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Introduction

Purpose

By a careful and diligent study of natural laws | trust that we shall at least
escape the dangers of vague and desultory modes of thought dwacquire a habit
of healthy and vigorous thinking which will enable us to recanise error in all
the popular forms in which it appears and to seize and hold fastruth whether
it be old or new...[But] | have no reason to believe that the hunan intellect is
able to weave a system of physics out of its own resources wiblit experimental
labour. Whenever the attempt has been made it has resulted iran unnatural
and self-contradictory mass of rubbush.James Clerk Maxwell

Physics and engineering rely on quantitative experiments.Experiments are designed sim-
pli cations of nature: line drawings rather than color phot ographs. The hope is that by
stripping away the details, the essence of nature is reveade (Of course, the critics of science
would argue that the essence of nature is lost in simpli catbn: a dissected frog is no longer a
frog.) While the aim of experiment is appropriate simpli cation, the design of experiments
is anything but simple. Typically it involves days (weeks, months, ...) of \ ddling" before
the experiment nally \works". | wish this sort of creative p roblem-oriented process could
be taught in a scheduled lab period, but limited time and the many prerequisites make this
impossible. Look for more creative labs starting next year!

Thus this Lab Manual describes experiences (\labs") that are a caricature of experimental
physics. Our labs will typically emphasize thorough prepasation, an underlying mathemati-

cal model of nature, good experimental technique, analysisf data (including the signi cance
of error) ...the basic prerequisites for doing science. Buiour creativity will be circum-

scribed. You will nd here \instructions” which are not a par t of real experiments (where
the methods and/or outcomes are not known in advance). In my eal life as a physicist, |
have little use for \instructions”, but I'm going to try and f orce you to follow them in this
course. (This year: follow what | say|not what | do.)

The goals of these labs are therefore limited. You will:

1. Perform experiments that illustrate the foundations of éectricity and magnetism.

2. Become acquainted with some commonly used electronic lalequipment (meters,
scopes, sources, etc).

3. Perform basic measurements and recognize the associatéithitations (which, when
expressed as a number, are called uncertainties or errors).
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6 Introduction

4. Practice the methods which allow you to determine how uncgainties in measured
guantities propagate to produce uncertainties in calculaked quantities.

5. Practice the process of verifying a mathematical model,ricluding data collection, data
display, and data analysis (particularly graphical data analysis with curve tting).

6. Practice the process of keeping an adequate lab notebook.
7. Experience the process of \ ddling" with an experiment until it nally \works".

8. Develop an appreciation for the highs and lows of lab work.And | hope: learn to
learn from the lows.

Lab Schedule

The lab schedule can be found in the course syllabus. You shaibe enrolled in a lab section
for PHYS 200 and you should perform and complete the lab that @y/time. Problems
meeting the schedule should be addressed|well in advance|t o the lab manager.

Materials

You should bring the following to each lab:

Lab notebook. You will need three notebooks: While one is being graded, the others
will be available to use in the following labs. The lab notebak should have quad-ruled
paper (so that it can be used for graphs) and a sewn binding (floexample, Ampad
#26{251, available in the campus bookstores). The notebook may be \used" (for
example, those used in PHYS 191).

Lab Manual (this one)

The knowledge you gained from carefully reading the Lab Manal before you attended.
A calculator, preferably scienti c.

A straightedge (for example, a 6" ruler).

A pen (we prefer your lab book be written in ink, since you're rot supposed to erase).

Before Lab:

Since you have a limited time to use equipment (other studens will need it), it will be to
your advantage if you come to the laboratory well prepared. Pease read the description of
the experiment carefully, and do any preliminary work in your lab notebookbefore you come
to lab. Note carefully (perhaps by underlining) questions ncluded in the lab description.
Typically you will lose points if you fail to answer every question.
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During Lab:

Note the condition of your lab station when you start so that you can return it to that state
when you leave. Check the apparatus assigned to you. Be surey know the function of
each piece of equipment and that all the required pieces arerpsent. If you have questions,
ask your instructor. Usually you will want to make a sketch of the setup in your notebook.
Prepare your experimental setup and decide on a procedure téollow in collecting data.
Keep a running outline in your notebook of the procedure actally used. If the procedure
used is identical to that in this Manual, you need only note \see Manual". Nevertheless,
an outline of your procedure can be useful even if you aim to eactly follow the Manual.
Prepare tables for recording data (leave room for calculaté quantities). Write your data
in your notebook as you collect it!

Check your data table and graph, and make sample calculatios, if pertinent, to see if
everything looks satisfactory before going on to somethinglse. Most physical quantities will
appear to vary continuously and thus yield a smooth curve. Ifyour data looks questionable
(e.g., a jagged, discontinuous \curve") you should take sore more data near the points in
guestion. Check with the instructor if you have any doubts.

Complete the analysis of data in your notebook and indicate pur nal results clearly. If
you make repeated calculations of any quantity, you need ol show one sample calculation.
Often a spreadsheet will be used to make repeated calculatis. In this case it is particularly
important to report how each column was calculated. Tape conputer-generated data tables,
plots and least-squares t reports into your notebook so thd they can be examined easily.
Answer all questions that were asked in the Lab Manual.

CAUTION: for your protection and for the good of the equipment, pleaseheck with the
instructor before turning on any electrical devices.

Lab Notebook

Your lab notebook should represent adetailed record of what you have done in the labora-
tory. It should be complete enough so that you could look backon this notebook after a
year or two and reconstruct your work.

Your notebook should include your preparation for lab, skethes and diagrams to explain
the experiment, data collected, initial graphs (done as daa is collected), comments on
di culties, sample calculations, data analysis, nal grap hs, results, and answers to questions
asked in the Lab Manual. NEVER delete, erase, or tear out sections of your notebook that
you want to change. Instead, indicate in the notebook what yar want to change and why
(such information can be valuable later on). Then lightly draw a line through the unwanted
section and proceed with the new work.

DO NOT collect data or other information on other sheets of paper ad then transfer to
your notebook. Your notebook is to be a running record of whatyou have done, not a
formal (all errors eliminated) report. There will be no formal lab reports in this course.
When you have nished a particular lab, you turn in your noteb ook.

Ordinarily, your notebook should include the following items for each experiment.
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NAMES . The title of the experiment, your name, your lab partner's name, and your lab
station number.

DATES . The date the experiment was performed.
PURPOSE . A brief statement of the objective or purpose of the experinent.

THEORY . At least a listing of the relevant equations, and what the symbols represent.
Often it is useful to number these equations so you can unambuously refer to them.

Note: These rst four items can usually be completed before you coma to lab.

PROCEDURE . This section should be an outline of what you did in lab. As anabsolute
minimum your procedure must clearly describe the data. For gample, a column of
numbers labeled \voltage" is not su cient. You must identif y how the voltage was
measured, the scale settings on the voltmeter, etc. Your digram of the apparatus
(see below) is usually a critical part of this description, & it is usually easier to draw
how the data were measured than describe it in words. Sometiegs your procedure
will be identical to that described in the Lab Manual, in which case the procedure
may be abbreviated to something like: \following the procedure in the Lab Manual,
we used apparatus Z to measure Y as we varied X". However therare usually details
you can Il in about the procedure. Your procedure may have been dierent from
that described in the Lab Manual. Or points that seem important to you may not
have been included. And so on. This section is also a good plkado describe any
di culties you encountered in getting the experiment set up and working.

DIAGRAMS . A sketch of the apparatus is almost always required. A simp¢ block
diagram can often describe the experiment better than a gretadeal of written expla-
nation.

DATA . You should record in your notebook (or perhaps a spreadsh&ea concurrent
record of your relevant observations (the actual immediately observed data not a
recopied version). You should recordall the numbers (including every digit displayed
by meters) you encounter, includingunits and uncertainties. If you nd it di cult to
be neat and organized while the experiment is in progress, yomight try using the
left-hand pages of your notebook for doodles, raw data, roug calculations, etc., and
later transfer the important items to the right-hand pages. This section often includes
computer-generated data tables, graphs and t reports | jus t tape them into your
lab book (one per page please).

You should examine your numbers as they are observed and rewed. Was there an
unusual jump? Are intermediate data points required to che& a suspicious change?
The best way to do this is to graph your data as you acquire it orimmediately
afterward.

CALCULATIONS . Sample calculations should be included to show how resultare
obtained from the data, and how the uncertainties in the results are related to the
uncertainties in the data (see Appendix B). For example, if you calculate the slope of
a straight line, you should record your calculations in detdl, something like:

Vo vi _ (4:08 :27) cmewink
t, t; (15 1) wink

= 0:27214 cn¥wink? 1)
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The grader must be able to reproduce your calculated resultdbased on what you
have recorded in your notebook. The graders are told to totdly disregard answers
that appear without an obvious source. It is particularly im portant to show how each
column in a spreadsheet hardcopy was calculated (quick & egsvia “self documenting'
equations).

RESULTS/CONCLUSIONS . You should end each experiment with a conclusion that
summarizes your results | what were your results, how succesful was the experiment,
and what did you learn from it.

This section should begin with a carefully constructed table that collects all of your
important numerical results in one place. Numerical valuesshould always include
units, an appropriate number of signi cant digits and the experimental error.

You should also compare your results to the theoretical andbr accepted values. Does
your experimental range of uncertainty overlap the acceptd value? Based on your
results, what does the experiment tell you?

DISCUSSION/CRITIQUE . As a service to us and future students we would appreciate
it if you would also include a short critique of the lab in your notebook. Please
comment on such things as the clarity of the Lab Manual, perfemance of equipment,
relevance of experiment, timing of the experiment (compard to lecture) and if there
is anything you particularly liked or disliked about the lab . This is a good place to
blow o a little steam. Don't worry; you won't be penalized, a nd we use constructive
criticisms to help improve these experiments.

QUICK REPORT . As you leave lab, each lab group should turn in a 3"5" quick report
card. You will be told in lab what information belongs on your card. These cards go
directly to the instructor who will use them to identify prob lems.

Drop o your lab notebook in your lab instructor's box. Note: The TA's cannot accept late
labs. If for some reason you cannot complete a lab on time, @se see the lab manager (Lynn
Schultz) in PEngel 139 or call 363{2835. Late labs will only & accepted under exceptional
circumstances. If an exception is valid, the lab may still bepenalized depending on how
responsibly you handled the situation (e.g., did you call BEORE the lab started?).

Grading

Each lab in your notebook will be graded separately as follow:.

9{10 points: A
8{8.9 points: B
7{7.9 points: C
6{6.9 points: D
0{5.9 points: Unsatisfactory
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1. Field Superposition

Purpose

The universe is lled with sources of electric and magnetic elds. In this lab you will test
the principle that the eld produced by several sources simitaneously is just the vector
sum of the elds produced by each source individually.

Introduction

From Coulomb's law we know the electric eld produced by an ilated charged particle.
In a universe of zillions of electrons and protons this resuilwould be without value if we
lacked a method of nding the eld resulting from multiple so urces. Electric elds (and
also magnetic elds) combine in the simplest possible way: ¥ vector addition?.

In this experiment we nd it convenient to work with magnetic elds rather than electric
elds. We have a readily available source of natural magnett eld from the Earth; we can
produce controlled magnetic elds using electromagnets; ad we can easily measure the
direction of the magnetic eld using an ordinary compass. Wtile you have not yet covered
magnetic elds in lecture, all you will need to know about them for this lab is that the source
of magnetic eld is electric current and that the magnetic e ld produced by a current is
proportional to that current. Permanent magnets result from orbiting, spinning electrons
in iron; Electromagnets result from the easily measured cuent owing through copper
wires that make up the windings of the coil. (Similar electric currents owing through the
metallic core of the Earth power the Earth's magnetic eld.) Just as an electric eld is
proportional to the charge that is its source, so the magneti eld of an electromagnet is
proportional to its current.

Apparatus

1 power supply

1 digital multimeter

LElectricity and magnetism is really just one example, as the se two things are, as Einstein showed, really
just di erent aspects of one thing: F . Note that many other force elds (for example that in Einste in's
theory of gravity called general relativity) do not satisfy this simple combination rule.

11
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Figure 1.1: Magnetic eld lines through a nite solenoid of coils carrying current I .

1 solenoid assembly
1 compass

1 set of leads

Theory

Solenoid

A solenoid is a length of wire wound around a cylinder. Mathenatically in is easiest to think
about a solenoid as a series of circular loops of wire each cging the same current, but in
fact the wire is a tightly spaced helix (spiral). Figure 1.1 shows the magnetic eld lines of
a solenoid carrying a currentl. The result is perhaps a bit surprising: the magnetic eld
goes through the core of the cylinder as the current winds arond the edge of the cylinder.
In a month or so you'll learn how to calculate the magnetic eld for such a solenoid, but
for this lab it is enough to know that the magnetic eld is everywhere proportional to the
current. In particular, the magnetic eld, B, at he center of our solenoid (where we will be
doing our experiment) is given by:

Bs = al: (1.2)

where | is the electric current owing around the solenoid (measura in ampere, denoted
\AY) and a=1:14 10 3 T/A. (The unit of magnetic eld is tesla, denoted \T".) The
solenoid will be used as an adjustable source of magnetic dl

Earth's Magnetic Field

The magnetic eld of the Earth varies with position and time. However, during the course
of this lab, at your particular lab table, the Earth's eld ma y be considered constant in
magnitude and direction. (That is the currents producing the Earth's magnetic eld will
not change much during this experiment.) Generally speakig the Earth's eld points north,
however here in the northern hemisphere it also points downThe inclination of the eld is
quite large (over 70) at our latitude.
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A A A Solenoid & Compass Assembly
N

Power —L—
Supply —

®

Figure 1.2: Solenoid circuit.

Compass

The needle of a compass points in the direction of the magnati eld it experiences. We
say that a compass needle shows north, because that is (gedly speaking) the direction
of the Earth's magnetic eld. The needle is a magnetic dipolemade of a small permanent
magnet. Just as an electric dipole feels a torque aligning ito the external electric eld, so
a magnetic dipole twists until it is aligned with the external magnetic eld. We will use the
compass to show us the direction of the magnetic eld that reslts from the superposition
of the Earth's eld with that of the solenoid. While the compa ss is graduated in degrees,
we will nd it convenient to work in radians, and so the conversion factor 360 =2 radian
should be applied to all angles.

Setup

As shown in Figure 1.2, the compass is placed in the center oht solenoid, and the apparatus
is oriented so that with no current is owing the compass neede points perpendicular to
the coil-axis in the direction \N", i.e., = 0. When a current is sent through the coil, the
needle will be de ected to point in the direction of the resulting magnetic eld. The current
will be supplied by an adjustable power supply, and accuraty measured with a digital
multimeter. (For more information on the operation of the mu ltimeter see Figure 4.2 on
page 40.) If we denote the magnetic eld of the Earth by Be and the magnetic eld of the
solenoid by Bg, the resulting total magnetic eld should be the vector sum of the two. As
shown in Figure 1.3, we predict

a
t = == — | 1.2
an 5 (1.2)

Thus a graph of tan vs. | should be a straight line.

Note: since the compass needle is only free to rotate in the hiaontal plane, only the
horizontal components of the magnetic eld are detected. Thus B above is actually just
the horizontal component of the Earth's magnetic eld. (Of course, the solenoid has been
oriented so that its eld is fully horizontal.) At our latitu de it turns out that the vertical
component of the Earth's eld is more than twice as large as the horizontal component.
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Figure 1.3: Adding two magnetic elds: B, from the Earth and B from the solenoid. The
angle of the resulting magnetic eld is called .

Procedure

Position the solenoid/compass assembly such that the comps needle is aligned with north
(N) on the compass housing. Without moving the assembly, conre the power supply in

series with the assembly and multimeter as shown in Fig. 1.2Set the multimeter function

to measure DC amps, denoted: =—==A, on the 20 mA range . After your instructor checks

the circuit, take a series of readings from the compass and niimeter while increasing the
current from power supply.

Record about ten well-spaced readings. (Readings should spaced by about 2 mA or 5,
but it is a waste of time to try to make | or a round number. Don't include the =0,
I =0 starting condition as a measurement.)

Reverse the leads on the power supply and take a similar set mfieasurements. For this last
set of measurements the current, the angle, and the tangentfahe angle will be negative.
When the measurements have been completed, turn o the powesupply and check to see
if the compass is still aligned to the north. If the solenoid/compass assembly has moved,
the measurements should be redone.

