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LAB RULES AND REGULATIONS

1. General Responsibility

Your lab instructor is in charge of your lab section and will follow strictly rules, regulations
and procedures assigned.

2. Lab syllabus and lab report template- NEW

There is a standard lab syllabus and lab report template for all lab sections that must be strictly adhered
to by all lab instructors, with no alterations permitted. Students will receive one on the 1* day of lab
sessions.

3. Lab Attendance

You are required to attend all meetings of your lab section on time. Lateness is tolerable up
to 15min and not acceptable after that.

If you have a valid reason, you may miss a meeting, but you must obtain the approval of your lab
instructor. You must make-up the missed experiment. You are allow to miss one lab sessions per
semester and make-up lab you missed at the end of semester.

4. Make-Up Lab- NEW

You are allowed to miss only one lab per semester. It is the student’s responsibility to inform
the lab instructor as soon as possible and explain the reason of the absence from the lab. At the end
of the semester you must be present for make- up lab you missed. In case you are missing 2- lab
sessions and you did not inform lab instructor, please consider your grade not passing.

In case you are missing two or three experiments you cannot continue with lectures; you have to repeat
the entire class.

5. Instruction Sheets

Read the instructions for experiments before coming to the lab. If your lecturer has not
yet covered the material, it is your responsibility to read the theory from your textbook or other
sources.

6. Lab Reports and Grading

A lab reportt is required for each experiment. You will submit all lab report electronically on
Blackboard. No report will be accepted unless it contains propetly initialed data sheets.

Important: whether or not your data are identical or different from your lab partner’s, your
report must be your own. You must process and analyze your data independently of your lab partner
and draw your own conclusions.

See the Writing LLab Report Section below for a description of the laboratory report format.

You will complete a total of seven experiments and four recitations (covering physics calculation
problems ~1-5). These will be graded on a scale of 0-10. For each experiment, you will be given a



numerical grade from 0 to 10. A properly done and initialed data sheet with a report carries an
automatic grade of 2 if is handed in on time. A higher grade depends on the quality of your report
and your lab performance. A missed experiment which is not made up at the end of the semester
carries an automatic grade of 0.

One of the lowest “non-zero” grade will be dropped at the end and only the highest 10 lab report
grades will be counted towards your final lab grade.

Lab reports contribute 20% to the final grade in PHY 166/168 and PHY 167/169 courses, whereas
lectures account for the remaining 80%.

7. Laboratory stations- NEW

In both lab rooms GI 237 and GI 337, each table is labeled (e.g., 1A, 1B, etc.). Students are responsible
for recording their assigned stations and completing all sections of the 'lab report template' before
beginning any experiments.




Safety and Conduct Rules for Physics Laboratory Courses

Safety Rules:

1. No student is permitted in the laboratory without an instructor.

2. All aisles in the laboratory must be kept open at all times. Personal belongings should be kept
below the table and out of the working area.

3. Bare feet and sandals are not acceptable.

4. Report all unsafe conditions, unusual odors and personal injuries to the instructor immediately.

5. Report any accident (spill, breakage, etc.) to the instructor immediately. Never handle broken
glass with your bare hands.

6. Know where the fire alarm and the exits are located.

7. In case the fire alarm sounds, please exit the building by the nearest safe exit. In the case of
any other emergency, follow the instructions of the laboratory instructor and all safety personal
that may have responded to the scene.

8. All chemicals in the laboratory are to be considered dangerous. Do not touch, taste, or smell
any chemicals unless specifically instructed to do so. Never remove chemicals or other
materials from the laboratory area.

9. Know the location of the first aid kit, emergency shower, and eye and face wash fountain, and
fire extinguishers and know how to use them.

10. When working with electrical circuits, be sure that the current is turned off before making
adjustments in the circuit.

11. Do not connect the terminals of a battery or power supply to each other with a wire. Such a
wire will become dangerously hot.

12. When removing an electrical plug from its socket, grasp the plug, not the electrical cord. Hands
must be completely dry before touching an electrical switch, plug, or outlet.

13. Report damaged electrical equipment immediately. Look for things such as frayed cords,
exposed wires, and loose connections.

14. Examine glassware before each use. Never use chipped or cracked glassware.

15. Never look directly into a laser beam or point a laser beam at someone else.

16. Never aim or fire a projectile motion device at a person.

17. No tools, supplies, or other equipment may be tossed from one person to another; carefully
hand said item to the recipient.

18. Use extreme caution when working with hot plates or other heating devices. Never leave a hot
plate unattended while it is turned on.

19. Do not climb on lab furniture without prior permission from the laboratory instructor.

20. When working with a mercury lamp, be aware that it will become extremely hot and use

caution to avoid touching it. When glass tubes containing mercury are broken, mercury must
not be touched. Notify the instructor immediately.



Conduct Rules:
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Conduct yourself in a responsible manner at all times in the laboratory.

Students may not start an experiment until given permission by the instructor.

No eating or drinking in the laboratory at any time.

Use of cell phones is forbidden.

No student is permitted to change the configuration of any computer she/he is working on
and will only use the computer as instructed to work on physics laboratory experiments.

Each student will clean up his/her work area before leaving.

Students must return equipment to its original placement so that the instructor can

inventory items quickly before he/she leaves for a day.

No student will write on or deface any lab desks, computers, or any equipment provided to
them during the experiment. They will use all equipment only for the purpose intended.

Stay alert in the lab, and proceed with caution.

I have read and understood these rules. I understand that any violation of these rules could lead to
dismissal for the lab session and any other appropriate action by the instructor.

Signed:

Date:

Printed Name: Lab Section:




Writing a laboratory report

OBJECTIVES

The main way to communicate scientific information today is through articles and reports in scientific
journals. Traditionally these were distributed in print, but can now be read in digital format as well, as
shown in table 1.

Table 1. Online resources for digitally distributed scientific publications

Resource Topics URL

arXiv Physics, Mathematics, | https://arxiv.ore/abs/2007.05410
Computer Science

NASA Scientific and Astronomy, Aerospace | https://ntrs.nasa.cov/search
Technical Information Engineering

(STT)

SOA/NASA Astronomy, physics https://ui.adsabs.harvard.edu

Astrophysics Data System

In college physics, you write a laboratory report for each experiment that contains the essential
information about the experiment. For scientific information, a consistent format is helpful to the
reader (and your lab instructor). Each laboratory report you turn in contains a subset of the sections
found in a professional scientific publication for experimental topics, as shown in table 2.

Table 2. A comparison of the sections of a laboratory report and a professional
scientific publication

Laboratory Report Professional Publication
1. Name, date and title of the experiment 1. Cover page: name, date, and title
2. Abstract 2. Abstract

3. Introduction

4. Methods and procedure

3. Data 5. Raw data and graphs

. Calculations and analysis

4. Calculations and analysis 6
7. Results
8

5. Conclusion . Discussion and conclusion

The content to include in each section is detailed below. Your lab instructor requires all five sections
to evaluate your work, so be sure to include every section in every report.


https://arxiv.org/abs/2007.05410
https://ntrs.nasa.gov/search
https://ui.adsabs.harvard.edu/

A laboratory report must be typed. Your laboratory instructor can tell you whether your laboratory
report must be printed or can be delivered in a digital format such as email.

ABSTRACT

Describe in your own words what you did in the experiment and why. Your abstract should include
one or two sentences each for Purpose, Methods and Conclusions.

e Purpose: What physical principle or law does this experiment test?
e Methods: What apparatus did you use? How did you analyze the data?

e Conclusions: Do your results support the physical law or principle? You should describe any
significant experimental errors or uncertainties.

Note that the abstract should be no more than 3 sentences long, and should not include too much
detail. The goal of the abstract is to sum up the experiment quickly and succinctly.

DATA

The data section includes all the raw data you collected in the laboratory without any calculation or
interpretation. At a minimum, include the following information:

e A copy of the data table with all fields and rows filled with measurements.

e Any drawings or sketches you were required to make in the laboratory. You must deliver
drawings with a printed lab report. You can take a digital photograph of your drawings and
import it to a document as needed.

CALCULATIONS AND ANALYSIS

In the calculations and analysis section, you write out all of your calculations and results as explained
in the instructions for the experiment. Be sure to answer all of the questions in the lab manual.
Include the following information as instructed:

e The equations you used to make all calculations

e Tables of calculated values

e Graphs of the raw data or calculated values

e Average values, uncertainty, and % uncertainty calculations
e Error and % error calculations

CONCLUSION

In the conclusion section, interpret the results you obtained by analyzing the data. Include the
following information:

¢ Do your data and calculations support the physical principle or law being tested?
e What are the important sources of experimental error and uncertainty?

e Are there ways you could have improved your experimental results?

e Also answer any specific questions posed by your lab instructor.



Introduction: Measurement and
Uncertainty

No physical measurement is ever completely precise. All measurements are subject to some
uncertainty, and the determination of this uncertainty is an essential part of the analysis of the
experiment.

Experimental data include three components: 1) the value measured, 2) the uncertainty, and 3) the
units. For example a possible result for measuring a length is: 3.6 + 0.2 m.

Here 3.6 is the measured value, 0.2 specifies the uncertainty, and m gives the units (meters).

ERRORS AND UNCERTAINTIES

The accuracy of any measurement is limited by experimental errors and uncertainties. An erroris a
discrepancy between the measured value of some quantity and its true value.

Errors in measurements arise from different sources:

a) A common type of error is blunders due to carelessness in making a measurement, such as in an
incorrect reading of an instrument. Of course these kinds of mistakes should be avoided.

b) Errors also arise from defective or uncalibrated instruments. For example, if a balance does not
read zero when there is no mass on it, then all of its readings will be in error, and we must either
recalibrate it, or be careful to subtract the empty reading from all subsequent measurements.

c) Even after we have made every effort to eliminate this kind of error, the accuracy of our
measurements is still limited, due to experimental uncertainties. Uncertainties reflect unpredictable
random variations in the measurement process: variations in the experimental system, in the measuring
apparatus, and in our own perception! Since these variations are random, they will tend to cancel out
if we average over a set of repeated measurements. To measure a quantity in the laboratory, one should
repeat the measurement many times. The average of all the results is the best estimate of the value of
the quantity.

d) Besides the uncertainty introduced in a measurement due to random fluctuations, vibrations, etc.,
there is the so-called systematic or reading uncertainty which has to do with the limited accuracy of
the measuring instruments we use. For example, if we use a meter stick to measure a length, we can,
at best, estimate the length to about 1/10 of a millimeter. Beyond that we have no knowledge. It is
important to realize that this kind of uncertainty persists, even if we obtain identical readings on
repeated trials.

To summarize, all measurements have an uncertainty (both random and systematic). Often we refer
to this uncertainty as an error, but it should be emphasized that a true error reflects the difference
between our results and the actual value of what we want to measure.



