currents.  Record your
measurements in the table below.

Parallel

Discussion
On the basis of your first set of data, what is the pattern for how
current behaves in a series circuit?  At this point you should be able to summarize the
behavior of all three quantities - resistance, voltage and current - in series circuits.

On the basis of your second set of data, are there any patterns to the way that currents behave
in a parallel circuit?  At this time you should be able to write the general characteristics of
currents, voltages and resistances in parallel circuits.

Figure 6.3

I3

I0
I2

I1

R2

- + + - - +

R3
R1

-+ + -

R1      =

R2      =

R3      =

R123  =

I0    =

I1    =

I2    =

I3   =

I4   =

V1      =

V2     =

V3      =

V123 =

R2

R1

+ -
-

I4
I0

+

+ I1
-

+ -I2

-+ I3

R3

- +

Figure 6.4

R1    =

R2    =

R3    =

R12  =

R23  =

R123=

I0    =

I1    =

I2    =

I3  =

V1    =

V2    =

V3    =

V12  =

V23  =

V123=
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EQUIPMENT NEEDED:

-Circuits Experiment Board -Two D-cell Batteries
-Wire Leads -Digital Multimeter (DMM)
-Resistors.

Purpose
The purpose of this lab will be to experimentally demonstrate Kirchhoff’s Rules for electrical
circuits.

Procedure
! Connect the circuit shown in Figure 7.1a using any of the resistors you have except the 10 !

one.  Use Figure 7.1b as a reference along with 7.1a as you record your data.  Record the
resistance values in the table below.  With no current flowing (the battery disconnected), mea-
sure the total resistance of the circuit between points A and B.

" With the circuit connected to the battery and the current
flowing, measure the voltage across each of the resistors and record the values in the table below.
On the circuit diagram in Figure 7.1b, indicate which side of each of the resistors is positive
relative to the other end by placing a “+” at that end.

# Now measure the current through each of the resistors.  Interrupt the circuit and place the DMM
in series to obtain your reading.  Make sure you record each of the individual currents, as well as
the current flow into or out of the main part of the circuit, IT.

Experiment 7:  Kirchhoff’s Rules

C

D

A BR5

R1 R2

R3 R4

Figure 7.1b

A R1
C R2 B

R5

R3 R4D

WireWire

Figure 7.1a
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Analysis
! Determine the net current flow into or out of each of the four “nodes” in the circuit.

" Determine the net voltage drop around at least three (3) of the six or so closed loops.  Re-
member, if the potential goes up, treat the voltage drop as positive (+), while if the potential
goes down, treat it as negative (-).

Discussion
Use your experimental results to analyze the circuit you built in terms of Kirchhoff’s Rules.
Be specific and state the evidence for your conclusions.

Extension
Build the circuit below and apply the same procedure you used previously.  Analyze it in
terms of Kirchhoff’s Rules.  If possible, try to analyze the circuit ahead of time and compare
your measured values with the theoretically computed values.

Resistance, ! Voltage, volts Current, mA

R1

R2

R3

R4

R5

RT

V1

V2

V3

V4

V5

VT

I1

I2

I3

I4

I5

IT

Table 7.1

R2

R4

R1

R3

R5V1

V2

Figure 7.2
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PHYS 142/152 Lab #5: The Oscilloscope Oxford College

.

The Oscilloscope

In this experiment, you will study RC circuits with a digital oscilloscope

Contents

1 APPARATUS 42

2 DISCUSSION 42

3 PROCEDURE A 42

4 PROCEDURE B 44

5 REFERENCES 46
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1. APPARATUS

• oscilloscope

• oscilloscope probe

• function generator

• alligator clips

• capacitor

• 3 carbon resistors

2. DISCUSSION

The digital oscilloscope is one of the most useful instruments for analyzing
both simple and complex electrical potentials (voltages) which vary in time.
It provides a continuous graphical display of the voltage between two points
in a circuit as a function of time. In addition to observing the waveform of
an electrical signal, with an oscilloscope you can measure the amplitude and
frequency of a signal, or compare the frequencies of two different signals.

The following controls appear on the front panel of the oscilloscope. In the
following description this font refers to the OSCILLOSCOPE and this one
refers to the FUNCTION GENERATOR.

INTENSITY – Controls the brightness of the trace on the screen.

FOCUS – Controls the focus of the trace on the screen.

POSITION – There are two position controls of the oscilloscope, one each for
the Horizontal and Vertical directions.

TIME/DIV – Controls the time-scale of the horizontal axis.

VOLTS/DIV – Controls the voltage scale of the vertical axis.

3. PROCEDURE A

The goal in the first part of this lab is to become familiar with the operation
of the oscilloscope. None of this is easy, but you can’t hurt anything by turning
the wrong knob or pushing the wrong button–don’t be afraid to try. Also don’t
be shy about asking your instructor for help, but give it a good shot on your
own first. You will use the oscilloscope to measure the amplitude, period and
frequency of a voltage that has a sinusoidal time dependence. The voltage source
will be the function generator.

1. Use a BNC cable to connect the function generator’s OUTPUT to the
oscilloscope’s channel 1 input.
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2. Turn on the generator. Put the WAVEFORM switch to the sine wave
position. Use the FREQUENCY and FREQUENCY RANGE control
knobs/buttons to select an output frequency in the 1 − 10 khz range.

3. Turn on the oscilloscope. Working in the TRIGGER section of dials
at the top of the Oscilloscope panel, set the TRIG LEVEL near the
middle of its range and push it in, set the COUPLING to AUTO, the
SOURCE to CH1 and finally turn the HOLD OFF dial to near the
middle of its range.

4. Set the CH1 input sensitivity, the left hand VOLTS/DIV knob, to 2
Volt/DIV (Volts/division). The small knob on top of the VOLTS/DIV
knob should be clicked over all the way clockwise. The three position
VAR switch to the left of VOLTS/DIV should be in the AC position.
A trace of some sort should appear. If not, crank up the INTENSITY
knob and adjust the POSITION controls to bring the trace onto the
screen. When you have a trace, readjust the INTENSITY and FOCUS
controls. If needed, adjust the TRIG LEVEL until the trace freezes.

5. Now adjust VOLTS/DIV, which controls the y-axis, until the trace ver-
tically fills as much of the screen as possible without going off the top or
bottom. Adjust TIME/DIV, which controls the x-axis, until about 4
complete cycles of the signal are visible.