Calculations will be easier if you put your measured valuesrito a spreadsheet. The uncer-
tainty in the current ( 1 ) can be accurately determined from Table 4.1 on page 45, hower
for this lab an error of 0.5% should be accurate enough. The wertainty in the compass
reading ( ) must be estimated based on your ability to read the compasscaale. Typically,
for an analog scale, the uncertainty is estimated to be half of the smallest scale division.
You may wish to assign a larger uncertainty if you believe thecompass is unusually di cult
to read. Because computers generally assume angles are in radianguwill need to convert
both and to radians!

Lab Report

1. From your uncertainty in , determine an uncertainty for each value ofy = tan
According to calculus, this is:

(tan )= =(cos )>= 1+tan? = (1+y? (1.3)
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(This formula can be entered into WAPP * directly.) Alternatively you can estimate
errors from the dierence jtan( + ) tan | (tan ). Print your spreadsheet
and include it in your notebook. (Remember to self-documentyour spreadsheet or
show sample calculations.) Make sure you've clearly dispiged how each column was
calculated.

2. Use WAPP* (Goggle \wapp+ to nd it) to determine the line best approximating
your tan versusl data. (Enter the current and its uncertainty in amperes, not mA.)
Tape the t report and plot in your notebook.

3. Using the best-t slope, calculate the Earth's magnetic eld, B¢, at SJU. (Actually
this is just the horizontal component of of the Earth's magnetic eld.) A \ballpark"
value for B¢ is 1:5 10 ° T, but magnetic materials in the building will a ect the
result. Using the uncertainty in slope, calculate the resuting uncertainty in Be.

4. Complete your lab report with a conclusion and lab critique.
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2. Equipotentials and Electric Field
Lines

A new concept appeared in physics, the most important invenion since Newton's
time: the eld. It needed great scienti c imagination to rea lize that it is not the
charges nor the particles but the eld in the space between tle charges and the
particles that is essential for the description of physicalphenomena. The eld
concept proved successful when it led to the formulation of Mxwell's equations
describing the structure of the electromagnetic eld.

Einstein & In eld The Evolution Of Physics 1938

Purpose

To explore the concepts of electrostatic potential and eleiric eld and to investigate the
relationships between these quantities. To understand howequipotential curves are de ned
and how they can display the behavior of both the potential ard eld.

Introduction

Every electric charge in the universe exerts a force on evergther electric charge in the
universe. Alternatively we can introduce the intermediate concept of an electric eld. We
then say that the universe's charge distribution sets up an &ctric eld E at every point in
space, and then that eld produces the electric force on any lsarged particle that happens
to be present. The electric eld E is de ned in terms of things we can measure if we bring
a \test charge" gto the spot where we want to measureE. The electric eld is then de ned
in terms of the total force, F, experienced by that test chargeq:

Note that the eld exists independently of any charges that might be used to measure it.
For example, elds may be present in a vacuum. At this point is is not obvious! that the

!Star Wars Episode IV :
LUKE: You don't believe in the Force, do you?
HAN: Kid, I've own from one side of this galaxy to the other. | 've seen a lot of strange stu, but I've

17



18 2: Equipotentials and Electric Field Lines

eld concept really explains anything. The utility of the el ectric eld concept lies in the
fact that the electric eld exists a bit independently of the charges that produce it. For
example, there is a time delay between changes in the sourcharge distribution and the
force on distant particles due to propagation delay as the dd readjusts to changes in its
source.

The electric force F does work F ) on a charge, g, as it is moved from one point to
another, say from A to B. This work results in a change in the electrical potential erergy
U = Ug Ua of the charge. In going from a high potential energy to a low ptential
energy, the force does positive workWag = U. Consider, for a moment, a line or surface
along which the potential energy is constant. No work is donemoving along such a line or
surface, and therefore the force cannot have a component irhts direction: Electric forces
(and hence the electric elds) must be perpendicular to surfaces of constant potential

energy. This concept is central to our experiment.

Example: Gravitational potential energy. Consider a level surface parallel to the
surface of the Earth. The potential energymgh does not change along such a surface. And
of course, both the gravitational force mg, and the gravitational eld g are perpendicular
to this surface, just as we would expect from the above reasang. Electrical elds and
potential energies are less intuitive because less familiabut they work in much the same
way.

We can de ne a new quantity, the potential dierence V = Vg Va between points A
and B, in the following way:

V =

U Was
— 2.2
q (2.2)

o q

whereW,g is the work done by the electric force as the test chargeg is moved fromA to B.
Although the potential energy dierence U = Ug Ua does depend om, the ratio U=q
(and therefore V) is independent ofg. That is, in a manner analogous to the electric eld,
potential di erence does not depend on the chargeq used in its de nition, but only on the
charge distribution producing it. Also, since F is a conservative force Wag (and hence the
potential di erence) does not depend on the path taken byqg in moving from A to B.

Finally, note that only the potential di erence has been de ned. Specifying the potential
itself at any point depends on assigning a value to the poterial at some convenient (and
arbitrary) reference point. Often we choose the potential b be zero \at in nity", i.e., far
away from the source charges, but this choice is arbitrary. Mreover, if we measure only
potential di erences, the choice of \ground" (zero volts) doesn't matter.

Apparatus

DC power supply

never seen anything to make me believe there's one all-poweful force controlling everything. There's no
mystical energy eld that controls my destiny.

Of course, we should replace \force" in the above with \ eld" .
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Figure 2.1: Electric eld mapping circuit.

digital multimeter (DMM)

conductive paper with electrode con gurations (2)
card board

graph paper

push pins

You will be provided two electrode con gurations drawn with a special type of conducting
ink (graphite suspension) on a special carbon impregnated gper, as sketched in Fig. 2.1.
The paper has a very high, but nite, resistance, which allows small currents to ow.
Nevertheless, since there is a big di erence between the ristance of the conducting ink
and the paper, the potential drop within the ink-drawn electrodes is negligible (less than
1%) of that across the paper. The potential di erences closly resemble those under strictly
electrostatic (no current) conditions.

Theory

In this experiment you will use di erent con gurations and o rientations of electrodes which
have been painted on very high resistance paper with conductg ink. When the electrodes
are connected to a \battery" (actually a DC power supply: a battery eliminator) an electric
eld is set up that approximates the electrostatic conditions discussed in lecture. Under
truly electrostatic conditions the charges would be xed, and the battery could be discon-
nected and the electric eld would continue undiminished. However, in this experiment the
battery must continue to make up for the charge that leaks betveen the electrodes through
the paper. These currents are required for the digital multmeter (DMM) to measure the
potential di erence. Nevertheless, the situation closely approximates electrostatic condi-
tions and measurement of the potential di erences will be sinilar to those obtained under
strictly electrostatic conditions.
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Figure 2.2: Some equipotential curves for the circle-line lectrodes.

Consider Fig. 2.2 where the electrodes are a circle and a lin&Suppose we x one electrode
of the digital multimeter (DMM) at some (arbitrarily chosen ) point O and then, using the
second electrode as a probe, nd that set of pointsA1; A,; As;::: such that the potential
di erences between any of these points andD are equal:

VA10 = V/_\Zo = VA30 = il (23)

Hence the potentials at pointsA; Ay; As;::: are equal. In fact, we can imagine a continuum
of points tracing out a continuous curve, such that the potertial at all the points on this
curve is the same. Such a curve is called aequipotential We label this equipotential
Va. We could proceed to nd a second set of pointsB1;B>»;Bs;::: such that the potential
dierence Vg,o is the same forn=1;2;3;:::; i.e,,

VB,0 = VB,0 = VB0 = ::ii: (2.4)

This second set of points de nes a second equipotential cue; which we labelVg. The

actual values of the potentials assigned to these curved/s and Vg, depend on our choice
of the reference potentialVo. However, the potential di erence between any two points on
these two equipotentials does not depend on our choice &fp; that is,

(Vo Vo) (V8 Vo)=Va W (2.5)

and so the potential di erence Vo Vg can be determined from the measured value¥xo
and Vgo. A mapping of electrostatic equipotentials is analogous toa contour map of
topographic elevations, since lines of equal elevation argravitational equipotentials. The
elevation contours are closed curves; that is, one could walin such a way as to remain
always at the same height above sea level and eventually retn to the starting point.
Likewise, electrostatic equipotentials are closed curvesThe electric eld at a given point
is related to the spatial rate of change of the potential at that point, i.e., the gradient, in
the potential. Continuing the analogy with the contour map, we nd the electric eld is
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“\+DV

(a) Two equipotential curves and the mini- (b) Orthogonal sets of curves | equipotentials and eld
mum distance, X, between them. lines.

Figure 2.3: Equipotential curves

analogous to the slope of the landscape, with the direction fathe electric eld corresponding
to the direction of steepest slope at the point in question. Thus, as shown in Figure 2.3(a),
with one equipotential at potential V and a second, nearby one, at potentiaV + V, the
magnitude of the electric eld at point P is approximated by

E — (2.6)

where x is the minimum distance between the two equipotentials. Usig the minimum

value of x guarantees that the “derivative' —\)f is largest at the point P. (The derivative

in any direction is determined by the gradientof V: dV = r V dr; the electric eld is closely
related to the gradient: E = V. ) The direction of the electric eld is in the direction of
X, either from P to Q, or in the opposite direction, from Q to P, depending upon whether
V is negative or positive. The minus sign in Eq. (2.6) simply mans that the electric eld
is in the direction of decreasing potential. One more propdy of the gradient is important
to note: the gradient is perpendicular to the tangent to the equipotential at point P, as
shown in Fig. 2.3(a). Thus, the electric eld is perpendicular to the equipotential curves.

We can now envision two entire families of curves, as illustated in Figure 2.3(b): the rst, a
set of equipotentials, and the second, a set of curves whosartgent at a point indicates the
direction of the electric eld at that point. The members of t he latter family, the electric
eld lines, are also called \lines of force" because the eldnc eld is in the direction in
which a positive chargeq would move if it were placed at that point. As mentioned earlier,
the equipotentials form closed curves (no beginning, no eng while the eld lines start
on positive charge and end on negative charge. The two famés of curves are orthogonal
(perpendicular), because at any given point, sayP, the tangent to the equipotential through
P is perpendicular to the eld line through P. The direction of a eld line is in the direction
of the electric eld.

The arrows on eld lines indicate the direction of the electric eld.

Conventionally, equipotential are selected with their potentials in a sequence of uniform
steps (i.e., constant V). The spacing ( Xx) between the equipotentials then immediately
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gives the relative strength of the corresponding electric eld at the point: small x corre-
sponding to largeE.

Conventionally, the spacing of the eld lines is also desiged to give a qualitative measure
of the magnitude (strength) of the electric eld; that is, th e eld is stronger where the
eld lines are more concentrated. (In 3 dimensional space wealk about the \density of
eld lines", meaning the number of lines per cross sectionahrea. In our plane gures, this
corresponds to the separation between the eld lines.) Oncdhe equipotentials have been
mapped, the eld lines can be found by drawing the orthogonalfamily of curves.

Procedure

1. A pair of electrodes have been de ned by a pattern painted vith conducting silver ink
on black high resistance paper. Record (copy or trace) the ettrode patterns onto a
piece of graph paper. Make copies for each lab partner.

2. Place one of the conductive sheets on the cork board. Conokeach painted electrode
to the power supply (battery eliminator) using a positive (+ , red) or negative ( ,
black) wire and a pushpin. Do not break the conducting path ofthe painted electrode
with a pushpin holejinstead the pushpin should be placed dir ectly alongside the
painted electrode. The pushpin will then press and hold the ng terminal of the wire
to the painted electrode without scraping o the paint. You c an hold the sheet in
place with additional pins at corners. Connect the black (neyative, common or \com")
terminal of the DMM to the negative terminal on the power supply. (Figure 4.2 on
page 40 brie y describes the operation of the multimeter.) You will use the (red) probe
connected to the other voltage terminal of the DMM to measurevoltage di erence.

3. Have your lab instructor check your set-up. The DMM should be set to read DC Volts
(function  ===V), with a range of 20 Volts. Set the power supply to about 10 Volts
DC.

4. With the free probe of the DMM, touch the positive electrode and record the potential
di erence Vpo between the two points probed by the DMM. Press rmly to make good
electrical contact; however, do not puncture or otherwise @amage the paper (or the
painted electrode). Touch the DMM probe to various points onthe positive electrode.
(This may not be possible if the electrode itself is very smd] i.e., a \point charge".)
Each electrode should be an equipotential; if the potentialseems to vary check that
you have rm connections to the electrode and contact your irstructor if you cannot
correct the problem.

Touch the free probe of the DMM to the negative electrode and ecord the (nearly
zero) reading Vyo . (Again: this electrode should also be an equipotential. Ifyou
cannot achieve an equipotential electrode by reseating theing terminal on the painted
electrode, contact your instructor.) In both readings, O refers to a xed location at
the negative terminal of the power supply. Vno and Vpo are the potential di erences
between the negative ) and positive (P) electrodes, and the referenc®. Compute
Vpn, the potential di erence between the positive and negativeelectrodes.

5. In the vicinity of the negative electrode, nd a point wher e the DMM reads 2.0 Volts
as the free probe is touched to the paper. Remember, do not pwture or otherwise
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damage the paper. Record this point as accurately as you cannothe (white) graph
paper.

Now move the free probe of the DMM to another nearby point whee the reading is
again 2.0 V and again record this point on your graph paper. Olain a series of such
points, all corresponding to a DMM reading of 2.0 V, by gradudly moving the probe
from point to point. Eventually the set of points will close on itself or, perhaps, go
0 the edge of the paper.

6. Repeat the previous step for some other DMM readings, say.G V, 4.0V, 5.0V, 6.0
V, 7.0 V, and 8.0 V. You should obtain at least ve sets of equipotential points.

7. Draw the equipotential curves on the graph paper by conneting the points at the
given potential with a smooth curve. Each such curve is an eqipotential and can be
labeled by the appropriate DMM reading.

8. Repeat Steps 2 through 7 for the second electrode con guten.

Analysis

Show your equipotentials to the lab instructor. The instructor will assign a point | call it
P | where you should nd the electric eld.

Carry out the following steps:

1. Draw the tangent to the equipotential through P. (P may have been selected so that
is does not lie on an equipotential you have measured. Nevdreless you should be
able to estimate the orientation of that unmeasured equipogntial by comparison with
the neighboring, measured equipotentials.)

2. Draw the perpendicular to this tangent through P.

3. Find the distance x, by measuring in cm using a ruler, between two adjacent equip-
tentials, which dier by V. Find the magnitude and direction of the electric eld
E at point P, i.e. Ep. Record the magnitude and indicate the direction by a vector
placed at P on the graph paper. ( x could also be de ned as the shortest distance
between the adjacent equipotentials measured along a linehe goes through the point
P.)

4. Sketch the eld lines orthogonal to the equipotentials far this con guration of elec-
trodes, and indicate their direction by small arrowheads. See Figure 2.3(b).)

5. Repeat Step 4 for the second electrode con guration.
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3. The Digital Oscilloscope

Purpose

To become familiar with two common lab instruments used with time varying electrical
signals (AC). The function generator produces simple AC sigals; the oscilloscope is used
to measure AC signals.

Apparatus

oscilloscope
multimeter (DMM)
function generator
battery
microphone

BNC cables (2)
\T" adapter

Banana plug cable with BNC adapter

Introduction

Communication requires signals that change in time. Modern(high volume) electrical com-
munication requires electrical signals (voltages, currets) that change rapidly. The digital
multimeters we've used to measure voltage and current can rtodetect quickly changing
signals (for example AM radio signals) and have signi cant Imitations even at moderate
frequencies (e.g., 20 kHz: the high-frequency end of audiagnals).

This laboratory will introduce you to the oscilloscope, which will then be used to observe
several di erent electrical signals and make quantitative measurements of their character-
istics. Before coming to lab you should study the following escription of the oscilloscope,
and start to learn the uses of the controls. A drawing of the osilloscope you will be using
in the laboratory is included here to help you get started (se Figure 3.1 on page 28).
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A typical oscilloscope has a lot of knobs and switches, and ca n be a bit intimidat-
ing at rst acquaintance. It helps to keep in mind that for all the complications,
the oscilloscope is nothing more than a very fast voltmeter t hat displays a graph

of voltage as a function of time!

Types of oscilloscopes

Several methods are available to produce a visual display ofoltage vs. time. For slowly
varying signals a mechanical system such as a strip chart recder is adequate. (Such
recorders are often used for electrocardiogram (ECG) displys.) However, the inertia of
a mechanical system makes rapidly changing signals di cultto measure. Even the com-
paratively low frequency (60 Hz | 60 cycles/sec) of our AC pow er lines cannot readily be
measured with a mechanical system. Therefore, more sophisated instruments must be
employed for signals that change with time more quickly.