CALCULATING AVERAGES

There are several important steps we will follow to help us quantify and control the errors and
uncertainties in our laboratory measurements.

Most importantly, in order to minimize the effect of random errors, one should always perform several
independent measurements of the same quantity and take an average of all these readings. In taking
the average the random fluctuations tend to cancel out. In fact, the larger the number of
measurements taken, the more likely it is that random errors will cancel out.

When we have a set of n measurements Xy, X, ***, Xp, of a quantityx, our best estimate for the value of
X is the average valueX, is defined as follows.

— x1+x2+m+xn
Average value: X = —————

(0.1)

n

The average value is also known as the mean value. Note that when making repeated measurements
of a quantity, one should pay attention to the consistency of the results. If one of the numbers is
substantially different from the others, it is likely that a blunder has been made, and this number
should be excluded when analyzing the results.

REPORTING ERRORS

Quite often in these labs one has to compare a value obtained by measurement with a standard or
generally accepted value. To quantify this one can compute the percent error, defined as follows.

average value — accepted value

Percent error: % Error = X 100 0.2)

accepted value

Sometimes one has to report an error when the accepted value is zero. You'll encounter this situation
in experiment 3. The procedure to follow is described at the end of that experiment.

CALCULATING UNCERTAINTIES

To estimate the uncertainty associated with our best estimate ofx, we begin by examining scatter of
the measurements about the meanX. Specifically, we start by determining the absolute value of the
deviation of each measurement from the mean:

Deviation: Ax; = |x; — x| 0.3)

Next we have to compare the deviation to the systematic or reading uncertainty due to limited accuracy
of the instrument used. If this systematic uncertainty R is bigger than the deviationAx;, then the result
of our measurements can be written as

X+ R 0.4)



If, however, the deviation is larger than the systematic or reading error, then we must determine how
big the random uncertainty in our measurements is. This is given by the standard deviation, defined
as follows.

(Ax1)? + (Ax3)? + - + (Axp)?
n-1

Standard deviation: o = \/ 0.5)

The standard deviation has the following meaning: if we were to make one single additional
measurement of the quantityx, there is 68% probability of obtaining a value which lies between X —
o and X + 0. The uncertainty in the average value X is smaller (that's the whole point of taking an
averagel). In fact the uncertainty in X is the standard deviation divided by the square root of the
number of measurements:

g

Uncertainty in X: U = = 0.6)

Sometimes it is useful to express this as a percent uncertainty, defined as one hundred times the
uncertainty divided by the average value.

% uncertainty in X: % uncertainty =

R

X 100 0.7)

EXAMPLE

To illustrate the calculation of X and the associated uncertainty U, suppose we are measuring the
length of a stick and have obtained, in five separate measurements, the results tabulated below.

Length x (cm) Deviation Ax (cm) (Ax)?
54.84 0.43 0.1849
53.92 0.49 0.2401
54.46 0.05 0.0025
54.55 0.14 0.0196
54.30 0.11 0.0121

sum: 272.07 sum: 0.4592

From this information we can calculate

Average: X = @ = 5441 cm
Standard deviation: o = /"'4;92 = 0.3388cm
. _ o _ 03388 _
Uncertainty: U = Nyl 0.1515cm
Thus our final result for the length is: 54.41 + 0.15 cm.



SIGNIFICANT FIGURES

A number expressing the result of a measurement, or of computations based on measurements, should
be written with the proper number of significant figures, which just means the number of reliably known
digits in a number. The number of significant figures is independent of the position of the decimal
point, for example 2.163 cm, 21.63 mm and 0.02163 m all have the same number of significant figures
(four).

In doing calculations, all digits which are not significant can be dropped. (It is better to round off
rather than truncate). A result obtained by multiplying or dividing two numbers has the same number
of significant figures as the input number with the fewest significant figures.

EXAMPLE

Suppose that we want to calculate the area of a rectangular plate whose measured length is 11.3 cm
and measured width is 6.8 cm. The area is found to be

Area =113 cm X 6.8cm = 76.84 cm?

But since the width only has two significant figures we can round to two figures and report that the
area is 77 cm?.

GRAPHING, SLOPE AND INTERCEPTS

In almost every laboratory exercise, you plot a graph based on the data measured or calculated. A
graph lets you visualize the relation between two physical quantities. In plotting a graph, use the
following steps:

1. Arrange the data into a table with two columns listing the values for the two measured or calculated
quantities. For example, the first column could list the values for time and the second column
could list the values for the average velocity.

2. Decide which of the two quantities to plot along each axis. Graphs have two perpendicular axes,
the x-axis and the y-axis and by convention you plot the independent quantity along the x-axis and
the dependent quantity along the y-axis.

3. Choose the scale for each axis to cover the range of variation of each quantity. You should choose
the scale so that the final curve spans the largest area possible on the graph paper.

4. Label each axis with the quantity plotted on that axis and the units used.

5. Mark the main divisions along each axis.

6. Mark each data point on the graph using the values in each row of the data table. Data points must
align with the value of each quantity on their respective axes. Make each data point clearly visible
on the graph.

7. Fit and draw a smooth curve through the data points so that the curve comes as close as possible
to most of data points. Do not force the curve to go exactly through all the points or through the
origin of the coordinate system. The fact that not all points lie along the fitted curve just indicates
that measurements are subject to some uncertainty.

In many cases the fitted curve is a straight line. The best straight line fit has neatly the same number
of data points above and below the line. The equation for a straight line is given by

10



Straight Line y=mx+Db (0.8)

The quantity 4 is the intercept: it is the value of y when x = 0. The quantity 7 is the slope of the curve.
Given two points on the straight line, { Y, =mx, +b, y, =mx, +b }, called basis points, the slope is

defined as the ratio of the change in y to the change in x between these points, as shown in equation
0.9.

A —

Slope m="Y_Y2"% (0.9)

AX X, =X

Basis points are NOT experimental points. They should be chosen as far from each other as
possible to increase the precision of 7, as shown in figure 0.1.

Correct Incorrect Incorrect

/‘/_’ b i A '
3 X

Figure 0.1 choosing the correct basis points to calculate the slope

11



PLOTTING USING A COMPUTER -EXCEL

After you have some experience making plots by hand, it's easier and more accurate to let a
computer do the work. Any standard spreadsheet or plotting software should work. The steps
might depend on the type of software you're using. But in Excel, for example, you would start
by entering your data in two columns. The first column gives the x values and the second
column gives the corresponding y values. Select the data you want to plot, then

e Charts — Scatter — Marked Scatter will produce a plot of your data

e Chart Layout —Trendline — Linear Trendline will add a best-fit to your plot

e To use the equation of the best-fit line go to Options and check “Display equation on
chart”.

Here’s a screen shot of a typical Excel plot.
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e sheetl | 4

-E e Al we-.-l u.uﬂ:-t 4 Sum= 0 -
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PRACTICE CALCULATIONS

1. The accepted value of the acceleration due to gravity on Barth is ¢ =980 e/ s°. When

trying to measure this quantity, we performed an experiment and got the following five
values for g.

Trial g=980 em/ &
1 1004
2 992
3 978
4 985
5 982

a) Find the average value and standard deviation of our measurement of g
b) Find the uncertainty in our average value for g

¢) What is the percent etror in our measurements of g°

2. A boxis moving along a frictionless inclined plane. Experimental measurements of velocity
at various times are given below.

time t(5) velocity v (m/s)

[ )

1 5.2

2 1001

il
o6

w|
I
un

a) Plot a graph v versus 7 Can the data be presented by a straight line? (You can use
the graph paper on the next page).

b) Calculate the slope.

¢) What physical quantity does this slope represent?

d) From your estimate of the slope, wat would the velocity be at /=10?

13
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Experiment 1: Electrostatic Field

OBJECTIVES

An electrostatic field can be measured indirectly by measuring the electrostatic potential or voltage at
different points in the field. In this experiment, you use a multimeter and probe to detect the voltage
changes in an electrostatic field distributed across a 2-D surface. The objectives of this experiment are
as follows:

1. To measure the voltage at different points in an electrostatic field
2. To find equipotential lines based on different voltage readings
3. To draw electrostatic field lines using equipotential lines

THEORY

The force between charged particles at rest is attributed to an electrostatic field E that surrounds static
charges. A point with charge ¢ in an electric field experiences an electrostatic force F¢ that is
proportional to ¢, as shown in equation 1.1.

Electrostatic Force F. =qE (1.1)

Here, E is measured in V/m (volts per meter), g is measured in C (coulombs), and F¢ is measured in

N (newton’s). The direction of the electrostatic force at any point in space coincides with the direction
of the electrostatic field for a positive charge.

While it is possible to measure the force on a point charge, it is sometimes simpler to calculate an
electrostatic field by measuring the work required to move charges through the field. The electrostatic
potential or voltage difference 7 between two points is defined as the work W required to move a
positive test charge ¢ from one point to the other divided by the magnitude of ¢, as shown in equation
11.2.

Voltage difference Vga =Vg =V, =— (1.2)

Here, the work W is measured in Joules or N -m, which is the force multiplied by distance. Because
the force in this case is the electrostatic force F¢ from equation 1.1, the voltage change depends on

the electrostatic field E and the distance moved 4, calculated by combining equations 1.1 and 1.2, as
shown in equation 11.3.

__FEd __qu _
q q

Here dis the component of the distance from point A to point B measured along the field lines. An
equipotential line is a curve that has the same voltage everywhere. By definition if you move a charge
along an equipotential line, so that the displacement is tangent to the curve, the voltage does not
change. Then from equation 11.3 the electric field has no component along the displacement. This
means the electric field is perpendicular to equipotential lines.

Voltage difference (E) Via —Ed (1.3)

15



Because equipotential lines are perpendicular to electrostatic field lines, if you can find equipotential
lines, you can also find electrostatic field lines. Figure 1.1 shows the equipotential lines and electrostatic

field lines of an electric dipole.
.y
—— \
R
: > >
A

\
3

l
\

v

Equipotential
Lines Electrostatic Field
Lines

Figure 1.1 The electrostatic field lines and equipotential lines around an electric dipole

In this experiment, you measure the voltage at different points so that you can determine the
equipotential lines. It is important to note that because one point cannot have two different values of
17, equipotential lines never cross.

ACCEPTED VALUES

There are no accepted values for this lab except that the equipotential lines do not cross.



APPARATUS

e DC power supply e field mapping board e multimeter
e u-shaped probe ® wires

When the field mapping board is powered on, the board produces several static charges on a graphite
plate that generate an electrostatic field on the board’s surface. The terminals marked E1 through E7
across the top of the board provide a linear scale of voltages, ranging from lowest to highest. The
multimeter is used to measure the voltage difference between one of the E# terminals and a point on
the field mapping board. When the voltage reported by the multimeter is zero, it means the tip of the
U-shaped probe is at the same electrostatic potential as the E# terminal the multimeter is connected
to. So you can find one equipotential line for each E# terminal by marking points where the
multimeter reads zero voltage and connecting those points with a curve.