6. The amplitude (peak to peak, that is, the total excursion) of the signal
can now be measured in units of the screen divisions. A division is a large
block, 1 cm. on a side. Multiplying by VOLTS/DIV (for example 0.5
volts per division) will give the amplitude in volts. The period of the
signal is the time (along the horizontal axis) for the waveform to repeat.
For improved accuracy, measure the time for the signal to complete four
cycles, then divide by 4. The number of divisions on the screen is converted
to time using TIME/DIV (for example, 10 ms/division) and from that
you can calculate the frequency in Hertz, which is just the inverse of
the period. Record your measurements in Data Table 1, remembering
to include units. The frequencies you measure may not be exactly those
dialed in at the generator, but they should be fairly close.

7. Change the amplitude of the signal coming from the frequency generator
to some new value by turning the COARSE control knob. Change the
frequency to 20 kHz. Repeat the measurements made in Step 6 for these
new values and record your data in Data Table 1. Now change the genera-
tor frequency to 60 Hz. Once again measure the amplitude and frequency
with the oscilloscope and record your data in Data Table 1.

8. Next look at the square wave (step function) output of the generator by
setting the WAVEFORM switch to SQUARE WAVE and the frequency
to about 200 Hz. Adjust the oscilloscope so that 4 complete cycles are
visible on the screen. On a piece of graph paper draw a picture of your
trace complete with horizontal and vertical scales.
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4. PROCEDURE B

The second and final part of this lab concerns the use of the oscilloscope
to measure the capacitance of a capacitor. A capacitor with capacitance C
initially charged to a voltage V0 holds a charge Q0 = CV0. When a resistor is
connected across the plates of the capacitor, the charge on the capacitor decays
exponentially with time as

Q(t) = Q0e
−t/RC (1)

The decay can be observed simply by measuring the voltage (since Q = CV )
across the capacitor as a function of time,

V (t) = V0e
−t/RC . (2)

The factor RC is called the time constant. The voltage decays by a factor of 1/2
in a time t = RC ln(2). This time is called the half-life and is usually denoted
by T1/2. The capacitance (remember, the capacitance depends only on how the
device is made, not on the applied voltage or charge) is given by

C =
T1/2

R ln(2)
. (3)

The voltage decay occurs quite rapidly for most combinations of resistors and

Figure 1: Schematic and photograph of the RC circuit.

capacitors. In order to maintain a visible display of this rapidly changing volt-
age, the capacitor must be charged and discharged repetitively and rapidly. The
time varying voltage can then be measured with the oscilloscope. The square
wave output of the generator can be used as a rapidly changing switch.
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Figure 2: Oscilloscope traces of the voltage across the capacitor in the RC circuit
shown in Fig. 2 for three different frequencies of the function generator.

1. Connect the oscilloscope, generator, capacitor and one of your resistors
exactly as shown in Fig. 1. Use alligator clips to connect onto the capacitor
and the resistor.

2. Turn everything on. Set the function generator WAVEFORM switch to
square wave. Set the generator frequency to about 200 Hz and the am-
plitude to about 2 V. You may need to adjust the frequency-ask your
instructor if you need help. The trace should look like Fig. 2B. If it looks
like shark’s teeth or, if it doesn’t stay flat on top as in Figs. 2A and 2C,
you will have to adjust the frequency until it looks similar to Fig. 2B.

3. Once a stationary trace has been achieved adjust the generator gain and
oscilloscope vertical sensitivity so that the trace fills the screen from top
to bottom. Adjust TIME/DIV so that only one half cycle is visible on
the screen.

4. Adjust the horizontal position so that the beginning of the trace is just
visible at the left edge of the screen grid. Pull the trigger LEVEL button
out (negative slope) and adjust the trigger LEVEL so the trace begins as
high as possible along the left hand edge (as close as possible to the upper
left hand corner).

5. Readjust TIME/DIV so that the trace drops below the 1/2 mark (ver-
tically) somewhere near the middle (horizontally) of the screen. Measure
the time between the start of the trace and the crossing point. This is
T1/2. Record your data in Data Table II.

6. Repeat the measurement using the other two resistors (you should have
had three different ones!). The resistance of the resistors can be found
using the color code chart on the next page. Determine the capacitance of
the capacitor from each of the three measurements. Calculate the average
value of the capacitance. Record all your data in Data Table II. The
correct value of C is printed on the capacitor. Your instructor can show
you how to read it. Calculate the percent error.

7. When you are finished, please disconnect everything, turn off the instru-
ments and unplug them. Neatly wrap up all the wires.
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5. REFERENCES

[1] http://phet.colorado.edu/en/simulation/circuit-construction-kit-ac

RESISTOR COLOR CODE:
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.

DATA TABLE 1:

Generator Generator Oscilloscope Oscilloscope

Frequency Period Amplitude Period
% error

(Hz) (s) (V) (s)

(sine)

20, 000 (sine)

60 (sine)

200 (square)

DATA TABLE 2:

R T1/2 C Caverage

Correct Value of C:

∆%:

47



PHYS142/152 Oxford College

.

NOTES:

48



PHYS142/152 Lab #6: The Earth’s Magnetic Field Oxford College

.

The Earth’s Magnetic Field

You will measure the magnitude of the earth’s magnetic field.

Contents
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2 DISCUSSION 50

3 PROCEDURE 51

4 REFERENCES 53
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1. APPARATUS:

• tangent galvanometer

• magnetic compass

• power supply

• 40 Ω rheostat

• single pole single throw switch (SPST)

• double pole double throw switch (DPDT)

• ammeter

• dip needle

• connecting wires

2. DISCUSSION

The instrument used in this lab experiment is call a tangent galvanometer
because the tangent of the angle of deflection of the compass needle is equal to
the ratio of two interacting fields, in this case the magnetic field of a fixed coil
of wire and the earth’s magnetic field. The galvanometer consists of a circular
coil of wire mounted in a vertical plane with a small magnetic compass located
at the center of the coil.

In use the coil is placed with its plane parallel to the magnetic meridian so
that the magnetic field produced by a current in the coil is perpendicular to
the magnetic meridian. The compass needle rotates until its axis is along the
resultant of the field produced by the coil and the horizontal component of the
earth’s magnetic field.

If the plane of the coil is in the magnetic meridian, the magnetic field pro-
duced by the coil, Bcoil, is at right angle to the horizontal component of the
earth’s magnetic field, Beh. The resultant magnetic field at the center of the
coil is the vector sum of Bcoil and Beh and makes an angle θ with the magnetic
meridian where tan(θ) is the ratio Bcoil/Beh. Figure 1 is a vector diagram show-
ing the resultant of the horizontal component of the earth’s magnetic field Beh,
and the magnetic field Bcoil, due to the current in the tangent galvanometer
coil.