Analog Oscilloscope

Electrons, with the smallest mass (and hence inertia) of anycharged patrticle, are ideally
suited to replace the movable pen of a strip-chart recorder.This technology is at the heart
of the analog oscilloscope. High speed electrons are produced at one enflaovacuum tube
(the \cathode ray tube" or CRT); when they slam into the far en d of the tube a bit of light
is produced. These ashes of light are the ink that is used to daw the graph. The electron
beam (the pen) is de ected by voltages applied to parallel pates near the source of the
electron beam.

The CRT is by now an old technology, but it is by no means obsoleejmany TVs and
computer monitors continue to use this method of rapidly drawing pictures.

Digital Oscilloscope

Modern oscilloscopes are based on digital technology|they do not use the de ection of a
moving electrons to measure voltages. The process is indck but even easier to understand.
A very fast voltmeter simply repeatedly measures the voltag and a computer is used
to display the results as a graph. Thus these oscilloscopesa essentially single-purpose
computers with LCD displays. Lacking a big monitor and mouse it can be a bit awkward
moving through the menus used to control the display, but we tope this lab will be a rst
step in becoming pro cient with this ubiquitous device.

These oscilloscopes measure voltage at the rate of up to onéllilon samples per second
(that is, 10° samples/sec = GS/s) and display the results continuously inreal time. Note

that if the signal isn't repeating itself, a plot of a billion points per second is not going
to be useful. Thus the aim of an oscilloscope is to obtain a \stady trace" that shows an

apparently unchanging plot made by rapidly replacing nearl identical cycles. We can then
observe \slow" changes in the signal. Alternatively a \snapshot" of the signal can be taken
and displayed for as long as we like.

The large number of menu and action buttons on the front panelof the oscilloscope can be
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confusing so, for the experiments we will be doing, only the acessary buttons and controls
will be described. It might be helpful if you check o each step in the instructions when it
has been completed. Accidentally skipping a step may causeonfusion during later steps.

Lab Report

This report will follow a format that is di erent from the one used in your previous labs.
You should keep a log and commentary on the steps given in thenbtructions. Include
sketches of observed waveforms and answers to any questioasked in the instructions.
There are a few calculations to be made but most the report wil consist of your comments
and observations.

Operating Basics

Think of an oscilloscope as a device that (usually) measuregoltage as a function of time.
Voltage is plotted on the vertical axis (y-axis), and time on the horizontal axis (x-axis).

The face of the oscilloscope is divided into functional ares The display area on the left
side of the instrument face is the computer's screen. The diay generally shows a 8 10
grid used to plot voltage vs. time. (The approximately cm size units on the grid are
known as division s, so they scale is typically given in volts/div.  and the x scale is
in sec/div .) In addition to plots of the waveform(s) being measured, numerical waveform
details, instrument control settings and menu options may ke presented in the display.. The
menu buttons near the top right hand side of the oscilloscopgcause di erent menu options
to appear in the rhs of the display next to a column of buttons used for selection. These
selection buttons are the action (i.e., selection) area. Tk control area brings together the
most frequently used controls that change the time and voltaye scales used in the graph.
Voltage scales are selected by thevertical  controls and the time scale is selected by
the horizontal  control. Another set of controls (trigger ) allows exibility in how the
waveform is detected.

Procedure

A. Starting Out

Push in the power switch on the top of the oscilloscope and waifor the instrument to
go though a self-check. In a few seconds the graphical disglashould appear along with
a menu window. The menu window that appears will be whatever he previous user had
set up before the scope was turned o. To make sure that all labgroups start with same
settings, you will need to go though a few preliminary steps.

1. Press thesave/recall button in the menu section.
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Figure 3.1: Tektronix TDS 220 Digital Oscilloscope

. When the save/rec window appears in the action area, the top box in the menu

should have Setupshighlighted. If it doesn't, press the button to the right of t he box
until Setupsis highlighted.

. The third box will highlight a setup number. Make sure 1 is highlighted.

. The bottom box and adjacent button is used to Recallthe selected setup. Press the

button and look at the bottom which should briey display the message Setup 1
recalled. The bottom of the display should then read:
CH1 500mV M 1.00ms CH1 o0.00Vv

The rst number refers to the vertical ( y) scale: 0.5volts/div ; the second refers to
the horizontal (x) scale: .001sec/div .

. You should never save a setup!
. Press themeasure button in the menu section.

. When the measure menu window in the action area, you are ready to start the

experiment.

Notice that the time axis will appear darker than the rest of t he grid and, if you look closely,
you will see some random dots appear and disappear near thentie axis. The display is
actively graphing voltage but, without a source being conneted to the scope, only some
random low-voltage \noise" is being observed.

Next, connect a battery to the scope input|your instructor w ill show you how. Adjust the
volts/div control for CH 1 in the vertical section of the control area so the increased
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Figure 3.2: Wavetek Model 19 Function Generator

potential di erence ts in the plot. For the selected scale (0.5 volts/div ) the y value
should have increased by 3liv for a 1% V battery. Note that you can obtain an approximate
measurement of the battery voltage by multiplying the y value (in divisions ) by the scale
factor (in volts/div ). It is important to understand that an oscilloscope is nothing more
than a sophisticated voltmeter! Record your measured battey voltage.

B. Applying a Sine Wave with a Function Generator

A drawing of the Wavetek Model 19 function generator is givenin Figure 3.2.

1. Connect a BNC! cable from the main/out BNC of the function generator to the
CH 1 input of the scope.

2. Before turning on the function generator, push in the 20Kfrequency range  button
and the sine wave (leftmost: -~-.-) function button. All other buttons should be o
(out).

3. Adjust the frequency , symmetry and dc offset knobs to their mid position.
4. The amplitude knob should be set at approximately 25 percent.
5. Have a TA check your settings then turn the function generdor on.

6. The scope display may appear chopped or distorted. Pres$ié autoset button near
the upper right corner of the scope face. When you connect to aew voltage source
the autoset feature may save some time in obtaining a good (stady, properly scaled)
display of the waveform.

7. You should now see a recognizable sine wave on the displajotice the information
at the bottom of the display. The value of each scale divisionwill be listed. Vertical
(CH 1) units will be V or mV per div and horizontal (M) units will be ms or s per
div. A division (div) is about a cm on the screen; the screen is 8 10 divisions.

! According to Wiki, this denotes \bayonet Neill-Concelman" connector. This coaxial cable connector is
very commonly used when signals below 1 GHz are being transmtted.
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It is important to remember that the function generator is th e source of this signal,
while the oscilloscope is just measuring and displaying thesignal. An oscilloscope,
when properly used, should have little or no e ect on the sigral it is displaying.

C. Scale Adjustments

1. In the CH 1 vertical control area, try adjusting the volts/div  knob. Notice how
the appearance of the waveform changes because the verticatale units (listed at
the bottom left of the display) have been changed. Please natthat the actual signal
(produced and controlled by the function generator) is not danging, rather you are
only controlling the display of that signal on the scope.

2. Do the same with the horizontal sec/div knob. Now bring the settings back to
where you started by pressing theautoset button.

D. Measure Menu

The top of the action area should be labeledMEASURE if not push the measure button in
menu area. (Recall that you pushed themeasure menu button in part A-6.) The bottom

four boxes in the action area should all readCH 1and None The top box should have Type
highlighted.

1. Starting with the second box, press the button to the immedate right until it reads
Freqg

2. For the third box select Period
3. For the fourth, Pk-Pk (peak-to-peak voltage di erence) and the fth, Mean

4. Look at the numbers displayed in each box. The frequency shuld be very close to
the value displayed by the function generator. Try reading the graph scales directly
and see if you agree with the period and peak-to-peak valuesishlayed in the boxes.
(Record your results both in divisions and converted to seconds and volts.) Sketch
the displayed waveform. (Be sure to include scale factors!)Record the four values
measured.

5. The mean should be close to zero since the sine wave voltagkernates between equal
positive and negative peaks. Thedc offset knob on the function generator can be
used to change the mean value | try it while observing the disp lay.

6. Set thedc offset knob as close to zero as possible before proceeding.

E. Triggering

In this exercise, the function generator will be adjusted toproduce a sine wave of changing
amplitude.
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1. In the amplitude modulation section of the function generator, press then button
and turn the knob fully clockwise to its maximum position.

The display should appear unstable. What you are experiencig is persistence of
vision. With a 100 s sec/div setting, it only takes one millisecond for a graphical
display to be refreshed. Your vision cannot respond that quikly, so you are seeing
multiple graphs. Of course, no change would be observed if # continuously plotted

waveforms were identical.

2. To see a single graph, press theun/stop  button in the top-right menu area. If you
press the button repeatedly, you will notice that the wavefam changes in appearance.
Previously persistence of vision caused an overlapping ohese di erent waveforms
and the display seemed unstable.

3. To improve the stability of the waveform display, the method by which the oscilloscope
commences graphing (triggering) can be adjusted. To make tis adjustment, in the
trigger  section of the control area nd and push the menu button.

4. The trigger window should now be displayed in the action area. Press thedion
button adjacent to the Mode box until Normalis highlighted.

5. Turn the level knob (in the trigger control area) and notice the arrow (J-) verti-
cally moving on the right side of the display. As you move thisarrow up and down,
you should notice a change in the stability of the display. If you move it too far the
display will stop being refreshed just as it did when you presed therun/stop  button.

6. You may nd it helpful to increase the time per division ( horizontal  scale), in order
to see more clearly how the amplitude of the sine wave is chamgg and the e ect of
changing the triggering level.

By adjusting the trigger level you are changing the voltage which starts or triggers

the graphing process. (\Starts" is perhaps the wrong word, & this trigger point

is displayed by default in the center of the screen.) Choosig a fairly high trigger

level can select a unique (the highest) peak to be repeatedlgisplayed resulting in a
stable display. There are several other options for triggeing which you may wish to

investigate. The trigger window now in the action area o ers triggering on a Risingor

Falling voltage (Slopebutton). It also o ers di erent triggering Modes. The Normal
mode allows the oscilloscope to acquire a waveform only whahis triggered. The Auto

mode keeps acquiring or graphing even without a trigger. TheSinglemode acquires a
waveform then stops the display. Therun/stop  button must be pressed to acquire
another waveform. There are additional triggering optionsthat will not be covered in

this lab.

7. Turn o the amplitude modulation on the function generator.

F. Sine Wave Measurements

1. Using a \T" adapter connect the function generator to both the oscilloscope and the
DMM. (The Digital Multi Meter is displayed in Fig. 4.2 on page 40.) Set the DMM
function to AC volts (... V) and range to 20.
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Figure 3.3: Relationships amongVy, Vpp, and Vims

2. The amplitude of the function generator should be set anywhere from 25 to 50
percent. Use a frequency a bit less than 1 kHz. Make whateverdjustments are
necessary to obtain a full screen display of the sine wave.

3. Press thecursor menu button and observe the cursor window in the action area.

4. Press the button to the right of the Type box until Voltageis highlighted. Notice that
two dashed horizontal lines appear. These lines can be movatp and down with the
two position knobs in the vertical  section of the control area. The cursor window
will display the voltage corresponding to the two lines alorg with the di erence ( Delta)
between the two.

5. Adjust the two cursors to coincide with the positive and negative peaks of the sine
wave. Record the peak-to-peak Delta) voltage.

6. Read and record the voltage on the DMM. (The two values will not be the same.)
Using Table 4.1 on page 45 determine the error in your DMM reathg.

7. Now change theType box to highlight Time. You will see two vertical dashed lines.
The same two position knobs, which were used to position the cursors before, can
be used to position the new cursors.

8. Adjust the cursors to nd the period ( Delta) of one sine wave cycle.

G. Sine Wave Calculations

The voltage measured by the DMM is known as the rms (root-mearsquare) voltage. For a
sine wave, the relationship between peak-to-peak voltagera rms voltage is:

Vims = P= = P>
rms p_z 2 2

Figure 3.3 illustrates relationships among the amplitudeVy, the peak-to-peak voltageVyp,
and the root-mean-square voltageVims. Be sure you understand these concepts before
beginning the calculations outlined below.
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1. Check your peak-to-peak (scope) and rms (DMM) measuremds and see if they agree
with the equation. The oscilloscope uncertainty can be detemined from the Resolu-
tion and Accuracy table at the end of this chapter.

2. Calculate the sine wave frequencyf from the period, T using the formula:

Compare the calculated frequency to that displayed by the function generator. The
function generator uncertainty can be determined from the Resolution and Accuracy
table.

3. We have used cursors here to measure quantities that coultdave been easily deter-
mined using the measure menu. Typically the cursors are reserved for less standard-
ized measurements.

4. Disconnect the DMM before proceeding.

H. Separating AC and DC Signals

1. Adjust the dc offset knob on the function generator; the waveform should move
upward on the display. (You may also need to make the triggerevel more positive
to obtain a stable waveform.) The function generator is now poducing a signal of the
form:

Asin('t )+ B

The constant voltage B is being combined with (added to) the sinusoidal signal of
amplitude A. The oscilloscope has the ability to automatically ignore the constant
voltage that is actually there (i.e., to separate and displa/ just the AC part of a
combined signal).

2. Press the CH 1menu button located in the vertical  section of the control area.

3. Find the Couplingbox for CH 1 in the action area. Change the highlighted seledbn
from DC to AC. Notice how the waveform is again centered vertically in thedisplay.
By selecting AC, the constant (DC) component of the waveform has been remowk
from the display]it is of course still present in the signal p roduced by the function
generator. See that thedc offset  knob on the function generator is no longer e ec-
tive in changing the display. (The mean value of the signal poduced by the function
generator is still changed by thedc offset  knob, but the scope is continuously re-
moving that o set from the display.) The purpose of AC coupling is to allow you to
focus on the changing component of the signal by removing theteady component.

I. Audio Signal

1. Disconnect the function generator from the scope and corect the microphone to the
scope's CH 1 input. SelectCouping AC, if that is not already the case. Try to sing,
hum or whistle a sustained tone into the microphone (press te autoset button while
trying to produce the tone).
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The autoset feature may not work if the signal is too weak. If this happens a
message will appear at the bottom of the display stating unable to autoset You will
then need to manually adjust the vertical and horizontal scdes along with the trigger
to obtain a good display. Another problem that may occur when using autoset is
a change in the trigger coupling. autoset may introduce a Iter that rejects high
frequencies, low frequencies or noise. To see if this has hagned, hit to the trigger
menu button and check the Couplingitem in the action area. You may need to change
it back to AC. As you become more familiar with the scope, you may decide tdispense
with autoset and always make manual selections.

2. Sketch and describe the waveform produced by your audio ghal. (Scales please!)

3. Change the coupling selection back toDC before proceeding. (In general, use DC
coupling unless the situation requires AC, i.e., a small AC gnal on top of a large DC
0 set.)

J. Dual Channel Operation

This oscilloscope has the ability to measure and display twasignals simultaneously. You've
been using the CH 1 input; channel 2 (CH 2) has its inputs and catrols just to the right
of those for channel 1.

1. Disconnect the microphone. Connect theaux BNC output of the function generator
to channel 2 and themain out BNC output to channel 1.

2. Settheamplitude of the function generator to approximately 25%. In the vertical
section of the control area, press the CH 2nenu button. Notice the appearance of a
second waveform.

3. Pressautoset . The two waveforms may be positioned vertically on the dispay by
turning the two position knobs. (Note that the position knobs do not a ect the
signal produced by the function generator, just the displayof that waveform.) Position
the waveforms so they are both clearly visible. The verticalscales yolts/div ) for
both waveforms may be changed independently but only one tire scale can be selected.
Try adjusting the two vertical scales.

4. Change theamplitude of the function generator and note how the two waveforms
are a ected di erently.

5. From the trigger menu , either waveform can be used as a trigger by selecting the
appropriate Source. Try both sources.

6. Close channel 2 by again hitting the CH 2menu button.

K. Complex Waveform

In this last exercise, you will investigate a signal that is acomposite of several di erent
waveforms. The electrical wiring and instruments in the lab room produce the signal.
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1. Disconnect the BNC cable from channel 1 of the oscilloscapand replace it with a
BNC/banana plug adapter connected to one of the longer banaa plug leads. Make
sure the adapter is rmly pushed onto the BNC jack for channel 1.

2. Use what you have learned about the oscilloscope settings obtain a stable display.
Determine at least two frequencies that are part of this compex waveform. (Use the
the cursor tool.) Sketch the waveform and list any frequenacés that you were able to
measure. Recall: anytime you sketch a scope display it is dical to include the x and
y scale factors. (They are displayed on the bottom of the scree)

Analysis and Discussion

Be sure that all calculations, comparisons and answers to ggstions called for in the above
sections are accurate and complete.