SETTING UP THE FIELD MAPPING BOARD

The power supply provides Direct Current (DC) power to the field mapping board through two wires.
The first step is setting up the board and measuring the voltage at the E terminals.

1. With the power supply OFF, plug the red wire into the positive out terminal (+) and plug a black
wire into the ground terminal@, as shown in figure 11.2.

+
o Connect Wires
ouT to the Field
Mapping Board
9 Here
GATIN DC OFFSET =
o e
o ~M )< =M~ -Q
T . Power Light

Figure 1.2 Setting up the DC power supply

2. On the power supply, set the AC/DC switch to DC. Turn the DC offset to the maximum positive
value, which is past 6 in the clockwise direction. The GAIN knob does not significantly change
the DC output, so leave it between 40 and 60.

3. Connect the black wire from the power supply to the left “Battery or Oscillator” terminal on the
field mapping board and connect the red wire from the power supply to the right “Battery or
Oscillator” terminal on the field mapping board, as shown in figure 1.3.

17
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Figure 1.3 Connecting the power supply to the field mapping board

Connect a wire from the into the ground terminal @ of the power supply to the “COM” jack of
the multimeter. Connect a second wire from the (+) terminal of the power supply to the “V”” jack
of the multimeter.

Switch the multimeter AC/DC switch to DC and set the multimeter dial to the 20 V DC scale in
the “V”” range of the dial. DO NOT turn the multimeter dial to any other settings.

Turn on the power supply. Adjust the DC Offset knob on the power supply until the multimeter
reads 4.0 volts. This is the total voltage difference from one Battery or Oscillator jack on the field
mapping board to the other.

Unplug the wire connecting the “V” jack of the multimeter and the (+) terminal of the power
supply. Reconnect it so the “V” jack of the multimeter is connected to the “E1” plug on the field
mapping board. The multimeter should read 0.5 volts. If you get a significantly different value, ask
your lab instructor for help.

Repeat the process in step 7 for the E2 through E7 plugs. Each plug should be 0.5 volts above
the preceding plug. This provides a linear scale of voltage differences from plug E1 through E7.
Unplug the wires from the multimeter. Plug the wire from the u-shaped probe into the “V” jack
of the multimeter. Plug a wire into the “COM?” jack of the multimeter and plug the other end of
the wire into the terminal marked “E2” on the field mapping board, as shown in figure 1.4.
Proceed to the procedure.

18



Figure 1.4 Connecting the multimeter and U-shaped probe to the field mapping board

PROCEDURE

1.

2.

v

Lay the field mapping board flat on the lab table with the terminals and rubber bumpers facing
up.

Fasten a sheet of 8.5 x 11-inch paper to surface of the field mapping board. Secure the paper by
slipping the corners of the paper under the four rubber bumpers.

Slide the U-shaped probe onto the field mapping board with the ball end facing the underside of
the mapping board. Notice the screw below the probe acts as a support leg.

Switch the multimeter AC/DC switch to DC and set the multimeter dial to the 200mV DC scale
in the “V” range of the dial. DO NOT turn the multimeter dial to any other settings. In particular,
do not connect the multimeter to any power supply and switch the dial to a setting in the “€Q”
scale; this damages the meter.

Turn on the power supply. The power light lights up when the power is on.

Gently glide the U-shaped probe over the paper until the reading of the multimeter is close to
zero. Then, slide the U-shaped probe back and forth until you can clearly see a point where the
voltage on reading of the multimeter switches from positive to negative. With a pencil, mark that
point on the paper through the eye of the U-shaped probe and label the point E2 as you mark it.
From the way we set up the field mapping board, we know this point is at a potential of 1.0 V.
Repeat step 5 at different places on the board until you have generated a series of zero-voltage
points across the paper for E2, labeling each point E2.

Unplug the wire from terminal E2 and plug it into terminal E3. Repeat steps 5 and 6 for the new
voltage, labeling each point with E3 as you mark it. Repeat this process with the wire plugged into
terminals E4, E5, and E6. Be sure to label each point with the terminal code.

Turn the power supply off. The power light should turn off.
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10. Create copies of the drawing and data points using a photocopier or digital camera. Distribute a
copy of the drawing to each member of the lab group.

DATA

The data sheet in this experiment is the sheet of paper upon which you draw the equipotential lines.
Experiments seldom produce perfect results, and the charges on the field mapping board typically do
not produce a balanced dipole. The equipotential lines might align in unexpected ways but each line
should form a closed loop or extend from one edge of the page to another, as shown in figure 11.5.

E
E4
ES
ES
E4
ES O
E6
E4
E4 E&
ES
E4

Figure 1.5 Equipotential lines form loops or proceed from one edge of the page to another

CALCULATION AND ANALYSIS

1. Draw a smooth curve that connects the dots labeled E2 on the data sheet using a pencil. This is
the equipotential line for E2.

2. Repeat step 1 for each series of points E3 through E6.

3. Draw the electric field lines. Remember that the electric field is perpendicular to the equipotential
lines.

4. Sketch your idea of the locations and signs of the charges on the electrostatic field board.

If a point charge is placed in an electric field and released from rest, will it travel along a field line?

o
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Experiment 2: Ohm’s Law

OBJECTIVES

The movement of charge in a conductor, referred to as current, is possible because electrons can move
when a voltage is applied. A good conducting material transfers electrons easily and is said to have
low resistance, while a poor conductor transfers electrons less readily and has high resistance. In many
materials, it is found that current is directly proportional to voltage. Georg Ohm discovered this and
formalized this relationship as Ohm's Law. In this experiment you measure the voltage, current, and
resistance of circuits, and test Ohm’s law by predicting one of these quantities based on the other two.
The objectives of this experiment are as follows:

1. To measure current and voltage in a circuit
2. To calculate resistance using different methods given current and voltage measurements
3. To test Ohm’s law

THEORY

When there is a potential difference [”between two points in a circuit, a current flows. Experimentally
it is found that for many materials if the temperature remains constant, the voltage [”is proportional
to the current [, as shown in equation 2.1.

Ohm’s Law V=IR 2.1)
The proportionality constant R is the resistance between the two points considered.
ACCEPTED VALUES

The accepted value for the resistance R is measured directly from the resistor, which you do at the
end of the procedure for this experiment.

APPARATUS
® resistor e wires e  DC power supply
e multimeters e fuse

Simple electric circuits consist of conducting wires, resistors, power supplies, and fuses. A circuit
diagram is a model of a circuit that corresponds to the arrangement of the components, denoted by
the following symbols:

— |+_ DC power supplies provide a potential difference that causes current to flow
through a closed circuit at a constant rate.

Conducting wires provide a medium through which charge can move.

AM Resistors provide resistance to charge moving.
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_"\L’_ Fuses are safety devices that break a circuit when a current threshold is exceeded

A simple example of a circuit diagram is shown in figure 2.1. A fuse is always included in the circuits
to protect the equipment. When too high a current flows through a fuse it interrupts the current.

Conducting Wire

Resistor

1 L+

— DC Power Source

A,

Fuse
Figure 2.1 A simple circuit diagram displaying four essential components

In this experiment you measure the current and voltage at specific points on the circuit. To do this
you'll use an instrument called a multimeter. You will connect two multimeters to the circuit at the
same time, with one set up to measure current and the other set up to measure voltage.

Multimeters can be set for several functions.

e to measure direct (DC) or alternating (AC) current
e to measure voltage (V), current (A) or resistance (£2)

They can also be set for the maximum value of the quantity to be measured. For an illustration see
tigure 2.2.

To use the multimeter to measure current (ammeter), set the meter to DC and 200 mA. Then connect
the multimeter in series with the circuit, meaning that you plug the source of the current in in the mA
socket and the destination of the current into the COM socket of the multimeter. For example, to
measure the current before a resistor, plug the wire from the power supply into the mA socket and
plug a wire connected to the resistor into the COM socket.

To use the multimeter to measure voltage (voltmeter), set the meter to DC and 20 V. Then connect
the multimeter in parallel with the circuit, meaning that you plug the source of the current into the V
socket and the destination of the current into the COM socket of the multimeter. For example, to
measure the voltage across a resistor, plug a wire from the end of the resistor nearest the power supply
into the V socket and plug a wire connected to the other end of the resistor into the COM socket.
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Figure 2.2 Locating the 20V and 200mA settings on the BK Toolkit 2704B multimeter.

In a circuit diagram, the voltmeter and ammeter are denoted by the following symbols:

_@_ Ammeters measure current and are setup in series
_®_ Voltmeters measure voltage and are setup in parallel

Ammeters are always connected in series so that the current to be measured flows through the
instrument. Voltmeters are connected in parallel with the portion of the circuit across which the
potential difference is measured. In figure 2.3, the circuit diagram for this experiment is shown with
the ammeter in series with the resistor and the voltmeter in parallel with the resistor.
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®

1 L+

Figure 2.3 A circuit diagram with an ammeter setup in series and a voltmeter setup in
parallel

Current in the circuit is supplied by the DC power supply, illustrated in figure 2.4. The current is
varied by adjusting the DC OFFSET knob, which controls the voltage produced by the power supply.
The zero position for this control is at twelve o’clock. Clockwise rotation increases the voltage (0 to
+ 6V), while counterclockwise rotation yields the opposite polarity (0 to - 6V). Use only positive
voltages in this experiment.

40 60 ~ +

0 o Connect the

» 20 X‘* wires to the
ouUT

S power output
o 9 here
0 100

GAIN DC OFFSET =

s

-

o =M )* =M~ Q-
Xl\

- Power Light

Figure 2.4 Vary current from the power supply by adjusting the DC offset knob
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PROCEDURE

1. Connect the circuit shown in figure 2.3. To install the ammeter, plug the wire from the power
supply into the mA socket and plug a wire connected to the resistor into the COM socket. To
install the voltmeter, plug a wire from the end of the resistor nearest the power supply into the V
socket and plug a wire connected to the other end of the resistor into the COM socket. Verify
your circuit design with the lab instructor.

2. Set the voltmeter to DC and the 20 V scale as illustrated in figure 2.2.

3. Set the ammeter to DC and the 200 mA scale. On this scale, you multiply the reading by 107
amperes. For example a reading of 100.0 means 100.0 X 107> = 0.1000 amps or 100 milliamps.

4. Turn the DC offset knob on your power supply to 0 and turn the power supply on.

5. Increase the voltage to approximately 0.1 volts, so that the voltmeter reads approximately 0.10
when set on its 20 V scale. Record the voltage and the corresponding current in the data table.