Thus a small magnet (compass) placed at the center is deflected through the
angle θ when there is a current in the coil. The magnetic field due to the current
in the coil is assumed to be uniform over the region occupied by the compass.
That is why the compass must be small. The magnitude of the magnetic field
Bcoil, due to the current in the coil is calculated according to the equation

Bcoil =
µ0IN

2R
. (1)
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So now Beh can be calculated using the equation:

tan(θ) =
Bcoil

Beh
(2)

The magnetic field of the earth is not parallel to the earth’s surface except at
the equator (see the cover page figure of this lab). The vertical angle between the
direction of the earth’s magnetic field and the horizontal is known as the angle of
dip and is measured with a dip needle, basically a vertically mounted compass.
Knowing the angle of dip and Beh, you then calculate the local magnitude Be

of the earth’s magnetic field.

Figure 1: Vector diagram showing the resultant of the horizontal component of the earth’s
magnetic field Beh, and the magnetic field Bcoil.

3. PROCEDURE

1. Connect the circuit shown in Fig. 2. The power supply and rheostat
should be as far away from the tangent galvanometer as possible. Use
spade lugs to make the connections to the rheostat. Jumper wires should
be connected between the diagonally opposite jacks of the DPDT switch
in order for it to be a reversing switch. Use the blue and red jacks of the
galvanometer; this makes a 10 turn coil. Connect the ammeter on the 0.5
A scale and switch it to DC. Put the power supply on the 0 − 8 V range.
When you have done this, have your instructor inspect your connections.
Do not proceed any further until the instructor has approved your circuit.

2. Place the magnetic compass on the platform in the center of the tangent
galvanometer coil. Orient the coil of the tangent galvanometer so that
the plane of the coil is parallel to the horizontal component of the earth’s
magnetic field, that is, parallel to the compass needle. Now rotate the
compass so that the north end of the needle points to zero degrees.

3. Establish a current of a few tenths of an ampere in the coil and note the
deflection of the needle. Reverse the direction of the current with the
reversing switch and again note the deflection of the needle. If the two
readings differ appreciably check the orientation of the coil.
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Figure 2: Schematic of the Circuit.

4. Measure θ for at least 5 different values of the current. Record your
measurements in data Table I. Write the units also in the column headings.
Average the right and left deflections for each different current.

5. Plot a graph of tan θ vs. coil current. The origin is a pint on your graph.
Can you explain why? The curve should be a straight line. Why? Calcu-
late the slope and give the correct units.

slope =

6. Use the slope of your curve, the radius of the coil, µ0, and the number of
turns to calculate Beh, the horizontal component of the earth’s magnetic
field. Show your work on a separate piece of paper.

Beh =

7. Use the dip needle, oriented so that the plane of the protractor is in the
North-South direction, to measure the angle of dip. Be careful that there
are no electrical curents or large masses of iron nearby.

Angle of Dip =

8. Calculate the magnitude of the earth’s magnetic field. Show how you did
this, including a vector diagram, on a separate piece of paper.

9. Your instructor will provide you with a value of Be and the angle of
dip. Calculate and record in the space below the percent error in your
measurements of these quantities.

∆%Be =

∆%θdip =

10. Draw, on a separate page, a diagram of the reversing switch in each of its
two positions. Explain how it reverses the current direction.
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11. Convince your instructor that you understand the magnetic field due to a
current loop before you leave the lab.

12. Turn off and unplug the power supply and disconnect your circuit. Neatly
wrap all the wires. Leave your station just like you found it.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

DATA TABLE:

current left deflection right deflection average deflection tan θ

4. REFERENCES

[1] A cool YouTube video on the origin of the earth’s magnetic field.

[2] Wikipedia article on the earth’s magnetic field.

[3] Hyper-Physics page on the earth’s magnetic field.
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How Does The Earth Get Its Magnetic Field?

The simple question ”How does the Earth get its magnetic field?” does not
have a simple answer [2, 3]. It does seem clear that the generation of the
magnetic field is linked to the rotation of the earth. It is thought that it
depends upon the rotation of the fluid metallic iron which makes up a large
portion of the earth’s interior, and the rotating conductor model leads to the
term ”dynamo effect” or ”geodynamo”, evoking the image of an electric
generator. It is known that convection drives the outer-core fluid and it
circulates relative to the earth. This means the electrically conducting
material moves relative to the earth’s magnetic field. If it can obtain a charge
by some interaction like friction between layers, an effective current loop could
be produced.
Magnetic fields surround electric currents, so we surmise that circulating
electric currents in the Earth’s molten metalic core are the origin of the
magnetic field. A current loop gives a field similar to that of the earth. The
magnetic field magnitude measured at the surface of the Earth is about half a
Gauss and dips toward the Earth in the northern hemisphere. The magnitude
varies over the surface of the Earth in the range 0.3 to 0.6 Gauss, but it is not
always constant in direction. Rock specimens of different age in similar
locations have different directions of permanent magnetization. Evidence for
171 magnetic field reversals during the past 71 million years has been reported!
Although the details of the dynamo effect are not known in detail, the rotation
of the Earth plays a part in generating the currents which are presumed to be
the source of the magnetic field. Mariner 2 found that Venus does not have
such a magnetic field although its core iron content must be similar to that of
the Earth. It’s thought that Venus’s rotation period of 243 Earth days is just
too slow to produce the dynamo effect.

Figure .3: The rotation of the electrically charged iron liquid in the earth’s outer core is
thought to be responsible for the earth’s magnetic field.
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Faraday’s Law

In this experiment, you will study Faraday’s Law

Contents

1 Object 56

2 Apparatus: 56

3 Discussion: 56

4 Procedure: 56
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FARADAY’S LAW

1. Object

Your goal during this lab is to demonstrate Faraday’s law to yourself and
get the right hand rule and Lenz’s law down cold.

2. Apparatus:

Solenoids, iron core, bar magnet, power supply, switch, galvanometer, am-
meter, compass, and 50 Ω rheostat.

3. Discussion:

Faraday’s law is discussed in your textbook. You must read this material
before starting this lab. The idea is that relative motion between a conductor
and a magnetic field may induce an emf in the conductor and if the conductor
is part of a complete circuit a current will be set up.

4. Procedure:

1. Connect the large diameter solenoid in series with the power supply, am-
meter, switch and 50 Ω rheostat. On a separate page draw a circuit di-
agram showing the direction of the current and showing the solenoid as
in Fig. 1 but with appropriate handedness. There are two ways (right
and left handed) to make the solenoid. You can tell the direction of the
winding on your solenoid by looking at how the wires come through the
holes on the base. Establish a current of approximately 50 mA in the
circuit. Use the small compass to determine the magnetic polarity of the
solenoid. Label the N(orth) and S(outh) ends of the solenoid and draw
in some lines of induction. Make sure your drawing is consistent with
the right hand rule. The end of the compass needle that points toward
Canada is a north-seeking or North magnetic pole. The North pole of the
compass and the North pole of a magnet are the same kind of pole and
repel each other.