Critique of the Lab

Comment on the clarity of the Lab Manual, the performance of the equipment, the relevance
of the experiment, and your pleasure or displeasure with theexperiment. Please be honest.
This critique will not a ect your grade, and serves to help us improve the lab experience.
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Resolution and Accuracy

Wavetek Model 19 Function Generator

Display Accuracy

Frequency: 1 digit on 2 kHz to 2 MHz ranges;
< or = 1.5% of full scale on 2 Hz to 200 Hz ranges

Amplitude: Typically 5% of range at 1 kHz.
DC o set: Typically 2% of reading.

Resolution: 0.05% maximum on all ranges

Tektronix TDS 200-Series Digital Oscilloscope

Vertical Measurement Accuracy in Average Acquisition Mode (> 16 waveforms)

DC measurement with (4% reading + 0.1 div + 1 mV)
vertical position at zero

DC measurement with [3% (reading + vertical position) + 1% of vertical
vertical position not at zero  position + 0.2 div]. Add 2 mV for settings from
2 mV/div to 200 mV/div. Add 50 mV for settings
from > 200 mV/div to 5 V/ div.

Delta volts measurement (3% reading + 0.05 div)
Horizontal Measurement Accuracy

Delta time measurement (1 sample interval* + .01% reading + 0.6 ns)
Single-shot sample mode

Delta time measurement (1 sample interval* + .01%  reading + 0.4 ns)
> 16 averages

*Sample interval = (s/ div )/250
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Purpose

To become familiar with the three most common electrical quatities: current, voltage,
and resistance, and two of the most common lab instruments: pwer supply and digital
multimeter. To practice drawing a schematic circuit and building a real circuit that matches.

Introduction

In this lab, you will investigate some of the electrical principles involved in simple DC (direct
current) circuits. The electronic revolution, beginning with folks like Edison and Marconi
and continuing today at Intel, is based on understanding these simple principles. These
circuits, in their most basic form, continue today in things like ashlights and household
wiring. But even the most up-to-date electronics (like a miaoprocessor with more than a
billion interconnections in a chip the size of a dime) followthe circuit principles (Kirchho 's
Rules) explored in this lab. Of course in order to design and ltaracterize circuits you will
need to become familiar with two common electrical test instuments: the digital multimeter
(DMM) and the power supply. You will do the following in this | ab:

1. Become familiar with common resistors used in circuits ad determine their resistance
based on a color code.

2. Become familiar with the operation and use of a power supp

3. Wire your own DC circuits based on your own schematic circit diagrams.

4. Become familiar with the operation and use of multimetersby measuring currents,
voltages, and resistances.

5. Note the importance of the polarity of meters in analyzing DC circuits.
6. Become aware of the accuracy limitations of meter reading

7. Test the equations used to nd the equivalent resistance bresistors in series and in
parallel.

37
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Apparatus

1 power supply

1 digital multimeter (DMM)

2 resistors

1 plug-in board with connecting wires

2 small bulbs

Series and Parallel Circuits

E— E— Junction
c
Rl RZ
R
IZ
(a) Series (b) Parallel

Figure 4.1: Resistor combinations.

Resistors

If two resistors of resistanceR; and Ry, are connectedin series as in Figure 4.1(a), the
equivalent resistance,Req, between pointsa and b is given by,

If two resistors of resistanceR1 and R, are connectedin parallel as in Figure 4.1(b), the
equivalent resistance,Req, between pointsa and b is given by,

Lol gl RR

_— = 4.2

Note that for parallel circuits, the equivalent resistance is smaller than either resistor sep-
arately.
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Currents in Series and Parallel Circuits

Current is the ow of electric charge (something like the ow of water). There can be no
accumulation of electric charge in a circuit | what comes in m ust go out somewhere else
in the circuit. Hence in Figure 4.1(a) the charge owing from a into R1; must ow out of
R; into R, and through R, to b. As a result we can say that the current, |; through R;
is equal to the current, I,, through R,. In a series circuit the current has no branching
options, and hence must be the same throughout the circuit.

Now what about the current in Figure 4.1(b)? In this case, we fy that the two resistors
R1 and R, are connected in parallel. The current froma, |5, must split into two parts,

with part of the current, 11, going through R; and the balance,l,, going through R,. To
avoid a buildup of charge at the junction where the current divides, the total current out
of the junction, 11 + I, must be equal to the total current into the junction, I5. That is,

la = lI1+ 12. As we continue through to b, a similar argument applies to junction where the
current recombines. The total current into the junction must equal the total current out,

thatis, 11+ 12 = |,. Combining these two results leads us to conclude that

a=l1+12=1y (4.3)

Voltages (Potential Di erences) in Series and Parallel Cir cuits

Next we ask, what makes charge ow? Consider the analogy of war owing in a system
of pipes. Water ows because there is a di erence of pressurbetween two points in the
system. In electrical circuits, charge ows because theres a potential di erence (a voltage
drop) between the points.

Consider the circuit in Figure 4.1(a) again. There will be a airrent through the resistor
R if there is a potential di erence between the two points a and c. We call the di erence
of potential between points a and c (the voltage acrossR;) Vac. Similarly the potential
di erence between the two points ¢ and b (the voltage acrossR») is V¢, Since the change
of potential from ato cis V¢ and the change fromc to bis V,, then the total change from
atobis

Vab = Vac + Vep (4.4)

In Figure 4.1(b), there must likewise be a well-de ned poterial di erence between the
points a and b. Consequently, in a parallel circuit, the voltage drop acrass the two resistors
must be the same.

Moving water around a pipe loop requires a mechanical pump (asource of pressure di er-
ence). In an analogous fashion, moving electrons around arcuit loop requires a power
source (a source of potential di erence). Batteries and powr supplies (\battery eliminators”

that plug into a wall outlet) are common examples of such souce of potential di erence.
Whatever the name, DC power supplies will have a positive (oAhigh potential”), terminal

(often colored red) and a negative (low potential) terminal (often colored black). The po-
tential di erence, V, produced by our lab power supplies is adjustable whereas iis xed
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.
mov TRUE RMS DIGITAL MULTIMETER DM-441B

com T mA FUNCTION RANGE woror @ 0 SIS
EBCE
POWER =V ~V =A ~A W ) FREQ 200 2 20 200 2000 10
mvw —KkHz — A MW HOLD
V mA KWe—e
- J

Figure 4.2: The DM-441B digital multimeter. When used as a vdt/ohm meter, the leftmost
inputs (\V Hz" and \COM") are used. When used as an ammeter, t he bottom inputs
(\mA" and \COM") are used. \COM" refers to common or ground: t he low terminal. The
function buttons determine the mode of the multimeter: V (voltmeter), A (ammeter), and

(ohmmeter). AC modes are denoted with -~.-and DC modes are denoted with ===. Note
that accurate measurement requires you use the appropriateange : the smallest possible
without producing an overscale (a ashing display).

for a charged battery (e.g., a J% V D cell, 9 V \transistor" battery, 12 V car battery, ...)
The symbol used to represent a power supply is:

;ri,—_
V

The positive electrode is the high potential terminal and the negative is the low potential
terminal.

Multimeters

We will use multimeters that can be set in either a current-measuring mode or a voltage-
measuring mode. In the current-measuring mode the multimegr is called an ammeter,
represented by the symbol

_|_ _

4®7

and in the voltage-measuring mode, it is called asoltmeter, represented by the symbol

_|_ _

4@7
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(b)

Figure 4.3: Simple circuit showing how to connect a multimeer as an ammeter and a
voltmeter.

Please note: All meters come with speci cations indicating their accuracy. See Table
4.1 at the end of this lab for DM-441B multimeter accuracies. Note that the uncertainty
depends on the scale used, thus in addition to the result didayed by the DMM you must
also record the scaleused to properly calculate errors. Alternatively you can ge in the
habit of recording every digit displayed by the DMM, as that will also tell which scale was
used and make error calculations easier (since the meanind @ dgt" will be clear). If you
do not follow these instructions you will have to repeat your measurements!!!

Now we will put all this information together and build a circ uit that will allow us to test
Egs. (4.3) and (4.4) experimentally.

Figure 4.3(a) is a simple circuit with a power supply and a resstor. Suppose that we want
to measure the current through the resistor, and the potental di erence (voltage drop)
across it. We must determine how to place the meters in a circit when we want to measure
either current or voltage.

Figure 4.3(b) shows where to place an ammeter to measure theuoent through the
resistor. Note that to measure the current through the wire, we place the ammeter so
that this current must pass (no choice) through the ammeter | hence the ammeter
and the resistor are in series in the circuit. In order to measre the current in an
existing circuit, a wire must be cut and an ammeter inserted pridging the cut section
of wire).

Figure 4.3(c) shows where to place the multimeter in voltagemeasuring mode (volt-
meter) to measure the potential di erence (voltage) acrossthe resistor. Note that we
are measuring the di erence of potential between two points| one on either side of

the resistor. The voltmeter and resistor are parallel to eab other in the circuit. In

order to measure the voltage dierence in an existing circui, simply jump the two

locations with the voltmeter.

In short:  Ammeters substitute for a wire (in order to sample the full current). Inserting an
ammeter into a circuit requires \cutting” a wire. On the othe r hand, using a voltmeters does
not require disrupting the circuit; simply connect two locations and measure the potential
di erence.
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Procedure

This lab involves two sets of (unrelated) measurements:

1. You will use resistor color codes (see Appendix) to deterime the resistances of two re-
sistors. Then, using the multimeter as an ohmmeter, you willmeasure the resistances
of the two resistors separately and then in series and paradl circuits. The values
obtained from the color codes and the multimeters should agee within experimental
error.

2. You will use the multimeter in ammeter and voltmeter modesto measure currents
and voltages in series and parallel circuits (\Kirchho 's R ules").

Measurement of resistances using color codes and an ohmmete r

1. Use the color code listed in Table 4.2 below, to determinehe resistance of your
resistors, including an estimate of the uncertainty.

2. Use your multimeter to measure the same resistances. You ust set the function to

and the range to a range that is larger than the resistance you want to measure.

Ask the instructor for assistance. Measure and record the re@istances ofR; and R»
separately. Leave room in your data table for the uncertainies.

3. Finally, use the multimeter to measure the equivalent resstances for series and parallel
circuits.

(@) Connect the two resistors in series (Fig. 4.1(a)) and mesure their equivalent
resistance in series. In your notebook draw a schematic ciuit diagram showing
how you connected the ohmmeter to the resestors.

(b) Connect the two resistors in parallel (Fig. 4.1(b)) and measure their equivalent
resistance in parallel. (Check that you are using the propejsmallest possible|
scale.) In your notebook draw a schematic circuit diagram sbwing how you
connected the ohmmeter to the resestors.

Measurement of currents and voltages in series and parallel circuits

+

TVAVAR R, R,

Figure 4.4: Two resistors connected in a parallel circuit.

1. Prepare the circuit shown in Fig. 4.4. DO NOT turn on the power supply until the
circuit has been checked by the lab instructorAsk the lab instructor to explain the
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operation of the power supply and learn how to adjust it to getthe 10 V potential
di erence needed for these measurements.

2. Use Ohm's law to make rough calculations of the current youexpect in the circuit.
When using the multimeter in current measuring mode you mustet the range to a
value higher than the current in the circuit to avoid damagirg the meter. Plan your
procedure for measuring the currents,l 5, 11, and I,. You will need to rearrange the
wires in your circuit for each measurement so that the ammeteis getting the desired
current. Draw a circuit diagram showing the placement of the ammeterni the circuit
for each measurement.Be sure to use the proper DMM inputs for current (mA), select
the DC amps function ( =—==A), and insert the meter with the correct \polarity", that is
with the positive terminal connected to the high potential side of the circuit (positive
of the meter facing the positive of the power supply). Check \ith the instructor
BEFORE turning on any power. Measure and record the three curents.

3. Next, with the ammeter removed from the circuit, measure the voltage acrossR; and
the voltage acrossR,. (Use the proper DMM inputs for voltage, select the DC volts
function ( ===V), and be sure to use the right polarity.) Draw the circuits used to
measure the two voltages.

v

Figure 4.5: Two resistors connected in a series circuit.

4. Prepare the circuit shown in Fig. 4.5. Have the circuit checked by the instructor before
turning on any power.

5. Measure and record the current through each resistor. Dra& a circuit diagram showing
the placement of the ammeter in the circuit for each measurerant.

6. Measure and record the voltage across each resistor. Alsmeasure the voltage of
the power supply. Is this the same as the sum of the voltages agss the resistors?
Draw a circuit diagram showing the placement of the voltmete in the circuit for each
measurement.

DMM as a component checker

A DMM is often used to check the behavior of various electrich components. As a little
project, we have put two small light bulbs in the lab. Using only a multimeter, nd the
faulty bulb. Explain carefully your procedure, and why you think each bulb is or is not
good.
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Analysis
Resistors
1. Compare the color code values for the resistances &1 and R, with your DMM
measured values. Are they the same within the manufactures tolerance and the
accuracy of the meter used? Make a table of the color code vaés and your own
measurements.
2. Using the DMM measured values oR1 and R», calculate the equivalent resistance for

the resistors connected in series and in parallel. Comparéhese values with your DMM
measured values. Do they agree within the accuracy of the mets? Use Appendix
3 as a guide to nding the uncertainty in the equivalent resistance of two resistors
connected in parallel and Appendix B Eq. B.5 for resistors canected in series.

Currents and Voltages

1.

For the parallel circuit, Fig. 4.4, does Eq. (4.3) hold within the accuracy of the meters?
Explain.

Were the voltages across the parallel resistors the same?

For the series circuit, Fig. 4.5, does Eq. (4.4) hold withih the accuracy of the meters?
Explain.

Were the currents through series resistors the same?

What do your data tell you about the current drawn by two resistors when connected
in series compared to when they are connected in parallel?
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Appendix 1 | Multimeter Uncertainties

Most meters have accuracies speci ed by the manufacturer. a@ble 4.1 reproduces the speci-
cations for the DM-441B multimeter provided by its manufac turer. Note that the accuracy
depends on the function, and sometimes on the range. Your ituctor will have the speci -
cations for any other meters that we may use. In the table, theletters \dgt" stand for least
signi cant digit | the right-most digit on the display; \4 dg t" means 4 whatever a 1 in
the right-hand digit (and zeros everywhere else) would corespond to. (In the below table
\Resolution" is the same thing as \1 dgt".) Note that the valu e of 1 dgt always changes
with the range, so you need to record both the range and the vaie when you take data.
Some of the expressions are a bit complex. It may help to use gsadsheet to calculate
them.

Table 4.1: DM-441B Multimeter Resolution and Accuracy

Function Range | Resolution Accuracy
Resistance 200 0.01 (2% + 5 dgt)
2 K 0.1 (0.2% + 2 dgt)
20 K 1
200 K 10
2000 K 100 (0.5% + 2 dgt)
20 M 1K
DC Voltage 200 mV 10 V (0.1% + 4 dgt)
2V 100 V
20V 1 mVv

200 V 10 mV
1000 Vv 100 mV (0.15% + 4 dgt)
DC Current 2 mA 01 A (0.5% + 1 dgt)
20 mA 1A

200 mA 10 A
2000 mA | 100 A

10 A 1 mA (0.75% + 3 dgt)

AC Voltage 200 mVv 10 V (0.5% + 20 dgt)
(45 Hz { 1 kHz) 2V 100 V
20V 1 mv

200 V 10 mV
750 V| 100 mV (1% + 20 dgp)

Examples: A resistance reading of 71.49 (on the 200 scale) has an uncetainty of:
7149 2%+5 dgt =1:43+:05=1:48 1.5 . ADC voltage reading of 6.238 V (on the 20 V
scale) has an uncertainty of: 6238 0:1% +4 dgt = :0062 +:004 = :0102 :010 V. An AC
voltage reading of 6.238 V (on the 20 V scale) has an uncertain of: 6:238 0:5%+20 dgt =
:0312 +:020 = :0412 :041 V.
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Appendix 2 | Resistor Color Codes

Resistors have colored bands on them to specify their resiahce. The colored bands around
the body of a color-coded resistor represent its value in ohs These colored bands are
grouped toward one end of the resistor body. Starting with this end of the resistor, the rst
band represents the rst digit of the resistance value; the £cond band represents the second
digit; the third band represents the number by which the rst two digits are multiplied.
A fourth band of gold or silver represents a tolerance (or unertainty) of 5% or 10%
respectively. The absence of a fourth band indicates a tolemce of 20%. The physical size
of a resistor is related to its power rating. Size increasesrpgressively as the power rating is
increased. The diameters of 1/2 watt, 1 watt, and 2 watt residors are approximately 1/8",
1/4", and 5/16" respectively.