6. Increase the voltage in steps so that altogether you have ten voltage and current reading between
0.1 and 6 volts, and record the voltage and current for each setting in your data table.

7. Turn off the power supply and disconnect the circuit.

8. Connect one end of the resistor to the volt ohms terminal of the multimeter, and the other end to
COM. Switch the meter to the 200 ohms scale and record the resistance value indicated on the
meter as the directly measured resistance on your data table. If the meter shows “OL” overload,
switch to the next highest resistance scale.

DATA

Directly Measured Resistance =

Voltage (V) Current (A)
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CALCULATION AND ANALYSIS

1.

Calculate /1 for each pair of voltage current readings. Compute the average of your /1 values.
This is one estimate for the resistance R.

Draw a graph showing the relation between voltage (y-axis) and current (x-axis). Draw the best fit
straight line through the points on your graph. Calculate the slope of this line as another estimate
for R.

Calculate the % error for the two resistance values you obtained, using the direct measurement
you made in step 8 of the procedure as the accepted value. Explain whether your results support
Ohm’s law.
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Experiment 3: Electric Circuits

OBJECTIVES

An electric circuit is a closed path of conducting material through which an electric current flows. In
this experiment, you build circuits out of conductors and resistors and measure the currents though
resistors in parallel and in series. The objectives of this experiment are as follows:

1. To build electric circuits with resistors in parallel and in series
2. To measure the current and voltage in a circuit
3. To calculate the current and voltage for resistors in parallel and in series

THEORY

Circuits may include combinations of several resistors. Two connected so that the same current flows
through both are said to be in series, as shown in the circuit diagram in figure 3.1.

Figure 3.1 A circuit diagram showing resistors R; and Ry in series

Resistors connected so that the sum of the currents through the two resistors is equal to the total
current in the circuit are said to be in parallel, as shown in the circuit diagram in figure 3.2.
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Figure 3.2 A circuit diagram showing resistors R; and Ry in parallel

+

A series circuit showing an ammeter measuring the current before both resistors and a voltmeter
measuring the voltage across resistor Ry is shown in figure 3.3.

Y
—\\\

Ry

L+

A,

Figure 3.3 A circuit diagram with an ammeter set up in series and a voltmeter set up in

parallel
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The basic rules for analyzing circuits are known as Kirchhoff’s laws. They give relations among
currents and voltages as follows.

KIRCHHOFF'S CURRENT LAW

Kirchhoff’s current law states that the current at any junction in a circuit is the same going in to the
junction as going out.

Kirchhoff’s Current Law Ylin = X lous (3.1

This is equivalent to conservation of charge. It tells us that we neither gain nor loose electrical charge
at any junction. Consequently, in a series circuit, the same current flows through each resistor, while
in a parallel circuit the sum of the currents through the resistors equals the total current in the circuit.

KIRCHHOFF'S VOLTAGE LAW

Recall that electrical potential, or voltage, is the potential energy per unit charge. It does not change
along any conductor that has zero resistance. If we go around any closed loop in a circuit, we must
get back to the same potential we started from. This is Kirchhoff’s voltage law, which states that the
sum of the voltage changes AV around any closed loop in a circuit is zero.

Kirchhoff’s Voltage Law ZAV =0 (3.2)

Across a resistor the potential decreases as we follow the circuit in the direction of the current.
Consequently the total decrease (drop) in voltage in a series circuit is the sum of the voltage drops
across each resistor. For a parallel circuit, the input of each resistor is connected to a common
conductor. Consequently in a parallel circuit the voltage drop is the same across each resistor.

ACCEPTED VALUES

The accepted values for the circuit with resistors in series (part A) is that the current at the end of the
circuit is equal to the current at the beginning (Iiiia = I1 = L) and that the total voltage on the circuit
is equal to the sum of the voltages across the resistors (Iom=1"1+17).

The accepted values for the circuit with resistors in parallel (part B) is that the initial voltage equal to
the voltages across either resistor (Iiiia = 15 = 174) and that the total current on the circuit is equal
to the sum of the currents through each resistor (Lo =1I7114).

APPARATUS
e power supply e multimeters e conducting wires
e fuse e resistors
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PROCEDURE

PART A. RESISTORS IN SERIES

1.

Connect a simple series circuit as shown in figure 3.1. Have your lab instructor check the circuit
before turning on the power supply. The voltmeter should be set to DC and 20 V, and the ammeter
to DC and 200 mA.

Measure the voltage across resistor Ry, across resistor Ry, and across the series combination of R,
and Ro. Recall that the voltmeter is connected across (or in parallel with) resistors. Be sure the
voltmeter is set for direct current voltage (DCV) on the 20 Volt scale. Record the voltages in the
data table for Part A.

Measure the current entering resistor Ri, between resistors R; and R, and leaving resistor Ro.
Ammeters are connected in series with the resistor whose current is being measured. Be sure your
ammeters is set for direct current amps (DCA) and the maximum currents is set for 200 mA.
Record the currents in the data table for Part A.

PART B. RESISTORS IN PARALLEL

1.

2.

Connect resistors Rs; and Ry in parallel as shown in figure 3.2. Have your lab instructor check the
circuit before turning on the power supply. Set the voltmeter and ammeter as before.

Measure the voltage across resistor Rs, across resistor Ry, and across the whole circuit. Record the
voltages in the data table for Part B. (Note that these three measurements involve essentially the
same connection to the circuit.)

Measure the current through the circuit from the power supply, through resistor Rs, and through
resistor R4. Again be sure your ammeter is in series with the circuit to be measured and that the
meter is correctly set to DC. Record the currents in the data table for Part B.

DATA

Part A. Resistors in series

Position Voltage (Volts) | Current (mA)

across Ry

across Ro

across Ri+R,

entering Ry

between Rjand

leaving R,
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Part B. Resistors in parallel

Position Voltage (Volts) | Current (mA)

across Rj;

across Ry

across R3+Ry

entire circuit

through R;

through R4

CALCULATION AND ANALYSIS

PART A. RESISTORS IN SERIES

1. From your data for the series circuit, compare the three voltages you measured: across R1, R2,
and the combination of R1 and R2 together. What simple relationship do you find?

2. Calculate the percent error for the sum of the voltages though R; and R, using the measured
voltage across both resistors as the accepted value

3. Compare the three currents you measured through each resistor and through the entire circuit.
What simple relation do you find? How would you interpret this result in terms of the Law of
Conservation of Charge?

4. Calculate the percent error for the currents between R; and R and leaving R, using the measured
current entering R; as the accepted value.

5. The manufacturer claims that the multimeter has 0.5% accuracy. Compare the manufacturer’s
stated accuracy with the calculated % error and explain whether either of the results verify
Kirchhoff’s laws.

PART B. RESISTORS IN PARALLEL

6. Compare the voltage across the whole circuit with the voltage across each resistor individually.
What relation do you find

7. What relationship do you find between the current through the whole circuit and the current
through each resistor? How do you interpret this in terms of the law of conservation of charge?

8. Calculate the percent error for the sum of the currents though R; and R4 using the measured
current through the entire circuit as the accepted value

9. The manufacturer claims that the multimeter has 0.5% accuracy. Compare the manufacturer’s
stated accuracy with the calculated % error and explain whether either of the results verify
Kirchhoff’s laws.
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Experiment 4: Force on a Current-Carrying
Conductor in a Uniform Magnetic Field

OBJECTIVES

The force on a current carrying conductor in a uniform magnetic field depends on the length of the
conductor and on the current flowing through it. To test this mathematical relationship, a good
experiment must isolate each contributing component and vary it independently of the others. In this
experiment, you measure the force on a conductor while varying only the length or only the current.
You also measure the current required to produce a constant force on the conductor while varying its
length. The objectives of this experiment are as follows:

1. To build a circuit in which you can vary the current and length of the wire
2. To measure the force on a current carrying wire in a magnetic field
3. To calculate the strength of the magnetic field for a permanent magnet

THEORY

If a current is sent through a conductor in a magnetic field there is a force on the conductor which is
perpendicular to both the conductor and the direction of the field, shown in figure 4.1.

Fy

)1

Figure 4.1 Magnetic force on a current-carrying wire

+|:
|
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If the magnetic field is uniform and perpendicular to the conductor, the magnitude of this force is the
product of the current on the wire, the length of the wire in the magnetic field, and the magnetic field,
as shown in equation 4.1.

Magnetic Force, Magnitude ~ F; =BIL “4.1)

Here,

B is the strength of the magnetic field in teslas. This is constant for a permanent magnet.

L is the length of the conductor in meters

I'is the current moving through the conductor in amperes

Fg is the magnitude of the magnetic force in newton’s

In this experiment, the magnetic field is supplied by an Alnico permanent magnet. In permanent
magnets, the magnetic field is constant and does not change throughout the experiment.

Opposing the magnetic force Fy on the conductor is the gravitational force Fg. By Newton’s second

law, the sum of these forces is zero when the conductor is stationary. By Newton’s third law, there is
a force on the magnet equal but opposite to the force on the conductor. The magnet is placed on the
pan of a balance and you measure the force on the magnet rather than the equal and opposite force
on the conductor.

You test the validity of equation 4.1 in three ways. The magnetic field of the permanent magnet B
cannot be varied in this experiment.
e Part A: You determine the magnetic force Fy as a function of I when L. and B are constant.
e Part B: You determine the magnetic force Fy as a function of L. when I'and B are constant.

e Part C: You determine the current [ as a function of L. when F; and B are constant.
ACCEPTED VALUES

There is no accepted value for the strength of the magnetic field B generated by the magnet because
all the magnets are different for each laboratory setup. You may compare the different values of B
you calculate for each part and calculate variance and uncertainty, but you cannot calculate percent
errof.

APPARATUS
e multimeter e switch e magnetic force apparatus
e linear rheostats e DC power supply

In the diagram for the circuit you construct for this experiment, there are several specific components
denoted by the following symbols:

L Switches interrupt the current flowing in a conductor by physically interrupting
=  the current.

‘ﬁ Rheostats are resistors for which the resistance can be varied on a sliding scale.
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Magnets through which a circuit passes have no standard symbol in circuit
diagrams. Parallel lines above and below the conductor indicate where the wire
passes through the magnetic field.

oot}

The circuit diagram for the magnetic force apparatus is shown in figure 4.2.

~ ®

o

Figure 4.2 The circuit diagram for a circuit in which you can vary current
through a magnetic field

The multimeter in this experiment is used as an ammeter to measure I. In part A, you vary I by
changing the resistance on the circuit using two rheostats. Moving the sliders up and down the
rheostats changes the resistance they apply to the circuit and by Ohm’s law, this changes the current.

The magnetic force apparatus is equipped with a three-beam balance, which measures the gravitational
force on the permanent magnet. You use the three-beam balance in a similar way to the platform
balance by varying the position of the sliders on the beams until the pointer to the right of the beams
aligns with fixed scale mark, as shown in figure 4.3.