Figure 1: Solenoid.
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2. Disconnect the solenoid from the circuit and connect it alone to the gal-
vanometer. On a separate page draw the solenoid, showing the direction
of the current, magnetic polarity of the solenoid, bar magnet pole and
direction of motion for the two cases when you are:

(a) Moving the North pole of the bar magnet away from the solenoid
(b) Moving the North pole of the magnet toward the solenoid.

The galvanometer needle deflects toward the side which the current enters.

3. Try the same thing but hold the magnet stationary and move the solenoid.
Also try moving the magnet at varying speeds. Notice what happens and
explain it to yourself in terms of Faraday’s law. Write a short paragraph
with your observations and explanations on a separate piece of paper.

4. Connect the smaller solenoid in series with the switch, rheostat, ammeter
and power supply so that the free end of the solenoid (the end without
connections) will be a South pole. Establish a current of approximately
0.5 A in the circuit. Make drawings as in 2(a) and 2(b) above for:

(a) Moving the south end of the small solenoid away from one end of the
large solenoid.

(b) Moving the south end of the small solenoid toward the large solenoid.

5. This step illustrates the principle of the transformer. Insert the small
solenoid into the large one. Make drawings on a separate page, showing
polarities, current directions, etc., in the case of:

(a) Closing the switch.
(b) Opening the switch. Your drawings should look something like Fig.

2:

Figure 2: Transformer arrangement.
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Background Material for:

Optics Labs I and II.
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DIFFRACTION PLATE
A       B       C       D       E

DIFFRACTION PLATE
J       I       H       G       F

DIFFRACTION GRATING
5276 LINES/cm

Figure one shows all the equipment that is included with your OS-8500 Introductory Optics System.  The system also
includes a fitted box, with cutouts for each component, and of course, this manual.  If you wish to order additional
components or replacement parts, please see the information at the end of the manual.

Equipment

Optics Bench

Parallel
Ray Lens

Viewing
Screen

Ray Optics
Mirror

Color Filters:

Red

Blue/Green

Green

Polarizers
(2)

Virtual
Image

Locators
(2)

Diffraction
Plate

Diffraction
Grating

Component Holders (3)

Ray Table Component Holder

Incandescent Light Source

Ray Table Base

Slit
Plate Slit

Mask

Cylindrical
Lens

Crossed
Arrow

Target

Diffraction
Scale

Variable
Aperture

Figure 1:  Equipment Included in the OS-8500 Introductory Optics System

Spherical Mirror:
50 mm focal length

Lenses (3):  75, 150, and
–150 mm focal lengths

For Replacement Parts See Page 52

Ray Table
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Introduction

In studying optics we change the focus of our attention.
We still gain our information by interacting with light that
has interacted with objects.  But in studying optics we
want to know what our observations tell us, not about the
objects, but about light itself.

Before plunging into your experimental investigations of
optics, its a good idea to become familiar with the equip-
ment you will be using.  The Equipment section of this
manual will help you identify each of the components
included with your optics system.  The section entitled
Equipment Setup gives some useful tips for aligning the
optical equipment.

A vast and complicated amount of information comes to
us through our eyes.  Because of this, the nature of light
plays a critical role in our experience.  Certainly our view
of the world is colored (pun intended) by the nature of the
medium which brings us so much information about it.

In our day to day life, we rarely concern ourselves with
light, except perhaps when there is too much or not
enough of it.  We interact with light that has interacted
with objects to determine such things as the color, shape,
and position of the objects.  We use this information to
navigate, and to find what we want and what we wish to
avoid.  But our attention is almost always on the objects,
not on the light that brings us the information.
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Setting Up the Equipment

The Filament Knob on the top of the unit moves the light
bulb from side to side.  The notch at the bottom indicates
the position of the light bulb filament, so that accurate
measurements can be made during experiments.

Component
Holders and
Components

The Optics set comes
with three regular
Component Holders
and one holder
designed for use with
the Ray Table.  The
regular Component
Holders attach
magnetically to the
optics bench, as in
Figure 4.  The notch at
the top of each holder
is for centering
components on the
holder.  The notches in
the base of the holders
are for accurate
distance measurements on the metric scale of the bench.
These base notches—and also the edge of the component
holder base—are positioned so that they align with the
vertical axis of a mounted lens or mirror.  Accurate
measurements of component position can be made as
shown in Figure 5.

Figure 2:  Bench

Light Source

Ray Table Base

Component
Holder

Alignment Rail

Ray Table

Figure 5:  Component
Alignment

(Top View)

0       1   2      3      4      5

Vertical Axes of Lens or Mirror

Centering
Notch

Figure 4:  Using the Component Holders

Base Notch

Optics Bench
The Optics Bench is shown in Figure 2.  The Light Source,
Component Holders, and Ray Table Base all attach magneti-
cally to the bench as shown.  For proper optical alignment, the
edge of each of these components should be mounted flush to
the alignment rail, which is the raised edge that runs along one
side of the bench.

NOTE: Avoid scratching or otherwise abusing the surface
of the magnetic pads.  If they get dirty, use only soapy
water or rubbing alcohol for cleaning.  Other solvents may
dissolve the magnetic surface.

Incandescent Light Source

The Light Source is shown in Figure 3.  To turn it on,
connect the power cord to any grounded 105-125 VAC
receptacle, and flip the switch on the top panel to ON.  If
at any time the light fails to come on, check with your
instructor.

Filament Knob

Notch Showing Location of
Filament

ON
Switch

Light Bulb

Figure 3:  Using the Light Source
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DIFFRACTION PLATE

A     
  B

     
  C

     
  D

     
  E

DIFFRACTION PLATE

J       I       H       G       F

Diffraction Scale

Figure 8:  Setting Up a Diffraction Experiment

Ray Table Base

Figure 6:  Using the Component Holders

Lens or Mirror

Polarizer
Variable Aperture

 Convex Side
Concave Side

Figure 7:
The Spherical Mirror

Slit Mask:  to isolate a
single diffraction aper-
ture (not needed when
using the Diffraction

Grating)

Look through
here toward
Diffraction

Scale to view
(and measure)
the diffraction

pattern.
Diffraction Plate or

Diffraction Grating

The Variable Aperture, the
Polarizers, and the Lenses
attach to the component
holders as shown in Figure 6.
Use the centering notch to
align the components along the
optical axis of the bench and, in
the case of the Polarizers, to
measure the angle of polariza-
tion.

The Spherical Mirror mounts
onto the component holders in
the same manner as the
Lenses.  However, the mirror is silvered on both sides, so
that, depending on which side you use, it can be a convex
or a concave mirror (see Figure 7).