Color | 1% digit | 2" digit | Multiplier | Tolerance
black 0 0 1 |
brown 1 1 10 |
red 2 2 100 |
orange 3 3 1000 |
yellow 4 4 10,000 |
green 5 5 100,000 |
blue 6 6 10° |
violet 7 7 10 |
gray 8 8 10° |
white 9 9 10° |
gold | | 0.1 5%
silver | | 0.01 10%
|
First digit Yellow = 4 Red =2
Second digit Violet =7 Red =2
Multiplier Orange = 1000 = Green = 100,000
Tolerance Silver = £ 10% No band = £20%
47,000 ohms 22 x 100,000 ohms
47KQ) 22MQ)

Table 4.2: Resistor Color Code

Appendix 3 | Finding the uncertainty in the equivalent resis tance of two re-
sistors in parallel

1. We start with our measurements:R; Ri;and R, Ro.
2. The equivalent resistance is of course

1

1 1
—+ —
I:eeq R1 RZ
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3. We de ne a new variableu 1=R, in terms of which the above equation becomes

4. We calculate the uncertainties in both u's using the techniques you learned in Physics
191:

u R
— = — using the form R = K=a:
u R 9
In our case,
g = ul
R
u= 1R
" RR
R
“T Rre

Use this resultto nd uq and u».

5. Itisnow easy to nd Ueq= P (u1)2+( u»y)? (since the generic form isR = a+ b)

6. Finally, to nd Req, we do the same process in reverse: Follow the reasoning algov
and persuade yourself that

- p2 .
Req - Req UQq.

Use this procedure to nd Reqfrom R and R,. A spreadsheet may help to make these
calculations more organized and less tedious! It's even eias in Mathematica.
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5. RC Circults

Purpose

The purpose of this experiment is to investigate circuits wth time-varying signals, which
almost always involve capacitors.

Introduction

Ideally the current through a resistor responds instantan@usly to changes in applied voltage,
instant by instant following Ohm's Law: | = V=R This is not true of capacitors: the
resulting current ow through a capacitor depends on history and time, not just the applied
voltage. This time lag between voltage and current is put to use in most every circuit which
has changing voltages or currents (\AC"). For example, capaitors are used in " Itering'
AC signals (e.g., boosting the bass|low frequency|but nott he treble), in fully electronic
sound sources (synthesizer, audio oscillators), and in tuad circuits used to select TV or
radio frequencies.

The rate at which a capacitor charges or discharges is goveed by an exponential law. In
this experiment, we will investigate the behavior of capaciors as they charge and discharge.
Since we expect this behavior to involve exponential funcions, the data analysis techniques
described in the Appendices to the Physics 191 laboratory m@ual will be usefullyou
should review them as needed.

Theory
Figure 5.1 shows an idealized circuit for studying the charghg and discharging of a capacitor.

Charging: We rst consider the case when the switch is put in position 1 o charge the
capacitor. Applying Kirchho 's rst rule to this circuit yi  elds:

=0; (5.1)
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Figure 5.1: Simple charging/discharging circuit for a capaitor.

where Vp is the emf supplied by the power supply,Q the charge stored on the capacitor
plates, and| the current in the circuit. Note that:

_ dQ,
| = T (5.2)
and hence Eq. (5.1) can be written:
dQ 1 . _..
Vo RE 6Q—O. (5.3)
This equation is a di erential equation that can be solved for Q to give
0=CVo 1 exp — (5.4)

RC

where we have assumed that the charge on the capacitor d@t = 0 was zero. We can use
this equation to nd both the voltage drop across the capacitor, Vc and the current in the
circuit as functions of time. Consider rst the voltage drop. If we divide Eq. (5.4) by the
capacitanceC and use the de nition of capacitanceC = Q=V, we obtain

t
Ve=Q=C=Vy 1 exp RC : (5.5)

Now consider the current: If we take the derivative of Eq. (54) with respect to time, we

obtain Qv
=Ix_ Y0 -
'"TH TR Re
which allows us to nd the voltage across the resistor using @m's law: Vg = IR.

(5.6)

Consider Eq. (5.4) rst: It says that if we close the switch in position 1, the charge on the
capacitor, Q, will increase with the time t. Inthe limitas t!'1 , exp( t=RC)! 0 and

Q! Q1 = CV; (5.7)

which is the nal charge on the capacitor. Figure 5.2(a) shovs Q plotted as a function of
time | Q approachesQ; asymptotically. Similarly, Eq. (5.5) shows that the voltag e drop
Vc across the capacitor approache¥/) in the limit.

In all of these equations, the rate at which the capacitor chages is governed by the factor
(t=RC), that is RC sets the scale for time variation. We nd it useful to de ne th e time
constant RC.
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Q I
A
Q¥ """""""""""""""""""" I0
Q1763 Qy [ / .
Q=Q¥(1-e"“) I =1yt
t=RC
t=RC I, =.371,
t,= t =t t
(a) Charge, Q, as a function of time. (b) Current, 1, as a function of time.

Figure 5.2: Charging capacitor: charge and current as a furtoon of time.

Exercise:  Show that RC has dimensions of time by working out the dimensions
of both R and C in terms of the fundamental quantities mass, length, time, ad
electric charge. Note that we could have predicted this resli in advance, since the
argument of an exponential must be dimensionless.

To see the signi cance of the time constant, consider the fdbwing argument: Ift; = = RC
is put into Equation 5.4, we obtain:
1
Q1=CWI[1 exp( ]=CWw 1 o ; (5.8)
Thus,
1
Qq=Q 1 - 063 Q (5.9)

This result says that at time t; = RC the charge is within 1/e of its nal value Q1 .

Note that if t = = RC is used in Equation 5.6 we get:
Vo 1 Vv 1 . ]

Figure 5.2(b) showsl plotted as a function of t (Equation 5.6). | approaches zero asymp-
totically as t ' 1 . The current has its maximum value, |, initially (i.e., just after the
switch is placed in position 1) and thereafter declines expoentially. Note that 15 = Vp=R.

Discharging: Consider next the case when the capacitor is discharging. $wose that
the capacitor has a chargeQq on it and the switch is moved to position 2 (Figure 5.1),
Kirchho 's rst rule yields:

Q
IR = =0: 511
c (5.11)
But | = 9, so Equation 5.11 becomes:
dQ 1
R— =<=Q=0: 5.12
i@ cC (5.12)
The solution to this di erential equation is:
t
Q=QoeXp o= (5.13)
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py)
to
Scope

Function
Generato

ground

Figure 5.3: Experimental setup to determine the time constat of an RC circuit.

where we have assumed the capacitor has charg®, initially. If we again apply the de nition
of capacitanceC = Q=V to this result, we nd that the voltage drop across the capacitor
as a function of time is

Ve = Ve © (5.14)

where we have substituted for the time constant = RC. If we again consider the time
t1 = , then:
Vi=Voel 037 Vo (5.15)

Hence in a time equal to the time constant, the capacitor disbarges to a voltage which is
1=e of its initial value. Note, also, that if we di erentiate Equ ation 5.13 with respect to
time we get the discharging current:

| = it - RC e (5.16)
The negative sign tells us that it has the opposite directionas the charging current, and
sinceC = Qo=\:

VO t= t=

—e = lpge 7 ; 5.17

= oe (517)
wherelg = Vp=R is just the initial current. Again, if desired, the voltage across the resistor
could be found using Ohm's law: Vg = IR.

How can we measure the time constant in the laboratory? The tleory indicates that, if we
could measureQ, V, or | as a function of time, the time constant could be determined
by tting the theoretical equation (for Q(t), V(t), or I (1)) to the experimental data. Either
the charging or discharging of the capacitor, or both, couldbe used. The circuit shown in
Figure 5.3 will allow you to measure the voltage,Vc, across the capacitor; or if the capacitor
and resistor are interchanged, you may measure on the os@kcope the voltage across the
resistor, Vr. (Why is it necessary to interchange these components, ratér than just move
the oscilloscope leads?) If you measur®¥c, then Q may be obtained fromQ = VcC. If
you measureVgr then | is obtained from | = Vg=R. In this lab you will measure V¢ as a
function of time, and then t the resulting data to the expect ed exponential form Eq. 5.14.

To simulate the situation developed in the theory above the finction generator should be set
to the square wave mode. A square wave can be thought of as a dwoltage that is turned
on and o at regular intervals. Thus, the square wave alternaely charges the capacitor,
and allows it to discharge. You will simultaneously observeboth the square wave andV¢
by using the both channels of the oscilloscope.
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The oscilloscope will also be used to measure the voltage ags the resistor. If you are at
all hazy on how to use the oscilloscope, you should review tiwite-up for the oscilloscope
experiment you performed earlier this semester

Procedure

Qualitative Analysis

1. Set up the circuit. Initially set the resistance R 10 k, and capacitance C
0:1 F. Connect the output from the function generator to the CH 1 scope input and
Vc from your circuit to the CH 2 input. Have your lab instructor ¢ heck your circuit.

2. Recall the oscilloscope'sSetup 1 (See the digital oscilloscope lab, page 27, for details.)
At this point the scope will only be displaying CH 1. Hit the CH 2 menu button so
the scope will display both channels.

3. Set the function generator to the 200 HzZrequency range , an amplitude of about
50%, and a square wave (L) function . Hit autoset on the scope. Check to see that
the scope is displaying a square wave and that the scope's ¢y responds properly
when you adjust the function generator'sfrequency and amplitude  knobs. Note
that you can use thevertical position knobs to locate the traces anywhere you want
on the display. (For the below Quantitative Analysis, we will want them to exactly
superimpose, but that may make viewing/sketching di cult. ) Start with identical
vertical scales {olts/div  the same for CH 1 and CH 2), but if CH 2 looks at, blow
up that scale so you can see its behaviorlautoscale can help!

4. Observe the e ects of changing the function generator frguency, f, as well as the
values of R and C. (Keep the resistance in the range: 100 <R < 100 k.)

5. Let T = 1=f be the period of the square wave. Make careful sketches in yomotebook
of the wave forms you obtain forT RC and T  RC. (Adjust scope scale factors
to maintain a meaningful plot of the signal: the signal shoutl be at least 3 divisions
high with at most two cycles on screen.) Be sure to give the vales of T, R, C, and
RC for each sketch and record each axis scale. Give a careful dapation of the shape
of each waveform. (Note: 10 1. If the disparity between T and RC is too large you
may obscure what's going on.)

6. Rearrange your circuit to measureVr. Note that since the scope measures voltage
relative to ground, we must arrange the circuit so that one eml of the resistor is at
ground and the other end is attached to the scope probe. Thushe desired circuit will
have resistor and the capacitor swapped compared to the citdt in Figure 5.3. The
easy way to swap theR and C components is actually to just reverse the leads from
the function generator. .. Can you see why this works?

For the same conditions you used in part 5, make sketches of thwave forms observed.

Quantitative Analysis

Now, we will take data for V¢, the voltage across the capacitor, as a function of time. If
these data are consistent with an exponential, we should belde to nd the time constant
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from the B value of the t. (Of course you will want to compare the value of calculated
from the t to that suggested by theory: RC.)

First, be sure that you rearrange the circuit so that you are again measuringVc, the voltage
across the capacitor.

Find values of R and C that result in a nice dis-

charging pattern on the oscilloscope. f{rigger "\

Slopé Falling may be helpful.) Use thehorizontal A N

position knob to move the start of the discharge cy- N $_37 v,

cle to the middle of the rst division of time, i.e.,
near the left hand side of the screen. (The end of the
discharge cycle should be o the rhs of the screen.) t

With CH 1 and CH 2 on the same scale andgosition ed with the same zero value, the CH 2
trace should have discharged to essentially the CH 1 value byhe right hand side of the

display. You will need to ddle a bit with the scope scales (bah volts/div  and sec/div )

and position s (both horizontal  and vertical ), the values of R and C, and the function

generator frequency to achieve a proper display.

When you have achieved a proper display, hit thecursor button in the scope's menu area.
In the action area select: Typel Voltageand Sourcé CH2 Line up the bottom cursor (using
the position knobs) with the nal discharge voltage V; (the bottom of the CH 1 square
wave). Record the numerical value corresponding tdv; . To measureVc, move the other
cursor so that it crosses the CH 2 curve at the desired time andecord Delta as V¢.

Make a table reporting values of time andV¢ at every full-division (vertical line) time divi-
sion. In an adjacent column record the vertical scale used wédn the voltage was measured.
Leave room for a column for the error inVe (V). (The formula for the uncertainty in volt-
age can be found in the manufacturer's speci cations recordd on page 36.) As the voltage
di erence gets smaller you must changevertical scales (maintaining the equality between
the CH 1 scale and CH 2 scale). This will require vertically rgoositioning the graphs and
the cursors to accommodate the changed scale. (Don't changd®e horizontal position

once you've started to take data!) Collect 8 or 9 data points (vhich often requires two or
three scale changes).

Hints for Making Accurate Vc vs. Time Measurements

Proper instrument use always requires setting the proper sale (range), which is typically the
most sensitive range without producing an out-of-range reding. For scope measurements
you should change to a more sensitive range if what you're tring to measure is smaller
than about 3 divisions. Usually such a change is easy: just tun the volts/div. -~ knob, but
for this experiment much more is required:

The CH 1 vertical position must match the CH 2 vertical position, i.e., the zero-
location of the two channels must match. In addition, the CH 1 and CH 2 vertical
scales must match.

Initially note the little markers: 1- | and 24 on the left hand side of the screen: they
mark the location of zero volts for each channel. You can asse zero-location equality
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by moving these markers (using theposition knob in the vertical  section of the
corrresponding channel) so that they are superimposed. Wheyou turn a position
knob the numerical position of the marker is displayed on thebottom of the screen.
Make sure these numerical values match for the two channels!

Once you entercursor mode, the position knobs do not move the plots. (Instead
they move the cursors.) To exitcursor mode, and thus activate theposition knobs
for vertical plot adjustment, you must hit either channel's menu button.

For the larger time data points, Ve approaches its asymptotic value {1 ), and the
CH 1 and CH 2 vertical scales must be changed to blow up the evesmaller di erence
betweenVc and Vi . At these more sensitive scales, the zero-point markers wibe
o the top of the screen, and so you must line them up just usingthe numerical value
of the vertical position displayed on the bottom of the scree when the channel's
position knob is turned.

There is a limit to selecting a properly sensitive scale: wHe the zero level may be o -
screen it may not be more than 10 divisions high. You will typically reach this limit
after 2{3 scale changes and then be forced to make relativelfigh-error measurements
for the remaining points with Delta corresponding to a few divisions or even a fraction
of a division.

Record the value of the cursor markingV; . As you change vertical scales this numer-
ical value should be the same! (But see following.)

The V1 produced by the function generator may not be exactly constat, in which
case you should measure its value at the same vertical gridrie (time) as CH 2 V.

Each time you record a voltage measurement, also record thecale in use for that
measurement; the scale is required to calculate the error! (The scale is
displayed at the bottom of the screen.)

Use of a spreadsheet will make calculatingV easier.

Be sure to accurately measure voltages at the grid time diviens as we will be ne-
glecting the uncertainty in time.

Lab Report

UseWAPP * to t an exponential function to your voltage vs. time data. P roduce a normal
plot and a semi-log plot. Attach these plots along with the t report in your lab notebook.
Comment on whether your data are indeed consistent with expoential behavior.

Calculate value of and its error using the computer t B value and its error. (Since
= 1=B, what is the uncertainty in ?) Calculate the expected value of (and its error)
from the readings on the variable resistor and capacitor. (The readings on the variable
resistors are good to 10% and the readings on the variable capacitors are good to 20%.
What is the uncertainty in the product RC?) Within the limits of error, are these equal?
Make a nice table properly reporting both numerical values br (including error and units).
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Critique of the Lab

Comment on the clarity of the Lab Manual, the performance of the equipment, the relevance
of the experiment, etc. This critique will help us improve the lab experience.



6. Ohmic & Non-Ohmic Circuit
Elements

Purpose

To extend your knowledge of DC circuits to nonlinear circuit elements.

Introduction

The purpose of this lab is to extend your knowledge of DC circits to include circuit elements

for which the relationship between current and voltage is nd a simple linear function.

Such circuit elements are called non-linear or non-ohmic déces. Non-ohmic components,
particularly those involving semiconducting PN junctions, are critical to the operation of

most any modern electronic device. (Before the invention oftransistors in 1947, vacuum
tubes were the non-linear components of choice.) In 1939 alical engineers Bill Hewlett

and Dave Packard made innovative use of the non-linear behaar of a light bulb in designing

the Model 200A audio oscillator|the rst product of the Hewl ett-Packard Company.