Platform ]
\ Shders Pomter \

| 10U PJU OLU UL LU GUU LU BUD BUL i
1
&1.1 @) ol A0 LU LU FL U BU
 —
ZEID.*"Ldjuzt & 1 2 i 1 4L [E ! u B
— T
Serew
Frzed Seale Mark

Figure 4.3 Measuring weight with the three-beam balance



PROCEDURE

1.

Connect the circuit with the switch, multimeter, rheostats, and wire through the magnetic force
apparatus in series. DO NOT CONNECT TO THE POWER SUPPLY UNTIL THE CIRCUIT
HAS BEEN CHECKED BY YOUR INSTRUCTOR.

While the switch is open, adjust the balance for equilibrium using only the beam slider weights.
When this balance is reached, be sure that the wire is parallel to the long side of the magnet and
slightly below the top of the air gap. Record the balance measurement as the initial mass 7 on the
data sheet.

PART A: FORCE GENERATED BY VARYING CURRENT

3.

Adjust the clips on the wire through the magnetic force apparatus so that the current is supplied
to the entire length L of the wire. The entire length of the wire I is 0.152 meter. Record this length
as the initial length I, on the data sheet for Part A.

Move the slider to the middle of each rheostat and close the switch. If this causes a repulsive force
between the magnet and the wire, and the magnet moves downward, proceed to step 5. If the
magnet and wire attract each other and the magnet lifts, open the switch, switch the clips
connected the wire passing through the magnetic force apparatus, close the switch, and proceed
to step 5.

CAUTION: To increase the current in the circuit, first decrease the resistance of the rheostat with the
larger resistance. Do not reduce the resistance of the other rheostat until the first rheostat has been
reduced to zero resistance.

5.

0.

Adjust the rheostats until the multimeter displays a current of 1.00 ampere and adjust the balance
for equilibrium. Record the balance measurement in the mass (g) column in the 1.00 amperes row
in the data table for Part A.

Repeat step 5 for currents of 2.00, 3.00, 4.00, 5.00, 6.00, and 7.00 amperes.

PART B: FORCE GENERATED BY VARYING LENGTH

7.

Change the clips so that the current is supplied to 5/6L and measure the balance equilibrium when
the current is 5.00 amperes. Record the balance measurement in the mass (g) column in the 0.1267
meter row in the data table for Part B. Record 5.00 amperes as the value for the initial current I.
Repeat step 7 for lengths 4/6L, 3/6L, 2/6L, and 1/6L with a constant cutrrent of 5.00 amperes in
each case. When changing the length, use the connections such that the length of wire through
which the current is flowing is in the center of the magnetic field.

PART C: EQUILIBRIUM CURRENT VERSUS LENGTH

9.

Set the balance reading at a value 2.00 grams greater than the equilibrium value you measured in
step 2. The goal is to balance the resulting 2 grams of additional gravitational force against the
magnetic force. Multiply 2g by g=9.80 m/s” and record this as the constant gravitational force F;
on the data sheet for Part C.

10. Adjust the clips so that current is supplied to the entire length of the wire and adjust the current

until the balance reaches equilibrium. Record the current measurement from the multimeter in the
Current (A) column in the 0.1520 meter row in the data table for Part C.

11. Repeat step 10 for lengths 5/6L, 4/6L, 3/6L, 2/6L, and 1/6L.
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DATA

m (g) =

Part A: Force generated by varying current

Lo (m) =

Current (A) Mass (g)

1.00

2.00

3.00

4.00

5.00

6.00

7.00

Part B: Force generated by varying length

L A)=

length (1m) Mass (g)

0.1267

0.1013

0.0760

0.0507

0.0253
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Part C: Equilibrium current versus length

F; (Newtons) =

length (m) Current(A)

0.1520

0.1267

0.1013

0.0760

0.0507

0.0253

CALCULATION AND ANALYSIS

1. Calculate the difference in force AF between the initial force and the measured force for each row

in the data table for Part A. You should express AFF in Newton’s. Itis given by the formula AF =
(m — mgy)g where g=9.80 m/s".

2. Plot a graph of the change in force AF (in Newton’s) against current I (in Amperes) using your
data from Part A. From the slope of the graph and the initial length I, calculate the strength of
the magnetic field B.

3. Calculate the difference in force AFin grams between the initial force and the measured force for
each row in the data table for Part B. Again it is given by the formula AF = (m — mg)g where
2=9.80 m/s”.

4. Plot a graph of the change in force AF (in Newtons) against length L (in meters) using your data
from Part B. From the slope of this graph and the initial current Iy, calculate the strength of the
magnetic field B.

5. Calculate the average value of XL (ampere meters) using the data from the data table for Part C.
From this average value and the constant gravitational force F, calculate the strength of the
magnetic field B.

6. Calculate the average value (mean) of your three measurements of B.

7. Calculate the uncertainty in your average value for B using equation 0.6.

37



Experiment 5: The Specific Charge of the

Electron

OBJECTIVES

The purpose of this experiment is to observe the trajectory of moving charges (electrons) in a uniform
magnetic field and to calculate the charge-to-mass ratio of an electron. In this experiment a beam of
electrons travels through a uniform magnetic field produced by a pair of Helmholtz coils. The
magnetic field bends the beam into circular path, and by measuring the radius of the circle you can
calculate the charge-to-mass ratio of a single electron. The objectives of this experiment are as follows:

1. To measure the radius of a circular electron beam in a magnetic field
2. To calculate the apparatus constant for a pair of Helmholtz coils
3. To calculate the ratio of charge to mass for an individual electron

THEORY

In this experiment two devices are used. The electrons are emitted by a heated cathode, also known
as an electron gun, into a glass bulb filled with low pressure Hydrogen gas. Two identical coils of wire
separated by a distance equal to their radius, called Helmholtz coils, produce a uniform magnetic field
through the gas-filled bulb as shown in figure 5.1.

Figure 5.1 A magnetic field produced by Helmholtz coils through a gas-filled bulb

Electrons emitted by a heated cathode are accelerated in an electric field. They acquire kinetic energy
in accord with equation 5.1.
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1
Kinetic energy (electrons) 5 mv® =eV (5.1)

Here,  is the mass of the electron, » is magnitude of the velocity of the electron, ¢ is the charge of the
electron, and 17 is the anode potential/Voltage. The electrons are assumed to have an initial velocity
of zero as they emerge through an opening in the anode. The tube can be turned so that the electron
beam is directed at right angles to the magnetic field, which bends the beam into a circular path. The
electrons gain no energy from the magnetic field because the magnetic force acts at right angles to the
path of the electrons. Therefore, they move with constant speed ». The magnetic deflecting force is
shown in equation 5.2.

Magnetic Deflecting Force F;, =Bev (5.2)

Here Bis the strength of the magnetic field. Because this force acts radially, it is also a centripetal force,
which is equivalent to the product of the mass and the velocity squared divided by the radius of the
circular path, as shown in equation 5.3.

. mv?
Centripetal Force F. =Bev= e (5.3)

Here ris the radius of the circular path the electrons follow. Solving equation 5.3 for ryields equation
5.4.
mv
r=—
Be
To eliminate » from equation 5.4, square equation 5.4 and substitute the quantity of »* from equation

5.1. After some algebra, the final value for the ratio of charge to mass of the electron ¢/ is shown in
equation 5.5.

radius

(5.4)

Ratio of ch t e (5.5)
atio of charge to mass —=—— .

g m_ r2B2
The magnetic field produced by a pair of Helmholtz coils is a function of the current I passing through
them. A single Helmholtz coil of radius R produces the magnetic field along the axis of symmetry at
distance x from the center, as shown in equation 5.6.

leuO NRZ

Magnetic field (one coil) ?W |

(5.6)

Here, N is the number of turns in the coil and o is the magnetic permeability of a vacuum (4mx10™"
Tm/A). The pair of Helmholtz coils in the apparatus ate separated by a distance R from each other,
so halfway between them x=R/2. At this distance, the magnetic field in the region between the coils
is neatly uniform. Substituting x=R/2 into equation 5.6 and doubling the result for the pair of coils,
the apparatus constant is calculated using equation 5.7.

N
Appatatus Constant B=Cl »>C=—"0

From equations 5.5 and 5.7, ¢/ is the calculated quantity in equation 5.8.
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e W
m r1°c? 9

Ratio of charge to mass

ACCEPTED VALUES

The accepted value for the ratio of charge to mass of an electron to three significant figures is 1.756

X 10" Coulombs/kilogtam. The manufacturer claims the voltmeter and ammeter are accurate to
within £2.5%.

APPARATUS

e specific charge apparatus e transparent half-meter stick

The bulb contains hydrogen gas at a pressure of about 10 mm Hg. As the electron beam passes
through the gas it leaves a glowing track. The bulb is placed between two coils of wire which are
separated by a distance equal to their radius. The apparatus is self-contained, as shown in figure 5.2.

Helmholtz g Mirror
Coils
Bulb
Transparent
Half-meter
Stick
Voltage Current
Controls

Controls

Figure 5.2 The specific charge apparatus

This particular arrangement of coils, known as Helmholtz coils, produces a very uniform magnetic
field in the space between the coils. To measure the diameter of the electron beam, measure each edge
of the beam individually using the transparent half-meter stick on the front of the apparatus. By
positioning your eyes level with the half-meter stick, align the edge of the electron beam with the edge
of the reflection of the electron beam in the mirror behind the CRT, as shown in figure 5..3.
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First measurement Second Measurement

electron
beam

reflection

Figure 5.3 Aligning the electron beam and reflection to measure the beam diameter.

The difference between the readings on the left and right is the diameter of the circular path of the
electron beam 27.

PROCEDURE

1. Set the anode voltage to 150 V and the Helmholtz coil current to 1 A.
Increase the filament current slowly until the electron beam appears. If the beam is not clearly
visible, increase the filament current slightly. If the electron beam is helical, rotate the tube until
it is circular. If the beam does not appear, reverse the connections to the Helmholtz coils.

3. Measure the diameter of the path of the electrons using the procedure described in Figure 5.3.
Record your result in the data table.

4. Repeat step 3 with:
e Helmholtz coil current = 1.5 amperes, anode voltage V = 150 volts
e Helmholtz coil current = 1.0 amperes, anode voltage V = 200 volts
e Helmholtz coil current = 1.5 amperes, anode voltage V = 200 volts

DATA
anode voltage, H.e Imholtz beam diameter,
V) coil current, 2r (m)
1(A)

150 1.0

150 1.5

200 1.0

200 1.5

41



CALCULATION AND ANALYSIS

1.

Calculate the value of C in equation 16.7 for the apparatus in this experiment. For this apparatus
R=0.14 m and N = 140.