Diffraction Experiments
Set up diffraction experiments as shown in Figure 8.  You
can use either the Diffraction Plate, which has ten
different apertures, or the Diffraction Grating, which has a
line spacing of 600 lines/mm.  If you are using the Dif-
fraction Plate, place the Slit Mask on the other side of the

A 1 0.04
B 1 0.08
C 1 0.16
D 2 0.04 0.125
E 2 0.04 0.250
F 2 0.08 0.250
G 10 0.06 0.250

H 2 (crossed) 0.04
I 225 Random Circular Apertures (.06 mm dia.)

J 15 x 15 Array of Circular Apertures (.06 mm dia.)
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DIFFRACTION PLATE
A       B       C       D       E

DIFFRACTION PLATE
J       I       H       G       F

Pattern No. Slits Slit Width
(mm)

Slit Spacing
center-to-center

(mm)

Figure 9:  Diffraction Plate Apertures

component holder and position it so that only a single
diffraction aperture is illuminated by the light from the light
source.

When you look through the aperture or grating toward the
light source, you will see the diffraction pattern superim-
posed over the Diffraction Scale.  You can use the
illuminated scale to accurately measure the geometry of
the diffraction pattern.  Information about analyzing the
measurements is provided in experiments 9, 15, 16, and
17.  The dimensions of the apertures in the Diffraction
Plate are provided in Figure 9.
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Basic Ray Optics Setup

The basic setup for Ray Optics is shown in Figure 10.
The Ray Table Base should be flush against the alignment
rail.  The Ray Table fits over the pin on the top of the
Base.

Notice that the Ray Table Base is slightly slanted.  When
mounting the base on the Optics Bench, be sure the Ray
Table slants down toward the Light Source.  This ensures
sharp, bright rays.  (In all the experiments described in this
manual, the error introduced by this tilt is negligible.)

Either side of the Ray Table may be used.  One side has
a rotational scale, the other has both a rotational scale and
a grid that may be used for linear measurements.

The Slit Plate is attached to a component holder between
the Light Source and the Ray Table.  The positioning
shown in the illustration will give clear, sharp rays in a
slightly darkened room.  However, the quality of the rays
is easily varied by adjusting the distance between the
Light Source and the Slit Plate.  Narrower, less divergent
rays may be obtained by sliding the Light Source farther
away from the slits, but there is a corresponding loss of
brightness.

The Ray Table Component Holder attaches magnetically
to the Ray Table as shown.  It may be used to mount the
Viewing Screen, the Polarizer, or another component.

Single Ray Setup

Most quantitative ray optics experiments are most easily
performed using a single ray.  This can be obtained by
using the Slit Mask, as shown in Figure 11, to block all but
the desired ray.

For accurate measurements using the rotational scale, the
incident ray must pass directly through the center of the
Ray Table.  To accomplish this, alternately adjust:

! the lateral position of the Slit Plate on its Component
Holder,

" the position of the light source filament with respect to
the optical axis, and

# the rotation of the Ray Table.

When one of the rays is aligned in this manner, place the
Slit Mask on the other side of the Component Holder to
block all but the desired ray.

Parallel Ray Setup

Parallel rays are obtained by positioning the Parallel Ray
Lens between the Light Source and the slits, as shown in
Figure 12.  Use the parallel lines of the Ray Table grid as
a reference, and adjust the longitudinal position of the lens
until the rays are parallel.

Figure 11:  Single Ray Setup

2. Adjust the position
of the filament.

3. Adjust the
rotation angle
of the Ray
Table.

1. Adjust the lateral
position of the Slit
Plate.

4. Use the Slit
Mask to block
all but the
desired ray.

To align a single ray:

Figure 12:  Single Ray Setup

Parallel Ray Lens

Slit Plate

Component Holder

Ray Table and Base

Slit Plate

Viewing
Screen

Ray Table
Component Holder

Figure 10:  Basic Ray Optics Setup
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OPTICS LAB 1

You are to perform the following experiments:

1. Introduction to ray optics.

2. The law of reflection.

3. Image formation in a plane mirror.

4. The law of refraction.

67



012-02744K  Introductory Optics System

! 7

EQUIPMENT NEEDED:

-Optics Bench, -Light Source,
-Ray Table and Base, -Component Holder,
-Slit Plate, -Ray Table Component Holder,
-Viewing Screen.

Experiment 1: Introduction to Ray Optics

Figure 1.1   Equipment Setup

Slit Plate Viewing Screen

Purpose
! Observe straight line propagation of light.
" Use Ray Tracing to locate an object.

Procedure

Set up the equipment as shown in Figure 1.1, and turn on the Light Source.  Darken the room
enough so the light rays on the Ray Table are easily visible.

Straight Line Propagation of Light
Observe the light rays on the Ray Table.

! Are the rays straight? _______________________________________________________.

" How does the width and distinctness of each ray vary with its distance from the Slit Plate?
_________________________________________________________________________.

Set the Viewing Screen and its holder aside for the next step.

# Lower your head until you can look along one of the "Rays" of light on the Ray Table. Where does
the light originate? What path did it take going from there to your eye? Try this for several rays.
_____________________________________________________________________.

Replace the Viewing Screen as shown in Figure 1.1. Rotate the Slit Plate slowly on the component
holder until the slits are horizontal.  Observe the slit images on the Viewing Screen.

$ How does the width and distinctness of the slit images depend on the angle of the Slit Plate?
_________________________________________________________________________.

% For what angle of the Slit Plate are the images most distinct?  For what angle are the images least
distinct?_________________________________________________________________.
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& On a separate sheet of paper, explain your observations in terms of the straight line propaga-
tion of light.  Include a diagram showing how the width of the slit images depends on the
orientation of the Light Bulb filament with respect to the Slit Plate.
____________________________________________________________________________________________.

Ray Tracing:  Locating the Filament

You can use the fact that light propagates in a straight line to measure the distance between
the Light Source filament and the center of the Ray Table.  Figure 1.2 shows how.  The rays
on the Ray Table all originate from the filament of the Light Source.  Since light travels in a
straight line, you need only extend the rays backward to locate the filament. (See Step 3 in the
first part of this experiment.)

Place a piece of blank white paper on top of the Ray Table, holding it there with a piece of
tape. Make a reference mark on the paper at the position of the center of the Ray Table.
Using a pencil and straight edge, trace the edges of several of the rays onto the paper.

Remove the paper.  Use the pencil and straightedge to extend each of the rays. Trace them
back to their common point of intersection.  (You may need to tape on an additional sheet of
paper.)  Label the filament and the center of the Ray Table on your diagram.

! Measure the distance between your reference mark and the point of intersection of the rays.
_______________________________________________________________________.

" Use the metric scale on the Optics Bench to measure the distance between the filament and
the center of the Ray Table directly (see the note in Figure 1.2).
_____________________________________________________________________________________________.