In this experiment we will investigate three common circuit elements to investigate linear
(ohmic) and two types of non-linear behavior. We will use digtal multimeters (DMM) to
record how the current, I , through a circuit element depends on the voltage dropV, across
it. We will go on to use techniques of graphical analysis thatyou learned in Physics 191 to
investigate the functional relationship between| and V for a resistor, a diode, and a light
bulb. You may nd it useful to review the Appendices in the Phy sics 191 lab manual as
you perform this analysis.

Apparatus

1 power supply
2 digital multimeters
1 circuit bread-board
1 resistor: 2.7 k

1 diode (2N3904 transistor with collector and base wired togther)

57



58 6: Ohmic & Non-Ohmic Circuit Elements

1 light bulb

Theory

Ohm's law states that the current owing through a circuit el ement is proportional to the
applied voltage:
V = IR; (R is a constant) (6.1)

The proportionality constant, R, is called the resistance of the circuit element and is in-
dependent ofl and V. Circuit elements that obey this relationship are called linear or
ohmic. Although there is no device that displays perfectly dimic characteristics, many
circuit elements are nearly ohmic over a wide range of currés and voltages.

In general, circuit elements display non-linear behavior. For such circuits, the current is
not directly proportional to the applied voltage; V=I R is not a constant. In such cases
we convert Ohm's Law into a de nition of a non-constant resistance:

R (6.2)

Vv
T
NOTE: Ohm's Law states that for many materials V=I is a constantjwhereas for non-
ohmic materials V=I changes along with the current and voltage. Equation (6.2) $ not
equivalent to Eq. (6.1), even though they look alike. Equation (6.1) indicates that for a
linear circuit element a plot of | versusV yields a straight line. Equation (6.2) is a de nition
of a (potentially non-constant) R. For non-ohmic materials a plot of I versusV will show
some sort of curvature. If the graph is a curve (i.e., if the sbpe changes) it is sometimes
useful to de ne a dynamic resistance r:

1 di

Y (6.3)

Procedure

Examine the apparatus for this experiment. With the assistance of the lab instructor,
become familiar with the operation of the multimeters and power supply. Always have
the lab instructor check your circuits before turning on the power supply! Note
that you will make graphs of current on the y-axis vs. voltage on thex-axis . If the graph
is a straight line, the slope of this graph (a constant) will be the inverse of resistance, i.e.,
1=R. If the graph has curvature, the slope of the graph varies wih V and is 1=r.

Linear Circuit Elements

Build the circuit shown in Figure 6.1 using the circuit breadboard and banana plug con-
nectors. You will measure current through the resistor as auinction of voltage across the
resistor for voltages up to 9 V. (Such measurements de ne whiais called the IV character-
istic of a circuit element.) Use the color code on the resisto(page 46) to nd the resistance
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P.S.

Figure 6.1: Linear circuit. Here P.S. stands for the power spply.

of the resistor, and then use Ohm's law, Eq. (6.1) to nd the maximum current expected

for this range of voltage. Set the initial range on each multmeter to accommodate the
maximum current and voltage. Be sure to have your instructor check these range settings
before you proceed. When the circuit is ready, make a table $iting the current and voltage

data and the errors associated with your measurements.

NOTE: The accuracies of the DM-441B multimeters are given on page5} For this DMM
(and most any meter) the accuracy depends on the range, so yomust record the range
used in addition to the value to calculate the error. Of cour®, you should always use any
meter on its most sensitive scale that avoids an out-of-rang reading. (On a DM-441B, an
out-of-range measurement is displayed as a ashing display In analyzing your data it will
be helpful if you record every digit (even trailing 0s) displayed on the DMM.

Plot the current 1 (on the y-axis) versus the voltageV (on the x-axis), using 9 V as the
maximum voltage and the estimated maximum current as the maxmum current. Measure
and record the current as the voltage is varied from .5 V to 9 V & roughly %—volt intervals.
(Why shouldn't you use 0 V as a point?) The plotted data points should vary smoothly.
If any data points look suspicious, recheck them while the ccuit is still intact. When you
are satis ed that the data accurately re ect the experimental conditions, turn down the
voltage and shut o the power supply to prepare for the next part of the experiment.

Non-Linear Circuit Elements
Diode

Add a diode to your circuit, as shown in Fig. 6.2(a). The symbd
>+

is used to represent a diode and the arrow indicates the dirdion of the current (positive

charge). In this experiment, we are using a transistor with wo terminals wired together as
the diodelit turns out that its behavior is closer to that of a theoretically \ideal" diode

than the inexpensive diodes used in power supplies.

You should take data from about 0.5 V (lower if your ammeter can handle very low cur-
rents) to about 0.8 volts, and measure using at least 10 voltges, approximately equally



60 6: Ohmic & Non-Ohmic Circuit Elements

- 7?:
A
R =
P.S.+ P.S.+
Y& N0
(a) Nonlinear circuit with a diode. (b) Nonlinear circuit with a light bulb.

Figure 6.2: Nonlinear circuits.

spaced, within this range. You will need to frequently adjud the range of the ammeter to
accommodate this current, which should grow rapidly as the wltage is increased. Have
your instructor check the circuit before turning on the powe r supply | it can

be tricky to be sure the polarity is correct. As before, measure, record and plot
the IV characteristics for the diode. Again: when the currents aresmall, use the lower
ranges on the multimeter to reduce your experimental uncerainty|but remember that the
uncertainties do depend on the ranges, so you must record theange used in addition to
the DMM reading.

Next we will investigate the e ects of changing the direction of the current ow through
the diode. Reverse the direction of the diode in the circuit aad observe the current as the
voltage is increased to about 1 V. You need not record data paits during this part of the
experiment, but note your observations of the circuit's behavior in your lab notebook. As
always, turn down the voltage when done and shut o the power sipply.

Light Bulb

We will now investigate the 1V characteristics of a light bulb using the circuit shown in
Fig. 6.2(b); replace the diode with the bulb.

Do not exceed the voltage rating of the light bulb|if you aren 't sure, stop at the point the
bulb seems to be extremely bright. CollectlV data following a procedure similar to that
used for the diode and resistor. Try to collect data using a wile range of voltages, with,
say, Vmin % Vmax When you have completed taking data, turn down and shut o all
equipment.

Analysis

Using WAPP * (Goggle \wapp+ to nd it or use LINFIT) analyze the three sets of current
vs. voltage data. There will be uncertainties in both voltage and current, so be sure you
calculate error in both the x and y coordinates. (Show sample calculations or self-document



6: Ohmic & Non-Ohmic Circuit Elements 61

your spreadsheet!) Attach in your notebook the t reports and ve plots (resistor: normal,
diode: normal and semilog, bulb: normal and log-log).

1. Resistor: Use the computer data analysis program to determine the restance and
its uncertainty. Comment on the quality of the least-squares t. Does your result
agree with the color code resistance value to within the spe®d resistor tolerance?

2. Diode: Solid state physics predicts that an ideal diode will obey anexponential
relationship:

I = lgexp % (6.4)

where e = 1:602 10 '° C is the absolute value of the charge of the electron,
k = 1:3805 10 23 J/K is Boltzmann's constant, and T is the absolute tempera-
ture (in Kelvins). Fit your data to an exponential and use B to nd the \theoretical"
temperature (with an error). Measure the actual temperature in the lab, and see if
the result of your least-squares t is consistent with this result, within experimental
uncertainty. Don't be too surprised if there is a mismatch: real diodes are di erent
from ideal diodes!

3. Bulb: Very approximate theory suggests a power law relationship betwen | and V:
| = AV 3 (6.5)

Fit your data to both a power law and one of the other optional functional forms.
Which one works best? (Why?) Does the better functional formactually produce a
good t? (Explain!) Compare the computer-t power to crude t heory's value of%.

In your lab report, qualitatively discuss the e ects of varying the voltage across these
devices.

Critique of the Lab

Comment on the clarity of the Lab Manual, the performance of the equipment, the relevance
of the experiment, and your pleasure or displeasure with theexperiment. Please be honest.
This critique will not a ect your grade, and serves to help us improve the lab experience.
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7. e=m of the Electron

Purpose

In this experiment you will measure the charge-to-mass rath e=m of the electron. Another
important purpose of the experiment is to enhance your undestanding of the use of electric
and magnetic elds to control beams of charged particles. Tl production and control of
a beam of charged particles (electrons or ions) is fundameat to the operation of particle
accelerators (CERN and Fermilab), electron microscopes, @ss spectrographs, televisions,
microwave ovens, etc.

Introduction

In 1897 the British physicist J. J. Thomson reported on his investigations of \cathode rays"

(an electrical current owing through a vacuum) and concluded that the rays were really
streams of negatively charged particles (\corpuscles”). Tis work is usually cited! as the
discovery of the electrorf, the rst substructure discovered in atoms®. While a great deal

of electrical technology was created without an understanthg of the fundamental nature

of electricity (e.g., Edison: electric lighting, Bell: telephone), the discovery of the electron
allowed the development of much more sophisticated devicetike the triode vacuum tube*

(for early radio) and the transistor® (the basis for all of modern electronics).

Theory

The Ealing e=m apparatus (Figure 7.1) will be used in this experiment. The gparatus
consists of a vacuum tube that encloses an electron gun and axternal pair of Helmholtz
coils to produce a magnetic eld. Inside the electron gun, etctrons are boiled o the

LFor example: http://www.aip.org/history/electron/

2The word \electron" was actually coined by G. Johnstone Ston ey a bit earlier (1891) to denote the unit
of charge found in electrolysis experiments. This idea of a chemical \atom of charge" goes back to the 1830s
and Michael Faraday.

3To the Greek philosophers \atoms" were by de nition indivis ible, so the modern atom with parts (elec-
trons and quarks) di ers from the the original atom. While \s plitting the atom" would be self-contradictory
to Democritus, we retain the term \atom" for the chemical ele ments even as the search continues for true
atoms: possible substructure inside electrons and quarks.

“Lee DeForest, 1907

5Shockley, Brattain and Bardeen, 1947
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Figure Key

H = Helmholtz coils

E = Envelope of vacuum tube

B = Space occupied by magnetic
field

S = Electron beam

G = Electron gun details
A = Anode of electron gun

Z = Heater filament of gun
within cathode
F = Focusing element of gun
M = Mirror scale to measure
beam diameter
W = Lamp to illuminate mirror
scale

C,P,J Various connectors
K,L, N, = and controls as labeled
R, D on front panel

Figure 7.1: Diagram of e=m apparatus.

heated cathode, collimated by the focusing element, and aeterated by the electric eld
produced by the large voltage di erence between the cathodend the anode. Once outside
the electron gun, the electric eld is nearly zero, and the eéctrons respond to the magnetic
eld produced by the coils. In general, the force on an electon is governed by the Lorentz
relation:

F=gE+v B : (7.1)

In this equation F is the force vector on a particle of chargeg, moving with velocity vector
v in an electric eld, E, and a magnetic eld, B. We denote the charge of an electron by

q= e

Inside the electron gun, the electrons in the beam gain kingt energy as they move to
regions of lower potential energy V) due to conservation of energy. If the accelerating
voltage isV the following relationship gives the kinetic energy of the éectrons as they leave
the gun:
1
eV = Zmv?

5 (7.2)

If the electron beam is directed with velocity perpendicular to the magnetic eld, the
electrons will move in a circular path with the Lorentz force (perpendicular to both B and
v) providing the centripetal force. Under these circumstanes, the magnitude of the Lorentz
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Figure 7.2: Schematic diagram of thee=m apparatus. Electrons from the hot cathode are
accelerated by a potential di erenceV. They enter a uniform B eld and move in a circle
of radius r due to the magnetic force:qv B.

force, given by Equation (7.1), is:
F = evB (7.3)

and the magnitude of the centripetal acceleration of the eletron is:

a= —; (7.4)

wherer is the radius of the circular path. Applying Newton's secondlaw, F = ma, we have

V2
evB=m T; (75)

where m is the mass of the electron. Though we may set up an expressidor e=m imme-
diately from Equation (7.5), we elect instead to solve for the velocity of the electron here
in order to eliminate it from the nal equation. Thus we have:

erB

V= - (7.6)

Now substitute this expression forv into Equation (7.2) and solve for e=min terms of the
laboratory parametersV, r, and B:

2V
e=m= r2|32: (7.7)

V and r are directly measurable and so we now consider how to nd.

As you may have already learned, the magnetic eldB along the axis of a circular coil is
given by

B= ———M——; (7.8)
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where x is the distance along the axis of symmetry of a single currentoop of radius R
carrying a current | . Since there areN current loops in each coil and the loops are arranged
so that their elds add constructively and contribute equally, we have a total eld of

oR2NI

= R (7.9)

The Helmholtz coil con guration calls for x = R=2 for each coil. If we substitute this result
into Eq.(7.9), we obtain a total magnetic eld between the cails of:

8 oNI_

=R (7.10)

This value for B, derived for the central point on the axis between the Helmhdtz coils,
closely approximate$ B at the position of the electron beam (which is typically a few cm
from the center point).

Now substituting the permeability of free space, o =4 10 7 T m=A; the number of
turns in each coil, N = 130; and the radius of the coils,R = 0:15 m; into Equation (7.10)
gives

B= 779 10 *T=A I (7.11)
Finally, we substitute the expression for B from Equation (7.11) into Equation (7.7) to
arrive at an experimentally measurable value ofe=m:

2V

€=M= 607 10 Hizrz’

(7.12)

Please derive the last two equations as part of your lab repdfit would be a good idea to
do so before coming to lab. Be sure you include units in your d@vation, and in particular,
show that the units of e=m are C/kg.

Procedure

PLEASE DO NOT TURN ON ANY POWER SUPPLIES WITHOUT THE
LAB INSTRUCTOR'S APPROVAL!!

Possible experimental approaches

In studying Equation (7.12) to determine an appropriate way to make measurements in the
lab, we nd several approaches are available to us. For examlp, Equation (7.12) could be
written as: " #
6:07 107 r? (e=m) 2.

> :

(7.13)

5When typical values of r, x, and R from the Ealing apparatus are used in an exact formula for B o the
axis and compared with (7.10), we are in error by less than 1%. Helmholtz coils are designed to produce a
large region of nearly constant B.
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Now if we keepr constant, a plot of V vs: 1% would yield a slope,S, given by:

6:07 10 7 r? (e=m)

5 (7.14)

Hence,
2S

(6:07 10 ")r2’
Therefore, if we select a value of and then record a sequence of values défand V, one can
plot V vs: 12, determine the slope, and calculatee=m.

e=m=

(7.15)

One might also hold the current constant, and measurev as a function ofr. Feel free to
explore such alternative approaches.

Error analysis
If you use the procedure outlined above, use the following $@me for error analysis:

Error in the accelerating voltage V: If you are using the Pasco SF-9585A high voltage
power supply, assume the uncertainty is the least count of tle display (that is, 1 volt).
(We don't have speci cations for this power supply, but we have checked several of
them with a multimeter, and this uncertainty looks reasonable to us. Feel free to
check it yourself!)

Error in 12: First nd the error in | using the table at the end of the Electrical
Circuits experiment, page 45. Then use the techniques devaped in the appendices
of the Physics 191 lab manual to nd the uncertainty in | 2.

Error in radius r: Estimate this uncertainty from your measurements: How acairately
can you measurer ?

Assuming the graph ofV vs 1?2 is a straight line, do a t using errors in both x and
y (that is, in both 12 and V). The t will give you the uncertainty in the slope S.

Finally, calculate the uncertainty in e=m taking Eq. (7.15) as your starting point.
Note that you will need to use both the uncertainty in the slope, and the uncertainty
in r2, which you should calculate from your estimate of the uncerainty in r using the
techniques you learned in Physics 191.

Detailed experimental procedure

Connect a DC power supply through an ammeter to the Helmholtzcoils (check polarity).
This ammeter will measurel which should never exceed 2 AONLY USE ENOUGH CUR-
RENT TO BEND THE ELECTRON BEAM | TOO MUCH CURRENT COULD HARM
THE COILS.

Connect a 6 volt AC source to the electron gun heater (i.e., sitch the Pasco SF-9585A
AC power source to 6). Connect a high voltage DC source (up to @0 volts) to the electron
gun electrodes (note polarity). The power supply voltmeter will measure V across the
electrodes.
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Measurement of the electron orbit radiusr is dicult (because the beam is enclosed by
glass and hence can not be placed adjacent to the scale) and saineasurement is common.
Parallax error will be avoided only if you carefully align the beam and its re ection in the
mirrored scale. Measure the left and right sides of the orbitseparately and be sure they lie
on a diameter (i.e., the mirrored scale should go through thecenter of the circle). Also, for
reasons that you should think about (and record in your notelook), use the outside edge
of the electron beam when determiningr.