Calculate ¢/ 7 from each row in the data table using equation 5.8.

Calculate the average value of ¢/, the uncertainty in the average value, and the % uncertainty in
the average value using equations 0.1, 0.6, 0.7.

Calculate the % error in your average value of ¢/7. Do your measurements support the accepted
value to within the uncertainty?

What effect would you expect Coulomb electrical forces between electrons to have on the beam?
Explain.
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Experiment 6: Refraction

OBJECTIVES

The transmission of light across a boundary between two media is accompanied by a change in both
the speed and wavelength of the wave. This can result in a change of direction at the boundary, a
phenomenon known as refraction. In this experiment you measure the change in direction of light
beams as they refract or reflect at a boundary to determine the index of refraction of a transparent
object. The objectives of this experiment are as follows:

1. To measure the angles of incidence and refraction at a boundary between media
2. To observe total internal reflection at a boundary between media
3. To calculate the critical angle of a boundary between media

THEORY

The index of refraction is a property of transparent substances that has been independently discovered
several times, but is attributed to Willebrord Snellius whose name is associated with the law (you can't
make this stuff up). Mathematically, Snell's law describes the relationship between the angle of
incidence of a beam of light as it intersects a new transparent medium and the angle of refraction as
enters that transparent medium.

medim 2

medium 1

Figure 6.1 angles of incidence for a light as it intersects a new medium

Snell's law quantifies the relationship as shown in equation 6.1.
Snell’s Law n, sing, =n, sing, (6.1)
Here,

®  is the index of refraction of the initial medium
® 5 is the index of refraction of the new medium
e @ is the angle of incidence

e (@ is the angle of refraction
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The index of refraction of a medium is the ratio of the speed of light in a vacuum to the speed of light
in the medium, as shown in equation 6.2.

Index of Refraction n=— 6.2)
\Y
Here ¢ = 3 X 10° m/s, the speed of light in a vacuum, and » is the speed of light in the medium. For
air to a very good approximation 7 = 1.

The critical angle is the angle of incidence at which light begins to reflect, rather than refract, when it
enters a new medium that has a lower index of refraction. This happens when the angle of refraction
reaches 90°. Substituting 6, = 90° in equation 6.1 and solving for 0; calculates the critical angle as
shown in equation 6.3.

. n

Critical Angle 0, = sml(—zj (6.3)
n

A prism is a transparent medium composed of two non-parallel polished surfaces. When light travels

through a prism such that it enters one side and exits another, the total deviation 0, in the ray leaving
the second side from the original angle of incidence is dependent on the index of refraction, #, and

the angle between the two sides of the prism a, as shown in figure 6.2.

Original direction
of the ray

Incident Ray
Figure 6.2 Total deviation of a light ray through a prism

The value of 6 depends on the angle of incidence of the light, 01, at the first face of the prism. When
the light passes symmetrically through the prism so that the angle of refraction at the second face is

equal to angle of incidence at the first face, 04= 01, then 6 has a minimum value 0. If the light enters
the prism from a near vacuum medium, for example air with an index of refraction of 1.00, then the

index of refraction is calculable in terms of the angle between the two sides of the prism o and the
total deviation 9, as shown in equation 6.4.



Index of Refraction n=—-=a— (6.4)

ACCEPTED VALUES

The accepted value for the index of refraction for Lucite is 1.50.

APPARATUS

e Straight filament lamp ® protractor e Lucite prism
e ruler

PROCEDURE

1. Place a sheet of blank paper on your desk. Arrange the light source and prism so that a narrow
beam of light is incident on the prism as shown in figure 6.3.

A

Figure 6.3 Trace of a light ray refracting at two surfaces.

2. Adjust the prism so that the angle of incidence on the first surface is between 45° and 60°. Using
two dots made with a sharp pencil to determine the direction of a straight line, trace the outline
of the prism and the ray of light onto the paper.

Repeat steps 1 and 2 with a second surface with an angle of incidence greater than 60°.

4. Arrange the prism and the beam of light as in figure 6.4 so that the angle of refraction at the

second surface is 90°. Trace, as in step 2, the outline of the prism and the ray of light.
D
A

&

Figure 6.4 Trace of a light ray refracting and then reflecting internally
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5. Arrange the prism and the beam of light as in figure 6.5. Rotate the prism until the angle of

deviation 0 is a minimum and then trace the outline of the prism and the beam of light. Repeat,
using the other angle of the prism which is less than 90° as the refracting angle.

A

B

Figure 6.5 Trace of a light ray through the angle of minimum deviation
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DATA

The data sheet for this lab is the blank sheet of paper with tracings of the light rays and prism. From
this sheet, you measure angles using a protractor, arranged in a data table like the following.

Measurement Value (in degrees)

Angle of incidence
(first surface)

Angle of refraction
(first surface)

Angle of incidence
(second surface)

Angle of refraction
(second surface)

Critical Angle

Angle of minimum
deviation (narrow end)

Angle of prism
(narrow end)

Angle of minimum
deviation (wide end)

Angle of prism (wide
end)

CALCULATION AND ANALYSIS

1.

o

Measure the angles of incidence and refraction at both surfaces of the prism in the tracings of
procedures step 2 and 3. Calculate the index of refraction for the Lucite prism from these
measurements.

Measure the critical angle from the tracing of procedure step 4. Calculate the index of refraction
for the Lucite prism from the critical angle.

Measure the angle of minimum deviation 0m and the angle of the prism o from each tracing of
procedure step 5. Calculate the index of refraction for the Lucite prism from these angles.

Find the average (mean) value for the index of refraction of the prism.

Calculate the velocity of light in the prism.
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Experiment 7: Mirrors and Lenses

OBJECTIVES

Lenses and mirrors bend light in a predictable fashion. In this experiment you'll study concave mirrors
and converging and diverging lenses and see what types of images they form. The objectives of this
experiment are as follows:

1. To study the imaging properties of mirrors and lenses.

2. To measure the image distances and heights produced by various arrangements of mirrors and
lenses.

3. To calculate focal lengths and magnifications.

THEORY

When you measure all distances from the mirror or lens, the object (source) distance is 4., the image
distance is d, and the focal length is £ The focal point is the position of the image for incident rays
parallel to the axis. For mirrors and lenses the equation relating these distances is given by equation
7.1.

: : 1
Mirror and Lens Equation — =T+ (7.1
di do

The sign of fis specific to each type of mirror or lens. For concave mirrors and converging lenses, f1s
positive. For convex mirrors and diverging lenses, fis negative.
An image is said to be inverted if its orientation is opposite to that of the object. Otherwise it is said
to be upright. The magnification of the image is given by equation 7.2.

Magnification m = = 72

a atio = —=—-— .
gnitic h L (7.2)

Real images actually have light passing through them focused by the mirror or lens form the source;
otherwise the image is virtual. Review these topics from your textbook.

ACCEPTED VALUES

The accepted value for the focal length of a converging lens is the image distance when the object is
very far away. This is the only accepted value needed in this lab.

APPARATUS
e optical bench e converging and diverging e plane mirror
e illuminated object lenses e half meter stick
e screens ® concave mirror

The optical bench aligns mirrors, lenses, and screens along a fixed one-dimensional axis. The
illuminated object must be aligned along this axis to produce measurable images.
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CONCAVE MIRROR

For a concave spherical mirror the focal distance £, measured from the mirror, is half the radius of
curvature of the sphere from which the mirror is made. A real inverted image forms at a distance 4
from the mirror when the object is at a distance d,. Light rays reflected by a concave mirror are
shown in figure 18.1, first for the case d, = & = 2 f, then for the case d, > 2 f.

o
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Figure 7.1 light rays reflected by concave mirrors

CONVERGING LENS

Converging lenses, which are thicker at the center than at the edges, focus incident light rays to form
a real inverted image on the opposite side of the lens from the object when the object distance 4, is
greater than £, When 4, is less than £, a virtual upright image forms on the same side of the lens as the
object, as shown in figure 18.2, and the image distance 4 is negative

do & do d
&
m Tmage  _ _~ &
Object Object JF\\“
-.\ . \\ . \: . .
| ; > & | E 3 SN S
7 f\ I 7 S AN R
S ~ ~e M Object
b y ~o \\
Image N -~ . ‘ +
) Vo e O
Image Ak
Figure 7.2 light rays refracted through converging lenses
DIVERGING LENS

Diverging lenses, which are thinner in the center than at the edges, spread incident light rays as they
pass through the lens. These rays appear to diverge from a point on the same side of the lens as the
object. For these lenses, the image is virtual and the focal length and the image distance are negative.
These virtual images are upright and on the same side of the lens as the object.

Because diverging lenses make virtual images it's not so easy to measure their focal length. One way
to do it is with a converging lens. Suppose a converging lens is used to make an image of an object on
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a screen. Now suppose a diverging lens is placed between the converging lens and the screen. If the
distance from the diverging lens to the screen is exactly the focal length of the diverging lens, then
after going through the diverging lens the light rays are parallel to the axis. If a mirror is placed in front
of the screen it will reflect these parallel rays back and form an image at the location of the original
object. This is shown in figure 7.3, where we've moved the mirror away from the focal point for

clarity.
initial Ii% returning light path
[T

| | mirror

Figure 7.3 light rays refracted through diverging and converging lenses

With such a system we can determine the focal length of a diverging lens: it is the distance from the
diverging lens to the screen, when everything is arranged to form an image at the position of the
original object.

PROCEDURE

For each part of the experiment, draw a graph with a horizontal line representing the optical axis
perpendicular to the lens or mirror. Record the position of each component of the system in the data
tables. The distance for any object, image, or focal point is always measured from the lens or mirror.

PART A: CONCAVE MIRROR

1. Arrange the illuminated object and the concave mirror so that a clear image forms at the same
position as the object. For this arrangement the image and object distances are the same.

2. Measure the object distance, image distance, object height, image height, and image orientation
and record them in the data table for Part A.

3. Arrange the illuminated object, half-screen and concave mirror so that a real image is formed with
the object distance approximately twice the image distance.

4. Measure the object distance, image distance, object height, image height, and image orientation
and record them in the data table for Part A.

PART B: CONVERGING LENS

5. Arrange the illuminated object, converging lens and screen so that a real image is formed with the
object distance approximately equal to the image distance.

6. Measure the object distance, image distance, object height, image height, and image orientation
and record them in the data table for Part B.

7. Arrange the object, lens, and screens so that the real image is formed with the object distance
approximately twice the image distance (d, = 2d;) .

8. Measure the object distance, image distance, object height, image height, and image orientation
and record them in the data table for Part B.