# How well do your measurements in Steps 1 and 2 agree? Comment.
________________________________________________________________________________________.

One of the key ideas that this experiment illustrates is the ability for us to trace light rays to
their origin or apparent origin. This concept will prove most useful in future experiments.

Figure 1.2:  Ray Tracing

Light Source

Filament

Component
Holder

Note:  The vertical edge of the notch
on the side of the Light Source
indicates the position of the filament.

Paper

Center

Rays on Ray
Table

Slit Plate
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Introduction
The shape and location of the image created by
reflection from a mirror of any shape is determined
by just a few simple principles.  One of these
principles you already know:  light propagates in a
straight line.  You will have an opportunity to learn
the remaining principles in this experiment.

To determine the basic principles underlying any
phenomenon, it is best to observe that phenomenon
in its simplest possible form.  In this experiment, you
will observe the reflection of a single ray of light
from a plane mirror.  The principles you discover
will be applied, in later experiments, to more compli-
cated examples of reflection.

EQUIPMENT NEEDED:

-Optics Bench -Light Source
-Ray Table and Base -Component Holder
-Slit Plate -Slit Mask
-Ray Optics Mirror.
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Figure 2.1   Equipment Setup
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Figure 2.2   Incident and Reflected Rays

Experiment 2: The Law of Reflection
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Procedure

Set up the  equipment as shown in Figure 2.1.  Adjust the components so a single ray of light
is aligned with the bold arrow labeled “Normal” on the Ray Table Degree Scale.  Carefully
align the flat reflecting surface of the mirror with the bold line labeled “Component” on the
Ray Table.  With the mirror properly aligned, the bold arrow on the Ray Table is normal (at
right angles) to the plane of the reflecting surface.

Rotate the Ray Table and observe the light ray.  The angles of incidence and reflection are
measured with respect to the normal to the reflecting surface, as shown in Figure 2.2.

By rotating the Ray Table, set the angle of incidence to each of the settings shown in Table
2.1.  For each angle of incidence, record the angle of reflection (Reflection1).  Repeat your
measurements with the incident ray coming from the opposite side of the normal (Reflec-
tion2).

! Are the results for the two trials the same?  If not, to what do you attribute the differences?
________________________________________________________________________

" Part of the law of reflection states that the incident ray, the normal and the reflected ray all lie
in the same plane. Discuss how this is shown in your experiment
_____________________________________________________________________________________________.

# What relationship holds between the angle of incidence and the angle of reflection?
______________________________________________________________________________

Additional Questions

! The Law of Reflection has two parts. State both
parts.

" You were asked to measure the angle of reflection
when the ray was incident on either side of the
normal to the surface of the mirror.  What advan-
tages does this provide?

# Physicists expend a great deal of energy in attempts
to increase the accuracy with which an exact law
can be proven valid.  How might you test the Law
of Reflection to a higher level of accuracy than in
the experiment you just performed?

Angle of: Incidence Reflection1    Reflection2

0°

10°

20°

30°

40°

50°

60°

70°

80°

90°

Table 2.1   Data
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EQUIPMENT NEEDED:

-Optics Bench -Light Source
-Ray Table and Base -Component Holder
-Slit Plate -Ray Optics Mirror

Experiment 3: Image Formation in a Plane Mirror

Paper

Figure 3.1   Equipment Setup
Introduction

Looking into a mirror and seeing a nearly exact image of yourself hardly seems like the result of simple physical
principles.  But it is.  The nature of the image you see in a mirror is understandable in terms of the principles you
have already learned: the Law of Reflection and the straight-line propagation of light.

In this experiment you will investigate how the apparent location of an image reflected from a plane mirror
relates to the location of the object, and how this relationship is a direct result of the basic principles you have
already studied.

Procedure

Set up the equipment as shown in Figure 3.1.  Adjust the Slit Plate and Light Source positions for sharp, easily
visible rays.

As shown, place a blank, white sheet of paper on top of the Ray Table, and place the Ray Optics Mirror on top
of the paper.  Position the mirror so that all of the light rays are reflected from its flat surface.  Draw a line on
the paper to mark the position of the flat surface of the mirror.

Look into the mirror along the line of the reflected rays so that you can see the image of the Slit Plate and,
through the slits, the filament of the Light Source.  (Rotate the mirror as needed to do this.)

! Do the rays seem to follow a straight line into the mirror?  ________________________________.

With a pencil, mark two points along one edge of each of the incident and reflected rays.  Label the points (r1,r2,
etc.), so you know which points belong to which ray.

Remove the paper and reconstruct the rays as shown on the next page (Figure 3.2), using a pencil and straight-
edge.  If you need to, tape on additional pieces of paper.  Draw dotted lines to extend the incident and reflected
rays.  (If this ray tracing technique is unfamiliar to you, review ray tracing in Experiment 1:  Introduction to Ray
Optics.)

On your drawing, label the position of the filament and the apparent position of its reflected image.
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Figure 3.2   Ray Tracing

" What is the perpendicular distance from the filament to the plane of the mirror (distance d1, as shown in the
Figure 3.2)?  ________________________________________________.

# What is the perpendicular distance from the image of the filament to the plane of the mirror (distance d2, as
shown in the Figure)?  _________________________________________.

Change the position of the mirror and the Light Source and repeat the experiment.

$ What is the relationship between object and image location for reflection in a plane mirror?
________________________________________________________________________.

Additional Questions
! If one wall of a room consists of a large, flat mirror, how much larger does the room appear to be than it

actually is?

" Make a diagram illustrating why an image of the letter F, reflected from a plane mirror, is inverted.  (Treat
each corner on the F as a source of light.  Locate the image for each source to construct the image of the F.)

# How does the size of the image reflected from a plane mirror relate to the size of the object?
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EQUIPMENT NEEDED:

-Optics Bench -Light Source
-Ray Table and Base -Component Holder
-Slit Plate -Slit Mask
-Cylindrical Lens.

Introduction

As you have seen, the direction of light propagation changes abruptly when light encounters a
reflective surface.  The direction also changes abruptly when light passes across a boundary
between two different media of propagation, such as between air and acrylic, or between glass and
water.  In this case, the change of direction is called Refraction.

As for reflection, a simple law characterizes the behavior of a refracted ray of light.  According to
the Law of Refraction, also known as Snell’s Law:

n1 sin !1 = n2 sin !2

The quantities n1 and n2 are constants, called indices of refraction, that depend on the two media
through which the light is passing.  The angles !1 and !2 are the angles that the ray of light makes
with the normal to the boundary between the two media (see the inset in Figure 4.1).  In this
experiment you will test the validity of this law, and also measure the index of refraction for acrylic.