If you select the approach discussed above you might select equal to about 4.5 cm and
vary V in about 10 volt steps from 150 to 250 volts. CHECK WITH INSTRUCTOR
BEFORE TURNING THE POWER ON! Be sure to record all pertinent informa-
tion.

Lab Report

1. Tabulate experimental measurements and calculated qudities, particularly the un-
certainties.

2. Use WAPP* (Goggle \wapp+ to nd it or use LINFIT) to plot and t your data.
Include the plot and the t report in your notebook.

3. Answer the following questions:

(@) Why use the outside edge of the electron beam when determing r?
(b) Describe, brie y, how electric and magnetic elds are used to control the particle
beam in a circular particle accelerator.

4. Carefully report the results you found for e=m, including experimental error and units.
Compare it to the accepted value (1:75882015 0:00000004 10! C=kg) and discuss
possible reasons for any discrepancy.

5. Include any other conclusions, observations, discusgioand a lab critique.

"CODATA, 2006



8. Helmholtz Coils

Purpose

In this experiment we shall investigate the magnetic eld, B, as a function of position, for
three fairly simple current con gurations. We will use the emf induced by a continuously
changing B (Faraday's Law) to measureB.

Apparatus

Helmholtz coils
function generator
oscilloscope
search coil

apparatus for mounting the search coil on the axis of the Helrholtz coils (bench
clamps, heavy rods, and nylon cord)

Theory

One Current Loop

On the axis of a circular wire coil carrying a current |, the magnetic eld B is given by

oNI R?

B = :
2 (x2+ R2)3:2

(8.1)

Here x is the distance along the axis, measured from the center of # coil; R is the radius
of the coil; and N is the number of turns. The direction of B is along the axis of the cail.
See your text and class notes for a full derivation and discusion of this result. Our purpose
here will be to con rm the x dependence of Equation 8.1.
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Helmholtz Coils

Two identical current loops on the same axis, and separated Y a distance equal to the
radius of either loop, constitute a set of Helmholtz coilé . (See Figure 7.1 on page 64 in the
e=m experiment in this manual). Such a geometry produces a reas@bly uniform magnetic
eld in the space between the cails:

8 oNI_
125 R

(8.2)

The derivation of this result is long, but not terribly dicu It, and may be found in most
intermediate level texts on electricity and magnetism. In this experiment, we will see
whether the eld is in fact constant.

Helmholtz Coil with the direction of the current reversed in one coil

If we reverse the direction of the current in one coil, the elds of the two coils will both still

be along the axis, but in opposite directions. Consequentlyinstead of adding in the region
between the coils to produce a uniform eld, they will cancel and so produce a null eld at
the center of the coils. We will attempt to con rm this predic tion, and in the process, will
use an important feature of the oscilloscope.

Measurement of B

The Helmholtz coils are described in thee=m lab writeup in this manual. The glass tube
used for thee=m measurement will be removed. Measurement of magnetic elds always a
bit indirect. Unchanging magnetic elds can be measured with a Hall Probe, however these
devices require calibration and analysis would be confuselly the presence of the Earth's
magnetic eld. Consequently, in this experiment our eld measuring system is designed
to be sensitive only to changing magnetic elds. We will drive our coils with a sinusoidal
current (using a function generator) so that a sinusoidally varying magnetic eld will be
produced:

B = Bpsin't (8.3)

Faraday's Law tells us that a time-varying magnetic eld creates an electric eld, and so
induces a voltage in any conductor that happens to be presentWe will, therefore, detect
the magnetic eld by the voltage induced in a small “search' oil. By connecting the search
coil to an oscilloscope, we will be able to measure the indudeemf, and that emf will be
proportional to the magnetic eld. More precisely, Faraday's law states that

d s

pra (8.4)

where E is the emf induced in the search coil, and g is the magnetic ux through the
search coil, de ned by 7

5= B NdA (8.5)

INamed in honor of Hermann von Helmholtz (1821{94).



8: Helmholtz Coils 71

A T L L A A T T Y Y B R A4 4 v = N U YV 7 s = Ny o))
AU U T B R AR S T T B BV R A, v R A 2/ T S
LR R T TR \ oo ¢« ¢ < vy ) k.l Povoy &.f L A
N N T SN AR SR RN A R G AR A
NA A A A A AT Y Y Y Yy vy Y YW Y N = a4 p Y A A r v v gy g
AA A A A A e =T Y v o v > v~ W W w - a - RN L AR
- e e E e e e e e <~ « = = =« 4 4 V7 & a = = >
- e e e e e e e e e e e e - « <« < <« <« =« = - - - - = -
- - - »- - L e e L - 4 < a = - ~ i v - - e = e
- - - - - T e e A A A A A “ A4 4 a < ~ > A v - - a A A
v v v v v ¥ T e A A A A A A A 4 a4« > M U 4 v = A A A A
v ¢ ¢ ¢ ¢ 7 7 e U R VT N T A VNP
¢« ¢ ¢ ¢« <« A f . \‘ P R U N 2oy oy .N [ | f. A
P N T 2 U T T U | roY v« A ¢ 41~ ) yor oY
€ 4 4 4 A d Ny = s T T U U TV VU VN sy 4 kNN ar
(a) Magnetic eld near a single current loop. (b) Magnetic eld near a pair of opposing cur-

rent loops. As in Helmholtz coils, the separa-
tion of the loops is equal to the loop radius.
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Helmholtz coils. nitude near a pair of Helmholtz coils. Within

the central “octopus' B is within 1% of its
value at the center of the pair of coils, Bo. In
detail the contours are for: :5Bg, :8Bo, :9Bo,
:95B ¢, :99Bg, 1:01B¢, 1:05B0, and 1:1Bg.

Figure 8.1: The magnetic eld in a plane bisecting current loops is displayed along with
lled disks showing where the current loops intersect the pane
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where the integral is over the e ective area of the search chi Both B and g vary sinu-
soidally with time, and hence the induced emf alsozvaries simsoidally with time:
d s

E= —7= lcoslt By fdA (8.6)

and expect to see a sine wave on the oscilloscope. The point tonderstand here is that the
emf induced in the coil is proportional to By, the amplitude of the magnetic eld. (The
proportionality constant between the magnetic eld and the voltage displayed on the scope
is not di cult to calculate. However, we will not need it for t his lab.)

Procedure

1. Mount the search coil so that it moves along the axis of the oils. Describe your
procedure. How can you be sure that the search coil is precigeon-axis? Be careful
not to damage the coil or the cable connection to it

2. Power up the digital scope and recall the oscilloscope'Setup 1 (See the digital
oscilloscope lab, page 27, for details.) We will want taneasure the Cyc RMSvoltage
on CH 1. (The measure menu is described in section D, page 30Before turning on
the function generator, push in the 20K frequency range button, the sine wave
(leftmost: -~-..) function  button, and turn the frequency and amplitude knobs
to middle positions.

3. Single Coil: Connect the function generator to one of the l¢Imholtz coils (hot both).
Place the search colil at the center of the coil, and observe #signal from the search
coil on the oscilloscope. Adjust the frequency of the functin generator for maximum
response, and record that frequency. You should de ne the piat x =0 to be at the
point where the voltage is a maximum|approximately the cent er of the coil.

Record the voltage of the search coil as a function of distarec along the axis of the
coil, using as wide a range of distances as possible. (Take btast 15 data points for
values of x up to about 1 meter.) Of course, asx is increased the voltage will get
smaller. Change the vertical scale Yolts/div ) of the oscilloscope when the signal
you're measuring is smaller than about 3 divisions. (Use oflie proper scale allows us
to ignore the constant in the complex error formula on page 36Instead you can use
a simple error estimate of 3% for RMS voltage.)

Convert your independent variable to z = x2+ R2 where R = :15 m; note that if
we neglect the uncertainty in R, the error in z is given by: z = 2xx. It may be
convenient to use a spreadsheet for this conversion. Fit yaudata to an equation
of the form y = AzB. Then see if your results are consistent with Eq. (8.1), whib
predicts B = 1.5.

Be sure that your results are consistent with a power law, usig the appropriate log-
log graph. This step often helps correct problems in your praedure, if your data do
not initially fall on a straight line.

4. Connect both Helmholtz coils to the function generator, and measure the eld as a
function of position between the coils. Record data out to almut x = 20 cm. (Note
that the point x = 0 is now de ned to be the midpoint on the axis between the two
coils.) Present your results graphicall?. How nearly constant is the eld between the

2For plotting without function tting, follow the link___ near the top of the WAPP * page.



8: Helmholtz Coils 73

coils?

5. Reverse the direction of the current through one of the Heahholtz coils | your in-
structor will show you how. See if the eld has a sharp minimumat x = 0.

While the Cyc RMS voltage reported by the scope will always bepositive it is never-
theless possible to con rm that the direction of the eld changes half-way between the
Helmholtz coils. (That is the voltage should be recorded as agative on one side of the
coil pair.) To observe this e ect, trigger the oscilloscope by connecting the function
generator's AUX OUT to the ext trig  input of the oscilloscope. Using the scope's
trigger menu  set Sourcé Ext for external triggering. Be sure you understand how
the external trigger works, and why you need to use it hereNote that with the search
coil at one side of the coil pair the central peak displayed orthe scope will be positive,
whereas on the other it will be negative. Record your observ@ons, and explain how
the scope's display shows that the direction of the eld charges atx =0 (i.e., that B
changes sign there).

Again, record the eld (now with proper sign!) as a function of position between the
coils. Record data out to aboutx = 20 cm and present your results graphically.

Lab Report

Carefully summarize your results and answer all questions sked in the lab. Be sure to
include a discussion of how well your single coil measuremenagree with the theoretical
predictions. As usual, attach your t report and plots (sing le coil normal, single coil log-log,
Helmholtz coil normal, and anti-Helmholtz coil normal) inside your notebook. Include any
critique you can, commenting on the clarity of the Lab Manual, the performance of the
equipment, the relevance of the experiment, etc.



74

8: Helmholtz Coils




9. AC Circuits

Introduction

Circuits with time dependent signals (\AC circuits") are mo re interesting and useful than
circuits where the voltages and currents are constant. It slould be no surprise that going
from V(t) = constant to V (t) = anything opens up lots of possible behaviors, but even if
we limit the voltages and currents to sinusoidal behavior, ve have three (rather than just
one) parameters to consider| amplitude, A, frequencyf, and phase :

Asin2ft + ) (9.1)
It will save space in writing equations if we de ne the angular frequency ! =2 f .

The three basic AC circuit elements are the capacitor C), the inductor (L) and the resistor
(R). In order to understand the behavior of di erent AC circuit element combinations, we
will look at one simple yet important circuit, the series LRC circuit, and examine how the
amplitude and phase angle of the current vary with frequency

Theory

First consider the AC behavior of resistors, capacitors, ad inductors individually. For
the purposes of discussion, let the source of emf that we coeot these elements across be
described by

V(t) = Vosin(t + ); (9.2)

Resistor:  If a resistor is connected across the AC voltage source desioed by Eq. (9.2),
then the resulting current can be determined from the relatonship | = V=R. Therefore:

I(t) = % = % sin(lt + )= lgsin(lt + ): (9.3)

Note that the current has the same frequencyf and phase as the applied emf and that
the relationship between the peak voltageVy and peak current | is that given by Ohm's
law: Vo = IgR. We usually measure AC quantities in root-mean-square (rmgterms, but
converting both peak values to rms leaves the Ohm's law relabnship intact, so Vims =
| rms R.
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Capacitor: A capacitor is a device whose charge is directly proportionkto the applied
voltage:

Q=CV (9.4)
Recalling that the current is the derivative of the charge with respect to time we can write:
dQ av
= ——=C—: 9.5
dt dt (©.5)

If the capacitor is connected across the source of emf desbed by Eqg. (9.2), then the
resulting current is

I (t) = C%(Vosin(!t + )= ICVocoslt + )= Igcos(t + ): (9.6)

This can be rearranged as:

I(t)= ICVgsin It + + > : 9.7)

Note that the phase angle for the current in this case is ( + = 2)|the current leads the
applied voltage by =2 or 90 (a.k.a. the voltage lags the current by 90: ICE)|and the
amplitude is I = ICV g

We can rearrange the sinusoidal amplitudes this equation tdook like the Ohm's law:
- %ic

where quantity 1=!C has units of resistance (ohms) and is called theapacitive reactance
Xc.

Vo = |0XC (98)

Inductor: An inductor is a device that can store/release magnetic enayy. The magnetic
energy is a reuslt of the device's magnetic eld which is in tun proportional to the current
owing through the device. In an AC circuit, this energy is al ternately stored and released
as the current through the inductor causes the magnetic eldto increase and decrease. The
induced emf created by the inductor's changing magnetic etl is E= Ldl=dt. Therefore,
when an inductor is connected to the source of emf describedybEq. (9.2) the loop law
becomes:

Vosin(lt + )= 1L (;—L: (9.9)

Integrating both sides with respect tot gives a relationship involving the current | and the
applied emf:

V, Vo .
1(t) = % cosft + )= % sin It + 5 (9.10)

Now the phase angle ( = 2) indicates that the current lags behind the applied voltage
by =2, a quarter cycle. (Or equivalently the voltage leads the curent by 90 : ELI.) The
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Figure 9.1: LRC series circuit with an AC source.
guantity 'L has units of resistance (ohms) and is called thénductive reactance X, = IL .
As before we nd an Ohm's Law like relationship between the pak (or rms) quantities:

Vo=lglL = 1oX, (9.11)

LRC Circuit: When these three elements are combined together in one cirdu as in
Fig. 9.1, the analysis becomes a bit more complicated.

We again seek the current as a function of time] (t), which involves the current's amplitude
and phase relationship between the applied voltage and theasulting current moving through
the circuit.

For the driving emf!, V(t) = Vgsin!t , we assume that the solution to the di erential
equation for the current is a sinusoidal one:l (t) = lgsin(!lt + ).

To nd the phase angle' and the current amplitude |, we start with the equation derived
from the loop law:

Vosinlt Ve Ve VL =0: (9.12)

Here VR is just the voltage drop across the resistor,

Vk = IR = IgRsin(lt + ' ); (9.13)

V¢ is the voltage drop across the capacitor,

I
== % cosft +')= IoXccost +'): (9.14)

and V_ is the voltage drop across the inductor,

Vi, = L(;—'t = ILI gcos(t + ') = IgX. cosft +'): (9.15)

Thus, the loop law gives the following:

1We have chosen the instantt =0 so that = 0. There is no loss of generality in this choice.
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Rlgsin(!t + ')+ LI gcos(t + ')

Rlosinit + ')+ 1L =

Rlg[sin!t cos' +cos!t sin' ]

+(XL. Xc¢)lg[cos!t cos'

This can be rearranged as:

Vpsinlt =

[Rcos (X_
+[Rsin® +( X,

1 1
Elocos(!t +')

locos(t + ')

sin!t sin' ]

Xc)sin' Jlgsin't
Xc)cos' |lgcoslt

(9.16)

When t =0, the sin It terms in Equation 9.16 are zero, implying that the coe cient of the
cos!t term must be zero.

This can be solved to nd the phase angle, :

This means that:

Rsin' +(X_. X¢)cos' =0
Xc XL
tan' =
R
. X X
sin = ¢ < =
R2+(Xc Xi)?
, R
cos' = ¢
R2+(Xc X)?

Substituting Egs (9.19) and (9.20) into Eq. (9.16) we get:

. R2+ (X
Vposin!lt = ¢ (Xc

X1)?

lgsin!t:

R2+(XC

Solving now for I g we nd that:

Vo

a

X1)?

lo= 4

RZ+(Xc X.)?

(9.17)

(9.18)

(9.19)

(9.20)

(9.21)

(9.22)
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Now we have the expressions for the frequency-dependent atifpde 1o and phase angle
of the current in the circuit, in terms of the constant parameters Vp; L; C; and R. But the
frequencyf is hidden within the reactances:

Xc = —; XL =1L (923)

where! =2 f .

To simplify a bit more and to help in studying the amplitude an d phase functions, de ne
the impedance of the circuit as

Z = P R2+(XC XL)Z; (9.24)

so the current can be written

Vosin('t + ')

I (t) = . (9.25)

Resonance

At some frequency it will happen that X¢c = X. Clearly, the impedance [Eq. (9.24)] is
then minimized, becoming simply R, and the phase angle [Eqg. (9.18)] goes to zero. Since
2f =1, this frequency satis es

% =2 fL; (9.26)
so the resonance frequency is found to be:

fres = 2_pll_:C: (9.27)
This equation can be rearranged to yield:

C-= Wl)z f oo (9.28)

which is a better match for your tting equation.