9. Keeping the object and screen positions the same as in part 7, move the lens toward the object
until an image is again formed on the screen.
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10. Measure the object distance, image distance, object height, image height, and image orientation
and record them in the data table for Part B.
11. Choose a distant object, such as a building far from the laboratory or a window in a separate wing
of Gillet Hall, and form an image of a distant object with the converging lens and the screen. The
image distance is equal to the focal length of the lens, because a very distant object is produced by

rays that are essentially parallel.

12. Measure the image distance and image orientation, and record them in the data table for Part B.

PART C: DIVERGING LENS

13. Adjust the illuminated object, screen, and converging lens so that an image is formed on the screen
approximately 30 cm from the lens. Place the diverging lens between the converging lens and the
screen, and place a mirror in front of the screen. Move the diverging lens until an image forms at
the position of the object.

14. Measure the distance from the diverging lens to the screen as the focal length in the data table for

Part C.

DATA

Part A: Concave Mitror

Arrangement

Object
Distance (cm)

Image
Distance (cm)

Object
Height (cm)

Image
Height (cm)

Image
Orientation

Projected back to
object distance

Projected back to
2x object
distance
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Part B: Converging Lens

Arrangement

Object
Distance (cm)

Image

Distance (cm)

Object
Height (cm)

Image
Height (cm)

Image
Orientation

image and object
distance ~ the
same

object at ~ 2x
image distance

Reformed image
after moving lens
toward the object

Distant object 00
Pat C: Diverging Lens
Arrangement Focal Length

diverging lens
between
converging lens
and screen,
image reflected
off a mirror onto
the plane of the
object

CALCULATION AND ANALYSIS

1. Calculate the focal length of the concave mirror twice, using the data from the two rows of the

data table for part A.
2. Calculate the magnification of the concave mirror for each object distance analyzed.
3. Calculate the focal length of the converging lens three times, using the data from the first three

rows of the data table for part B.

4. Use the image distance for a distant object as the accepted value for the focal length of a
converging lens. Calculate the % error for the focal lengths you obtained in step 4.
5. Report the focal length of the diverging lens.
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Experiment 8: The Grating Spectrometer

OBJECTIVES

A diffraction grating is a way to measure the wave properties of light. The grating produces a
diffraction pattern that depends on the wavelength of the light that passes through it. In this
experiment you observe the diffraction pattern produced by light from excited Mercury atoms. This
allows you to determine the emission spectrum of Mercury. The objectives of this experiment are as
follows:

1. To observe the emission spectrum of Mercury using a diffraction grating
2. To measure the angles to various lines in the diffraction pattern
3. To calculate some of the wavelengths of light emitted by Mercury

THEORY

A diffraction grating consists of a surface with regularly-spaced parallel slits through which light can
pass. Light passing through different slits travels different distances from the grating to the screen (or
spectrometer telescope), as shown in figure 8.1.

Q.

Normal :

F
9
fﬁﬁ",}.

4,

AN

Grating

e ———

e 4 ——

Incoming Incoming
light light

Figure 8.1 Diffraction angles for light passing through a diffraction grating
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When the light reaches the screen there can be constructive interference, which produces a bright line,
or destructive interference, in which case no light is observed.

Consider two slits with a separation distance 4. The light passing through the slits is observed at an
angle 0 with respect to the normal to the diffraction grating. As shown in figure 8.1, the ray to the left
travels an extra distance D. D is calculable using trigonometry, as shown in equation 8.1.

Extra distance traveled (light) D = d sinf 8.1)

Constructive interference occurs when the path difference for the two rays is exactly an integer
number of wavelengths, as shown in equation 19.2.

Constructive Interference D=nA=dsing, (8.2)
Here

e nisaninteger (0, 1,2, )

e 0, is the corresponding angle at which constructive interference occurs
e n)is the path difference

e d=1.69%10"°m = 1690 nm

The angle for constructive interference depends on the wavelength A, so by measuring the angle you
can determine the wavelength of the light. You observe light from Mercury atoms, which is a mixture
of different wavelengths (colors). You measure the angle for constructive interference from a grating
for which we know the line spacing d and use equation 19.2 to calculate the wavelength, A, of the light.
The telescope is initially set perpendicular to the grating (0 = 0) where all wavelengths (colors) of the
beam constructively interfere, which appears as a bright white line.

To obsetve the separated colors the spectrum, swing the telescope away from 0 = 0 until you obsetrve
separate color lines from violet to red, which comprise the n = 1 angular position for the lines of the
spectrum. The angular position of the telescope for the first appearance of a given color line to the
left of the initial position is a poor estimate of 0, for that spectrum line. To get a more accurate estimate
also measure the angular position of the telescope for the first appearance of same color line to the
right of the initial position. Half of the difference between the angular positions of these two

bl

obsetvations is a good estimate of 0, for that color. Measuring the angular position to the left and then
to the right of the perpendicular direction corrects for any error in positioning the grating
perpendicular to the collimator beam. This process must be repeated for each color line in each
spectrum, n=1 and n=2, which correspond to the first order and second order constructive
interference patterns of the light. The n=2 spectrum is more spaced out than the n=1 spectrum.



ACCEPTED VALUES

Emission spectrum example is shown below. Typically, you can distinguish four separate color bands,
similar to the spectrum shown in figure 8.2.

Hydrogen

Sodmuam

Helium

Neon

Mercury
Lt 1 1 1 1 1 L
350 400 450 500 550 600 650

wavelength (nm)

u]

45.80° 40.08° 3975
4470°

Figure 8.2 A typical diffraction pattern for one fringe from the light emitted by Mercury

A Mercury lamp emits light at specific wavelengths. The colors and wavelengths of the strongest
visible lines in the Mercury spectrum are:

Color Wavelength (nm) | Intensity
Violet 404.6 moderate
407.8 weak
blue-violet | 435.8 strong
green 546.1 strong
yellow 577.0 strong
579.0 strong
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APPARATUS

e Spectrometer e Diffraction grating e mercury arc lamp

The grating is clamped in a rotating table so that it is perpendicular to the collimator which focuses
the light from the lamps. The telescope is initially set perpendicular to the grating (0 = 0) where all
wavelengths (colors) of the beam constructively interfere. The goniometer angular scales display
different initial angles through the magnifying glasses, neither of which may be equal to zero, as shown
in figure 8.3. Make sure you choose one of the goniometer angular scales to use for the entire
experiment. We will call the angle measured on the goniometer scale . For each line you will measure

the angle twice, once to the right () and once to the left (¢"). The deflection angle 8 is then given
by half the difference,

Deflection angle

Goniometer

Angular Scales
with magnifying glasses

Telescope

Figure 8.3 An overhead view of the parts of the diffraction grating spectrometer

PROCEDURE

Collimator

(8.3)

1.

Position the telescope so that it is perpendicular to the grating. Move it until you see a bright white
band in the cross hairs. Important: always read the angle from the same goniometer angular scale

of the apparatus!
Swing the telescope to the right until you observe the separated colors of the spectrum.

Set the telescope cross hairs to the first mercury line to the right. Record its color. Then read the
angle from your chosen goniometer angular scale and record the angle in your data table as ¢;.
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Swing the telescope to find the same color line to the left. Read the angle from your chosen
goniometer angular scale and record the angle in your data table as ;.

Repeat procedures 3 through 5 for the other colors. Take care that you are observing the first line
of each color on either side.

Now measure the angles (left and right) for the second appearance of just the green and yellow

lines. Record the angles as @, and ¢5.
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DATA

Spectrum Measurements

color P1 D1 ()] P2

CALCULATION AND ANALYSIS

1. Calculate the wavelength for each of the lines you measured. Recall that for each line you measured
the angle twice. To get the deflection angle 6 use equation 8.3.

2. Tty to match your calculated wavelength values with the values in the table of accepted values.
Calculate the percentage error for each wavelength calculation.
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Appendix A

CONSTANTS AND CONVERSION FACTORS

Proton mass,
Neutron mass,
Electron mass,

Avogadro’s number,

Universal gas constant,

Boltzmann's constant,

m, = 1.67 %107 kg
m, = 1.67x 107" kg
m, =9.11x107" kg
N, = 6.02 x 10 mol™
R =831 J/{mol-K)

k, =138 %1077 J/K

Electron charge magnitude,

| electron volt, 1 eV

Speed of light,

Universal gravitational
constant,

Acceleration due to gravity
at Earth’s surface,

e=160x10"C
=1.60x 107" )
¢ =3.00x10" m/s

G = 6.67x 107" m*/kg.s>

g=98 m,r{s2

unified atomic mass unit,

Planck's constant,

Vacuum permittivity,

Coulomb’s law constant,

lu=166x10" kg =
h=663x107" Js =

931 MeV/c?
414 %1077 evas

he =199 %105 J.m = 1.24 % 10° eV.nm
€, = 8.85x 1072 C?/N.m?

k = 1f4re, = 9.0 x 10° Nom?/C?

Vacuum permeability, g =4z x 107" (T-m A
Magnetic constant, k* = g, /47 = 1x 107 (T-m)/A
| atmosphere pressure, I atm = 1.0 x 10° N,,'fml =1.0x10° Pa
meter, m mole, mol watt, W farad, F
kilogram, kg hertz, Hz coulomb, C tesla, T
URLT se-::'md. s newton, N volt, A degree Celsius, °C
SYMBOLS
ampere, A pascal, Pa ohm, Q electron-volt, eV
kelvin, K joule, J henry, H
PREFIXES VALUES OF TRIGONOMETRIC FUNCTIONS FOR COMMON ANGLES
Factor  Prefix = Symbol a 0 30 37 45 53 a0 90
10’ giga G sinfl 0 2 | 35 | N2f2 | 45 | JB)2 I
10" mega M cosf | NEYp) 4/s 2/2 3/5 /2 0
10° kilo k tané 0 i3 | 34 1 4/3 3 eo
1072 centi C
103 milli m
1™ micro Tl
o nano n
107" pico P
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GEOMETRY AND TRIGONOMETRY

Rectangle A = area
_A = bh C = circumference
Triangle V = volume
A = % bih 8§ = surface area
_ 2 b = base
Circle h = height
A=nmr f = length
C = 2xr w = width
Rectangular Solid r = radius
V= iwh
Cylinder
V=nari
S =2xrf + 2nr?
Sphere
V= %m-i
5 = 4nr’

Right Triangle

a* +b =¢?
. 1
sing = £
"
b
cosf = —
P
i
tan8d = —
b
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Appendix: Significant Figures and
Uncertainty in Measurement

Units of Measurement

All measurements consist of a unit that tells what
was measured and a number that tells how many
units were measured. Both are necessary. If you
say that a friend is going to give you 10, you are
telling only how marny: You also need to tell whai:
10 fingers, 10 cents, 10 dollars, or 10 comy jokes. If
your teacher asks you to measure the length of a
piece of wood, saying that the answer is 36 is not
correct. She or he needs to know whether the
length is 36 centimeters, feet, or meters. All mea-
surements must be expressed using a number and
an appropriate unit. Units of measurement are
more fully covered in Appendix A of the
Conceptual Plysics text.