Procedure

Set up the  equipment as shown in Figure 4.1.  Adjust the components so a single ray of light
passes directly through the center of the Ray Table Degree Scale.  Align the flat surface of the
Cylindrical Lens with the line labeled “Component”.  With the lens properly aligned, the radial lines
extending from the center of the Degree Scale will all be perpendicular to the circular surface of
the lens.

Experiment 4: The Law of Refraction

Figure 4.1  Equipment Setup
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Table 4.1   Data

Angle of: Incidence Refraction1 Refraction2

0°

10°

20°

30°

40°

50°

60°

70°

80°

90°

Without disturbing the alignment of the Lens, rotate
the Ray Table and observe the refracted ray for
various angles of incidence.

! Is the ray bent when it passes into the lens perpen-
dicular to the flat surface of the lens?
_______________________________________

_______________________________________.

" Is the ray bent when it passes out of the lens
perpendicular to the curved surface of the lens?
_______________________________________

_______________________________________.

By rotating the Ray Table, set the angle of inci-
dence to each of the settings shown in Table 4.1 on
the following page.  For each angle of incidence,
measure the angle of refraction (Refraction

1).
Repeat the measurement with the incident ray
striking from the opposite side of the normal (Re-
fraction2).

# Are your results for the two sets of measurements
the same?  If not, to what do you attribute the
differences?
___________________________________________________________________

_______________________________________________________________________.

On a separate sheet of paper, construct a graph with sin(angle of refraction) on the x-axis
and sin(angle of incidence) on the y-axis.  Draw the best fit straight line for each of your two
sets of data.

$ Is your graph consistent with the Law of Refraction?  Explain.
_____________________________________________________________________________________________.

% Measure the slope of your best fit lines.  Take the average of your results to determine the
index of refraction for acrylic (assume that the index of refraction for air is equal to 1.0).

n =  ________________________________________.

Additional Questions

! In performing the experiment, what difficulties did you encounter in measuring the angle of
refraction for large angles of incidence?

" Was all the light of the ray refracted?  Was some reflected?  How might you have used the
Law of Reflection to test the alignment of the Cylindrical Lens?

# How does averaging the results of measurements taken with the incident ray striking from
either side of the normal improve the accuracy of the results?
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OPTICS LAB 2

You are to perform the following experiments:

5. Reversibility

6. Dispersion and total internal reflection

7. Converging lenses

77
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Experiment 5: Reversibility

Figure 5.2   Internal Angle of Incidence

Equipment Needed:

-Optics Bench -Light Source
-Ray Table and Base -Component Holder
-Slit Plate -Slit Mask
-Cylindrical Lens.

Figure 5.1  Equipment Setup
Introduction

In Experiment 4, you determined the relationship
that exists between the angle of incidence and the
angle of refraction for light passing from air into a
more optically dense medium (the Cylindrical Lens).
An important question remains.  Does the same
relationship hold between the angles of incidence
and refraction for light passing out of a more
optically dense medium back into air?  That is to
say, if the light is traveling in the opposite direction,
is the law of refraction the same or different?  In
this experiment, you will find the answer to this
question.

Procedure
Set up the  equipment as shown in Figure 5.1.
Adjust the components so a single ray of light
passes directly through the center of the Ray Table
Degree Scale.  Align the flat surface of the Cylin-
drical Lens with the line labeled “Component”.  With the lens properly aligned, the radial lines
extending from the center of the Degree Scale will all be perpendicular to the circular surface of the
lens.

Without disturbing the alignment of the lens, rotate the Ray Table and set the angle of incidence to
the values listed in Table 5.1 on the following page.  Enter the corresponding angles of Refraction in
the table in two columns: Refraction1 and Incidence2. (Let Incidence2 = Refraction1).
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Now let the incident ray strike the curved surface of the lens.  (Just rotate the Ray Table 180°.)
The internal angle of incidence for the flat surface of the Cylindrical Lens is shown in Figure 5.2.
Set this angle of incidence to the values you have already listed in the table (Incidence2).  Record
the corresponding angles of refraction (Refraction2).

! Using your collected values for Incidence1 and Refraction1, determine the index of refraction for
the acrylic from which the Cylindrical Lens is made.  (As in experiment 4, assume that the index
of refraction for air is equal to 1.0.)

n1 =
______________________________________________________________________.

" Using your collected values for Incidence2 and Refraction2, redetermine the index of refraction
for the acrylic from which the Cylindrical Lens is made.

n2 =
______________________________________________________________________.

# Is the Law of Refraction the same for light rays going in either direction between the two
media?
____________________________________________________________________.

$ On a separate sheet of paper, make a diagram showing a light ray passing into and out of the
Cylindrical Lens.  Show the correct angles of incidence and refraction at both surfaces traversed
by the ray.  Use arrow heads to indicate the direction of propagation of the ray.  Now reverse
the arrows on the light ray.  Show that the new angles of incidence and refraction are still
consistent with the Law of Refraction.  This is the principle of optical reversibility.

% Does the principle of optical reversibility hold for Reflection as well as Refraction?  Explain.
_________________________________________________________________________.

Ray Incident on: Flat Surface Curved Surface

Angle of: Incidence1 Refraction1 Incidence2 Refraction2

0°

10°

20°

30°

40°

50°

60°

70°

80°

90°

Table 5.1   Data
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EQUIPMENT NEEDED:

-Optics Bench -Light Source
-Ray Plate and Base -Component Holder
-Slit Plate -Slit Mask
-Cylindrical Lens -Ray Table Component Holder
-Viewing Screen.

Introduction

In this experiment you will look at two phenomena related to refraction: Dispersion and Total
Internal Reflection.  Dispersion introduces a complication to the Law of Refraction, which is that
most materials have different indexes of refraction for different colors of light.  In Total Internal
Reflection, it is found that in certain circumstances, light striking an interface between two transpar-
ent media can not pass through the interface.

Procedure

Set up the equipment as shown in Figure 6.1, so a single light ray is incident on the curved surface
of the Cylindrical Lens.

Dispersion

Set the Ray Table so the angle of incidence of the ray striking the flat surface of the lens (from
inside the lens) is zero-degrees.  Adjust the Ray Table Component Holder so the refracted ray is
visible on the Viewing Screen.

Slowly increase the angle of incidence.  As you do, watch the refracted ray on the Viewing
Screen.

! At what angle of refraction do you begin to notice color separation in the refracted ray?

Experiment 6: Dispersion and Total Internal Reflection

Figure 6.1   Equipment Setup
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" At what angle of refraction is the color separation a maximum?  ____________________

_______________________________________________________________________.

# What colors are present in the refracted ray? (Write them in the order of minimum to maxi-
mum angle of refraction.)
__________________________________________________

_______________________________________________________________________.

$ Measure the index of refraction of acrylic for red and blue light
 (nacrylic sin !acrylic = nair sin !air).