Numbers

Two kinds of numbers are used in science—those
that are counted or defined and those that are mea-
sured. There is a great difference between a counted
or defined number and a measured number. The
exact value of a counted or defined number can be
stated, but the exact value of a measured number
cannot be known.

For example, you can count the number of
chairs in your classroom, the number of fingers on
your hand, or the number of nickels in your pocket
with absolute certainty. Counted numbers are not
subject to error (unless the number counted is so
large that yvou can't be sure of the count!].

Defined numbers are about exact relations,
defined to be true. The exact number of seconds in
an hour and the exact number of sides on a square
are examples. Defined numbers also are not sub-
ject to error.

Every measured number, no matter how care-
fully measured, has some degree of uncertainty
What is the width of your desk? Is it 98.5 centime-
ters, 3B8.52 centimeters, 98.520 centimeters, or
98.5201 centimeters? You cannot state its exact
measurement with absolute certainty.

Uncertainty in Measurement

The uncertainty in a measurement depends on the
precision of the measuring device and the skill of
the person who uses it. There are nearly always
some human limitations in a measurement. In
addition, uncertainties contributed by limited pre-

cision of your measuring instruments cannot be
avoided.

Uncertainty in a measurement can be illus-
trated by the two different metersticks in Figure A.
The measurements are of the length of a tabletop.
Assuming that the zero end of the meterstick has
been carefully and accurately positioned at the left
end of the table, how long is the table?

The upper scale in the figure is marked off in
centimeter intervals. Using this scale, you can say
with certainty that the length is between 82 and 83
centimeters. You can say further that it is closer to
B2 centimeters than to B3 centimeters; you can
estimate it to be 82.2 centimeters.

The lower scale has more subdivisions and has
a greater precision because it is marked off in
millimeters. With this meterstick, you can say
that the length is definitely between 82.2 and
B2.3 centimeters, and you can estimate it to be
B2.25 centimeters.

Note how both readings contain some digits
that are exactly known, and one digit (the last one)
that is estimated. Note also that the uncertainty in
the reading of the lower meterstick is less than that
of the top meterstick. The lower meterstick can
give a reading to the hundredths place, and the top
meterstick to the tenths place. The lower meter-
stick is more precise than the top one.

Appemdix
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No measurements are exact. A reported mea-
surement conveys two kinds of information: (1)
the magnitude of the measurement and (2] the
precision of the measurement. The location of the
decimal point and the number value gives the
magnitude. The precision is indicated by the num-
ber of significant figures recorded.

Significant Figures

Significant figures are the digits in any measure-
ment that are known with certainty plus one digit
that is uncertain. The measurement 822 centime-
ters (made with the top meterstick in Figure A) has
three significant figures, and the measurement
B2.25 centimeters (made with the lower meter-
stick) has four significant figures. The right-most
digit is always an estimated digit. Only one esti-
mated digit is ever recorded as part of a measure-
ment. It would be incorrect to report that, in Figure
A, the length of the table as measured with the
lower meterstick is 82.253 centimeters. This five-
significant-figure value would have two estimated
digits (the 5 and 3) and would be incorrect because
it indicates a precision greater than the meterstick
can provide,

Standard rules have been developed for
writing and using significant figures, both in
measurements and in values calculated from
MEeasursments.

Rule 1: In numbers that do not contain zeros, all
the digits are significant.

Examples:
3.1428 frve significant figures
3.14 three significant figures
469 three significant figures

Rule 2: All zeros between sipgnificant digits are
significant.

Examples:
T.053 four significant figures
7053 four significant figures
302 three significant figures

Rule 3: Zeros to the left of the first nonzero digit
serve only to fix the position of the decimal point
and are not significant.

Examples:
0.00536 two significant figures
0.07849 three significant figures
0.000001 one significant figure

Rule 4: In a number with digits to the right of a
decimal point, zeros to the right of the last nonzers
digit are significant.

Examples:

43 two significant figures
43.0 three significant figures
43.00 four significant figures
0.00200  three significant figures
040050  five significant figures

Rule 5: In & number that has no decimal point, and
that ends in one or more zeros (such as 3600), the
zeros that end the number may or may not be sig-
nificant. The number is ambiguous in terms of sig-
nificant figures. Before the number of significant
figures can be specified, further information is
needed about how the number was obtained. If it
is a measured number, the zeros are probably not
significant. If the number is a defined or counted
number, all the digits are significant (assuming
perfect counting!).

Confusion is avoided when numbers are
expressed in scientific notation. All digits are taken
to be significant when expressed this way.

Examples:
3.6 = 105 two significant figures
3.60 x 105 three significant figures
3.600 = 105 four significant figures
2= 105 one significant figure
2.0 = 10-5 two significant figures
2.00 x 105 three significant figures
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A calculator displays eight or more digits. How do
you round off such a display of digits to, say, three
significant figures? Three simple rules govern the
process of deleting unwanted (nonsignificant) dig-
its from a calculator number.

Rule 1: If the first digit to be dropped is less than 5,
that digit and all the digits that follow it are simply
dropped.
Exampie:

54234 rounded off to three sipnificant figures
becomes 34.2.

Rule 2 If the first digit to be dropped is a digit
greater than 5, or if it is a 5 followed by digits other
than zero, the excess digits are all dropped and the
last retained digit is increased in value by one unit.

Example:

54.36, 54.359, and 54.3598 rounded off to three
sipnificant fipures all become 54.4.

Rule 3: If the first digit to be dropped is a 5 not fol-
lowed by any other digit, or if it is a 5 followed only
by zeros, an odd-even rule is applied. That is, if the
last retained digit is even, its value is not changed,
and the 5 and any zeros that follow are dropped.
But if the last digit is odd, its value is increased by
one. The intention of this odd-even rule is to aver-
age the effects of rounding off.

Examples:
54.2500 to three significant figures becomes 54.2.
54.3500 to three significant figures becomes 54.4.

Significant Figures and
Calculated Quantities

Suppose that you measure the mass of a small
wooden block to be 2 prams on a balance, and you
find that its volume is 2 cubic centimeters by pok-
ing it beneath the surface of water in a graduated
cylinder. The density of the piece of wood is its
mass divided by its volume. If yvou divide 2 by 3 on
your calculator, the reading on the display is
0.666666E. 1t would be incorrect to report that the
density of the block of wood is 0.6666666 gram per
cubic centimeter. To do so would be claiming a
degree of precision that is not warranted. Your
answer should be rounded off to a sensible num-
ber of significant figures.

The number of significant fipures allowable in a
calculated result depends on the number of signif-
icant figures in the data used to obtain the result,
and on the type of mathematical operation(s) used
to obtain the result. There are separate rules for

multiplication and division, and for addition and
subtraction.

Multiplication and Division For multipli-
cation and division, an answer should have the
number of significant figures found in the number
with the fewest significant figures. For the density
example above, the answer would be rounded off
to one significant figure, 0.7 gram per cubic cen-
timeter. If the mass were measured to be 2.0
grams, and if the volume were still taken to be 3
cubic centimeters, the answer would still be
rounded to one significant figure, 0.7 gram per
cubic centimeter. If the mass were measured to be
2.0 grams and the volume to be 3.0 or 3.00 cubic
centimeters, the answer would be be rounded off
to two significant figures: 0.67 gram per cubic
centimeter.

Study the following examples. Assume that the
numbers being multiplied or divided are mea-
sured numbers.

Exampie A:
B.536 * 0.47 = 4.01192 (calculator answer)

The input with the fewest significant figures
is 047, which has two significant figures.
Therefore, the calculator answer 4.01192
must be rounded off to 4.0

Exampie B:
3840 + 285.3 = 13.459516 (calculator answer)
The input with the fewest significant figures is
3840, which has three significant figures.

Therefore, the calculator answer 13.459516
must be rounded off to 13.5.

Exampie C:
360.0 + 3.000 = 12 {calculator answer)

Both inputs contain four significant figures.
Therefore, the correct answer must also contain
four significant fipures, and the calculator
answer 12 must be written as 12.00. In this case,
the calculator gave too few sipnificant figures.

Addition and Subtraction For addition or
subtraction, the answer should not have digits
beyond the last digit position common to all the
numbers being added and subtracted. Studv the
following examples:

Exampie A:

34.6
17.8
15
67.4 (calculator answer)

The last digit position common to all numbers
is the units place. Therefore, the calculator
answer of 67.4 must be rounded off to the units
place to become 67.
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Example B:

20,02
20,002
+ 20,0002
60.0222 (calculator answer)

The last digit position common to all numbers
is the hundredths place. Therefore, the calcula-
tor answer of G0.0222 must be rounded off to
the hundredths place, 60.02.

Example C:
343.56 — 245.5 = 100.06 (calculator answer)

The last digit position common to both num-
bers in this subtraction operation is the tenths
place. Therefore, the answer should be rounded
off to 1040.1.

Percentage Uncertainty

If your aunt told vou that she had made $100 in the
stock market, vou would be more impressed if this
gain were on a 5100 investment than if it were on a
%10 000 investment. In the first case, she would
have doubled her investment and made a 100%
gain. In the second case, she would have made &
1% gain.

In laboratory measurements, the percentage
uncertainty is usually more important than the
size of the uncertainty. Measuring something to
within 1 centimeter may be good or poor, depend-
ing on the length of the object you are measuring.
Measuring the length of a 10-centimeter pencil to
= | centimeter is quite a bit different from measur-
ing the length of a 100-meter track to the same
=1 centimeter. The measurement of the pencil
shows a relative uncertainty of 10%. The track
measurement is uncertain by only 1 part in 10 000,
or 001 %,

Percentage Error

Uncertainty and error can easily be confused.
Uncertainty gives the range within which the
actual value is likely to lie relative to the measured
value. It is used when the actual value is not known
for sure, but is only inferred from the measure-
ments. Uncertainty is reflected in the number of
significant figures used in reporting a measure-
ment.

The error of a measurement is the amount by
which the measurement differs from a known,
accepted value as determined by skilled observers
using high-precision equipment. It is a measure of
the accuracy of the method of measurement as
well as the skill of the person making the measure-
ment. The percentage error, which is usually more
important than the actual error, is found by divid-
ing the difference between the measured value
and the accepted value of a quantity by the
accepted value, and then multiplying this quotient
by 100%.

T error =

|a.c|:e-pted value — measured value|
accepted valus

= 100%

For example, suppose that the measured value
of the acceleration of gravity is found to be
9.44 m/s2. The accepted value is 9.80 m/s2. The dif-
ference between these two values is (9.80 m/s?) —
(9.44 m/=?), or 0.36 m/s?.

_ 0.36 mis?
T error = S A0 misZ © 100%
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