'NOTE:  In Experiment 4 we said that the index of refraction of a given material is a
constant.  That statement was almost accurate, but not quite.  As you can see, different
colors of light refract to slightly different angles, and therefore have slightly different
indexes of refraction.

nred  =   ______________________________________.

nblue =  ______________________________________.

Total Internal Reflection

Without moving the Ray Table or the Cylindrical Lens, notice that not all of the light in the
incident ray is refracted.  Part of the light is also reflected.

! From which surface of the lens does reflection primarily occur? ___________________

________________________________________________________________.

" Is there a reflected ray for all angles of incidence? (Use the Viewing Screen to detect faint
rays.)
_________________________________________________________________

________________________________________________________________.

# Are the angles for the reflected ray consistent with the Law of Reflection? __________

________________________________________________________________.

$ Is there a refracted ray for all angles of incidence?____________________________

________________________________________________________________.

% How do the intensity of the reflected and refracted rays vary with the angle of incidence?
________________________________________________________________.

& At what angle of refraction is all the light reflected (no refracted ray)? ______________

________________________________________________________________.
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Introduction
Given a lens of any shape and index of refraction, you could determine the shape and location of
the images it forms based only on the Law of Refraction.  You need only apply the law along with
some of the ray tracing techniques you have already used.  However, for spherical lenses (and for
spherical mirrors as well), there is a more general equation that can be used to determine the
location and magnification of an image.  This equation is called the Fundamental Lens equation:

1/do + 1/di = 1/f

where f is the focal length of the lens, and do and di are the distance from the mirror to the image
and object respectively (see Figure 7.1).  The magnification of the image is given by the equation:

m = -di/do
In this experiment, you will have an opportunity to test and apply these equations.

'''''NOTE:  Instead of the above equation, you may have learned the Fundamental Lens Equation
as SoSi = f2, where So and Si are the distances between the principle focus of the lens and the
object and image, respectively.  If so, notice that So = do - f, and Si = di - f (see Figure 7.1).
Using these equalities, convince yourself that 1/do + 1/di = 1/f and SoSi = f2 are different
expressions of the same relationship.

Procedure
Set up the equipment as shown in Figure 7.1.   Turn on the Light Source and slide the lens toward
or away from the Crossed Arrow Target, as needed to focus the image of the Target onto the
Viewing Screen.

! Is the image magnified or reduced?  ____________________________________________.

" Is the image inverted?______________________________________________________.

# Based on the Fundamental Lens Equation, what would happen to di if you increased do even
further?_________________________________________________________________.

EQUIPMENT NEEDED:

-Optics Bench -Light Source
-75 mm Focal Length Convex Lens -Crossed Arrow Target
-Component Holders (3) -Viewing Screen.

Experiment 7:  Converging Lens – Image and Object
Relationships

Figure 7.1:  Equipment Setup
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Data Calculations

do (mm) di hi 1/di + 1/do 1/f hi/ho -di/do

500

450

400

350

300

250

200

150

100

75

50

Table 7.1:  Data and Calculations

# What would happen to di if do were very, very large?
______________________________.

$ Using your answer to question 4, measure the focal length of the lens.

Focal Length =  ___________________________________________.

Now set do to the values (in millimeters) listed in the table above.  At each setting, locate the
image and measure di.  Also measure hi, the height of the image.  (ho is the height of the
arrow on the crossed arrow target.)

Using the data you have collected, perform the calculations shown in the table.

% Are your results in complete agreement with the Fundamental Lens Equation?  If not, to what
do you attribute the discrepancies?
__________________________________________________________________.

& For what values of do were you unable to focus an image onto the screen?  Use the Funda-
mental Lens Equation to explain why.
__________________________________________.

Additional Questions
! For a lens of focal length f, what value of do would give an image with a magnification of one?

" Is it possible to obtain a non-inverted image with a converging spherical lens?  Explain.

# For a converging lens of focal length f, where would you place the object to obtain an image
as far away from the lens as possible?  How large would the image be?
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1. REFERENCES

The PhET website maintained by the University of Colorado contains many
Physics simulation programs that can be run online for free at their website,
http://phet.colorado.edu/en/simulations/category/physics. The simulations are
fun, entertaining, and easy to run. Below is a list of simulations that are related
to the physics of electricity, magnetism and optics. Several of these programs,
which are shown in more detail below, can directly simulate the labs performed
in PHYS142.
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1.1. Charges and Fields.

The Charges and Fields simulation can be used to directly simulate Lab #1,
equipotential lines and the electric field. You can move point charges around on
the playing field and then view the electric field, voltages, equipotential lines,
and more. It’s colorful, it’s dynamic, and it’s free. Click on the image below
and try yourself!

Figure 1: LHS: Two like charges are moved by the user into side-by-side positions. The
resultant electric field vectors are automatically display by the red arrows, and the black lines
are the equipotential surfaces. RHS: Here two opposite charges are placed on the page by the
user.

1.2. Circuit Construction Kit (AC+DC), Virtual Lab.

The circuit construction kit (AC+DC) virtual lab can simulation many of
the electricity labs you’ll be doing in this course. You can build circuits with
capacitors, inductors, resistors and AC or DC voltage sources, and inspect them
using lab instruments such as voltmeters and ammeters.

Figure 2: In this simulation experiment, I connected together a capacitor, a resistor, a DC
battery, and a switch to form an RC circuit. After I closed the switch, the voltage across
the capacitor starts to rise (top graph), and the current in the circuit starts to fall (bottom
graph).
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1.3. Faradays Electromagnetic Lab.

The simulations in Faradays Electromagnetic Lab are very helpful in under-
standing Lab #7, Faradays Law. Play with a bar magnet and coils to learn
about Faraday’s law. Move a bar magnet near one or two coils to make a light
bulb glow. View the magnetic field lines. A meter shows the direction and mag-
nitude of the current. View the magnetic field lines or use a meter to show the
direction and magnitude of the current. You can also play with electromagnets,
generators and transformers. You can’t help but learn new things about the
way magnetism really works!

Figure 3: In this simulation experiment, I placed two conducting coils near to each other. I
then applied an AC voltage to the coil on left. The program shows the resultant magnetic
field lines induced, the red arrows. The voltage meter attached to the coil on the right also
shows that an induced EMF is present in that coil.

1.4. Geometric Optics.

This fun simulation of ray optics is very helpful for Lab #9. How does a
lens form an image? See how light rays are refracted by a lens. Watch how the
image changes when you adjust the focal length of the lens, move the object,
move the lens, or move the screen.

Figure 4: In this simulation experiment, I placed upright object (the yellow arrow) on the
line to the left of the lens. The program automatically draws the principle light rays as well
as the inverted image on the right.
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