At resonance, Z reaches its minimum value,R, so the current amplitude reaches its maxi-
mum value, Vo=R. And the phase relationships of the voltages around the cirgit at reso-
nance are summarized as:

Vs
Vr

Vp sin!t
[gR sin!t
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Figure 9.2: Oscilloscope connections t&.RC series circuit: the circuit is indirectly driven
by the function generator and hence the circuit's only connet to ground is through the
scope.

Ve = % lgcos!t = % |0$in(!t 90)

WL ILl gcoslt = ILI osin('t +90 ) (9.29)

In this form it is clear that the voltage drop across the resigor is in phasewith the applied

voltage, the voltage drop across the capacitolags the applied voltage by a quarter cycle,
and the voltage drop across the inductorleadsthe applied voltage by a quarter cycle. In
the following section, procedures to investigate these amljjude and phase properties of the
circuit are described.

Procedure

Oscilloscope connections

We want to examine the amplitudes and phase relationships ofoltages across the di erent
components in anLRC circuit. This cannot be done using a DMM. (The DMM does
not report phase information|just rms voltagejand in addit  ion it cannot measure at the
\high" frequencies used in this lab.)

The oscilloscope is a high speed voltmeter and it can displayaveforms and hence phase
relationships. However, a scope's black lead is internallyconnected to ground and hence
can't be connected to any other voltage without creating a \short circuit”. This problem can
be avoiding if the circuit being measured has no connectiond ground. Then the scope's
black lead can be connected any place in the circuit|forcing that place to be ground|
but creating no ground con ict. Thus your circuit must be dri ven indirectly through the
function generator adapter box.

In displaying successively theVg, V., and V¢ waveforms on the scope, you must make
sure each display is using exactly the same time scale. Thusag in the Helmholtz Coils



9: AC Circuits 81

experiment), you use theexternal trigger feature of the scope. Use a T adapter to send
the function generator's output both to the circuit an to the ext trig  input of the scope.

Using the trigger menu , selectSourcé Ext. When the input signal is increasing and goes
through a value of zero, the oscilloscope is told to start draving the trace of the measured
signals. This triggering point should be in the center of thedisplay and is marked with a

little triangle at the top of the display. (Turning the horizontal position knob allows

you to move the location of the trigger point on the display.)

If the trace of the measured signal starts at zero and is incrasing (i.e., looks like a sine
wave), then that signal is in phase with the triggering signd. On the other hand if the
trace of the input signal starts at its maximum value and then decreases (i.e., looks like a
cosine wave), then you know that the input signalleadsthe triggering signal by 90 . Also if
the input signal starts at its minimum value and then increases (i.e., looks like an inverted
cosine wave), then you know that the input signallagsthe triggering signal by 90 . External
triggering is a very powerful tool and is used frequently in d kinds of applications. If you
are having trouble, don't be afraid to ask the lab instructor for help!

1. After turning the scope on, press thesave/recall menu button. (See page 27.)
Make sure the number 5 is displayed in theSetupbox. Press the button next to the
Recallbox. The message Setup 5 recalledshould temporarily appear in the lower
left section of the display and bottom of the display should then read:

CH1 20.0mV M 100s Ext  0.00V

2. Press thetrigger menu  button. Notice that the slope is set to Risingand the source
is set to Ext. When you use theautoset feature, the trigger source is reset toCHI;
you must then by hand reselectSourcé Ext.

If you become lost in a series of menus, Setup 5 can always becedled from the
savelrecall  menu.

Note that each channel (i.e., input) on the oscilloscope aatally has two connections. One,
called the pin, is the center conductor of the coaxial cable ad is the red (positive) input.
The other, called shell or black, is a shield that is wrapped eound the central conductor
to reduce stray electrical signals (noise). This surroundiag shell is grounded|actually
connected to the ground in the wall outlet|shielding the cen ter signal wire.

In this lab we have chosen to evade the problem of the scope'saund by disconnecting the
LRC circuit from any con icting ground using a transformer. Whe n this is not an option,
voltage di erences can be displayed by connecting CH1 and CH inputs to the circuit. The
scope can then calculate directly the voltage di erence beteen those two probes using the
math functions.

Measurements of Vi versus f

1. SelectC = :01 F and R = 100 . Set the function generator range to 20 kHz,
the frequency knob to about .8 and theamplitude knob to about 50%. Connect the
scope across the resistor. The trace should show a sine wavkyou cannot achieve a
nice display, hit the autoset button on the scope (then reselect triggerSource Ext!).
As you turn the frequency knob, the amplitude and phase of thetrace should vary.
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At the resonant frequency the amplitude is maximized (and the phase shift should be
nearly zero).

2. Press themeasure menu button and make sure the Source/Typeis CH1/Cyc RMS
Now you can easily read the rms voltage across the resistog). Record the resonant
frequency and the corresponding maximum voltageVmaxr -

3. Now examine the amplitude around resonance by varying thdunction generator fre-
quency, f, and reading the resulting Vr from the scope. As you move away from
resonance on the low frequency side, recorfl and Vi for eight points. Select your
data points to get a good representation of relationship. (fer example, about half of
your points should have Vg above Vmaxr =2.) Repeat for frequencies above resonance.
The result should be about 16 data points showing a bell-shagd response. (As re-
ported on page 36, the basic frequency meter accuracy is1 digit. You can use a
scope accuracy of 3% if you maintain a proper scale.)

4. Plot your VR vs.f data, and sketch in a smooth curve to illustrate what happensnear
resonance.

Measurements of f,e vs. C

1. SelectC = :22 F and a function generator range of 2 kHz. Find the resonant
frequencyfes by nding the frequency that maximizes V. Estimate the uncertainty
in fes, by determining the frequency range over withVg does not change signi cantly.
The uncertainty in the substitution box C is 10%.

2. Now switch to the next smaller C value, and nd the resulting f;es. Continue doing
this, and make a table of yourf versusC results with uncertainties. (It will help to
use consistent units of F and kHz or F and Hz.) At some point you will have to
increase the function generatorrange . Continue to C = 1000 pF.

3. Analyze your fes { C data using WAPP * (LINFIT cannot do this t.). There are
two common rules for determining which variable belongs on he x-axis: (1) Put the
controlled variable (here C) on the x-axis and the measured value (herd ) on the
y-axis. (2) Put the small error quantity on the x-axis and the large error quantity on
the y-axis. The 10% error inC is in this case almost certainly larger than your error
estimate for f . Following this last rule use C = Y andf = X and t the data to the
power law function Y = AX B. In this case Eq. (9.28) requiresB = 2, so you must
hold B xed with that value.

Measurements of phase relationships at resonance

1. Returnto C = :01 F and adjust the frequency for resonance. Reduce the functio
generator amplitude to approximately 20%. (This frequencyand amplitude should be
maintained for the following measurements.) Make sure the sope is set for External
triggering. Use the oscilloscope to measure the rms voltagacross the resistor. Record
the rms voltage and make a careful sketch of the waveform. Beuse to record time
and voltage scale factors! (See page 28 if you've forgottenhere the scale factors are
displayed. It will be necessary to change the vertical (volage) scale; do not change
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the time scale.) Pay careful attention to the trace around the trigger point (marked
with a triangle at the top of the display).

2. Without changing the order of the oscilloscope leads, may the leads around the
circuit to measure the voltages across the capacitor and indctor. For each record
the voltage, sketch the waveforms and record time and voltag scale factors. If these
signals are too large to measure on any scale, reduce the fuimn generator amplitude,
and remeasureVg as per #1 above.

3. Finally, measure the voltage,Vs, across the source (i.e., across the pins of the adapter)..
Record the voltage and sketch the waveform.

Lab Report

1. C vs.f,es t: Calculate L (don't forget units and error) from the t value for A.
2. Vg vs. f Plot:

(@) The power dissipated by the resistor isP = VrIg = VF§=R. At resonance this
reaches a maximum valuePmax = V,2,.» =R. There are two frequeﬁwcies at which
the pov\f§r_is half the maximum value; that is, whereVg = Vmaxgr = 2. Calculate
Vmaxr = 2 and, using your sketched curve, nd these two frequenciesrad their

dierence f, which is an indication of the width of the resonance.
(b) Resonant circuits are usually speci ed by the dimensiortess \Q-factor”, where

Q f% (9.30)
Large Q corresponds to a \sharper" (narrower) resonance curve. Calulate Q for

your circuit.

3. From your sketches of the waveforms oVg, Ve, VL and Vs, determine the phase
di erences between the voltages. Do they agree with the thery, as summarized in
Egs. (9.29)?

4. Include any critique you can, commenting on the clarity of the Lab Manual, the
performance of the equipment, the relevance of the experinm, etc.
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Appendix A | Least Squares Fits

References

Our treatment of the method of least squares in this appendixis necessarily brief and in-
complete. At some point in your career, you are likely to needto learn more than can be
provided here about least-squares ts. The following booksprovide increasingly sophisti-
cated discussions of the least-squares method:

John R. Taylor, An Introduction to Error Analysis , second edition, (University Science
Books, 1997).

The Physics Department requires this book for all second yeaand higher laboratory
courses, and we recommend it for anyone planning to major in lpysics or engineering.

Philip R. Bevington & D. Keith Robinson, Data Reduction and Error Analysis for
the Physical SciencefMcGraw-Hill, 2002)

William H. Press et al, Numerical Recipes: The Art of Scientic Computing, third
edition, (Cambridge University Press, 2007) especially chpter 15.
http://www.nrbook.com/b/bookfpdf/f15-2.pdf

Introduction

The foundation of \curve tting" is determining the functio n that provides the \best possi-
ble" approximation to a set of experimental observationsf (xi;yi)g i =1;2;:::;N. While
your eye is an excellent judge of \best possible” we seek a stdardized (and automated)
method of determining the \best" (and particularly the unce rtainty that should be attached
to the resulting parametersje.g., slope and intercept of an approximating line).

Method of Least Squares

The method of least squares is the most commonly used technig' for tting data to a
function. Suppose, for example, that we have a set of experiental data that lie roughly

Lhttp://www.physics.csbsju.edu/stats/fitting _lines.html  discusses some other, less common, ap-
proaches.
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along a straight line. We want to nd the \best" values of slop e B and intercept A for the
equation
y = A+ BX (A.1)

that will describe the data. The problem is that the data don't usually fall exactly on any
one line. This is hardly surprising as the data generally hae experimental uncertainties.
The method of least squares provides a commonly used matherteal criterion for nding
the \best" t. Suppose, for example, that our data points are (x;;y;) fori =1;2;:::N.

For any point, the deviation
yi  (A+BXx;) (A-2)

is the di erence between the experimental valuey; and the value calculated from the (as
yet unknown) equation for a straight line at the corresponding location x;. Usually this
deviation will have approximately the same magnitude as you experimental uncertainty
or \error bar." The method of least squares nds the \best" t by nding the values of A
and B that minimize these deviations not just for a single data pont but for all the data.
More speci cally, it does so by nding the minimum in the quantity called the reduced
chi-squared statistic:

Xy Y
i=1 i

For our special case in which the function is a straight line,this equation becomes
Xy + Y12

i=1 [

where N is the number of data points, f (x) is the tting function, and the 's are the
standard deviations|or more intuitively, the uncertainti es (or \errors")|associated with
eachy value. In the second expressionN 2 is the number of \degrees of freedom" forlN
data points t to a line.

Once a t has been found (i.e., we have found the values ofA and B that minimize reduced
chi-square), we need some way of determining how good the ts, that is: are the data well
described by this line or is the relationship more complex (6r example, quadratic). One
good visual check is to compare the tted solution to the data graphically | that is, plot
the function and your data on the same graph, and see how wellhte function describes your
data. Another easy way to check the tis to see if the deviations are signi cantly larger than
the corresponding uncertainty or show a pattern, for exampg, being consistently positive
in some ranges ofk and negative in others. These deviations are listed on the coputer-
generated t report.

IMPORTANT: It turns out that our reduced chi-squared statistic provides another, more
abstract criterion for goodness of t. Statistical theory t ells us that a good t corresponds
to a reduced chi-squared value of about one.

It is not hard to understand this result intuitively. Notice that each term in the chi-square
sum, (deviation/error) 2, should be nearly one and we havéN such terms, which in the end
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d (cm) T(C)
1 16 4

18

35

44

58

62

64

70

coO~NO O WN

Table A.3: Sample data of temperature as a function of distaige along a metal rod.

are divided by N 2. That is reduced chi-square represents something like thaverage
deviation divided by the expected deviation squared. Take dook at the reduced chi-square
equation, and be sure you understand this point.

More or less arbitrarily, the tting program assumes that any value of reduced chi-square
( 2) between 0.25 and 4 represents a reasonably good t. Othensi, the program warns
you that your t may not be valid.

There are two common reasons why the value of the reduced clsiguared statistic might not
be close to one. First, you may have picked an inappropriate tting function: If your data
describe a curve and you try to t them to a straight line, for e xample, you will certainly
get a bad t! Look at a graph of your data along with the tting f unction and see how well
the two agree.

Second, you may have overestimated or underestimated yourxperimental uncertainties.
In this case, your t may be all right, but your uncertainties are nevertheless leading to
a value of reduced chi-squared signi cantly larger or smakr than one. In this case,DO
NOT try to correct the problem by guessing at the errors until you get a reasonable reduced
chi-squared value!! Instead, see if you can gure out why youestimates of the experimental
error are 0. If you can't, talk to your instructor or simply s ay in your lab notebook that
your estimates of experimental error are apparently wrong.and you are not sure why. This
approach is not only honest, it is much more in the spirit of séenti ¢ inquiry! And as a
practical matter, whoever grades your lab is more likely to ke favorably impressed by a
statement that you don't understand something than by an obvious attempt to \fudge"
your error estimates!

Using Errors in Both x and y

Most treatments of the method of least squares, and many comyter programs that use
it, assume that the only experimental uncertainties are iny | in other words, that any
uncertainty in x can be neglected. This assumption is reasonably accurate ia surprising
number of cases. Nevertheless, in many experiments there Wbe signi cant uncertainties
in both the x and y values and our tting program is designed to include both of them.
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(a) Constant curves (ellipses) for 2 are dis- (b) The dashed lines show the extreme cases
played as a function of the test line's slope B corresponding to points Q (maximizing the
and y intercept A. The minimum value of 2  slope) and S (maximizing the y intercept). The
occurs at the point R. The constant curves are  best curve, corresponding to the 2 minimum

for ? %;2, and £ above that minimum. R, is displayed as a solid line.

Figure A.1: Minimizing 2 for the dataset in Table A.3.

An Example, with Details

Consider the example data reproduced here (p. 87, Table A.3jrom the 191 Lab Manual.

If we plug this data into our de nition of reduced chi-square 2 (Eq. A.4) we nd:

, 19945 734A +8A? 40068 +72AB +204B?
= (A.5)
96
(Each term in the sum is a quadratic form in A and B; sum those 8 quadratic forms
and divide by N 2 = 6 yields the above. It is a mess to con rm this by hand; | used
Mathematica.) So reduced chi-square 2 is a simple quadratic function of A and B. We can

nd the minimum of this function by nding the point where the derivatives are zero:

@2 _  734+16A+72B _

@A " % =0 (A.6)

@2 _ 4006 +72A +408B _

@8 - 56 =0 (A7)
(A.8)

The result is (A;B) = (115=14;703-84) (8:21;8:37).

Reduced chi-square 2 is a function of two variables much as the height of a mountain
range is a function of the x;y location on the surface of the Earth. We can display such
height information in the form of a topographical map, where we connect all the points
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that are at the same altitude. In a similar way we can display the function 2(A;B), by
showing the collection of points where ?(A;B) equals some constant. (See Figure A.1(a).)
Since 2(A;B) is a simple quadratic form the resulting constant curves ae ellipses, and the
“topography' is quite simple with a single valley, oriented diagonally, with minimum at the
point R. The uncertainly in the best t parameters is determined by t opography around
that minimum: how much can a parameter vary before the resuling line is a detectably
worst t. The de nition of “detectably worst' is where the ch i-square sum has increased
by one unit above the minimum. The extreme points Q and S are displayed in the above
gure along with the corresponding lines.

In more complicated situations, the chi-square topographycan become much more complex,
with several local valleys (which makes nding the global minimum more di cult). In the
simplest cases (like that discussed above) the derivativesf chi-square are easily solved
linear equations with a unique solution (hence just one vaky). These cases are known as
linear least squares.

You may be surprised at the relatively small range of variaton implied by the parameter
errors and displayed in Fig. A.1(b). Recall that the parameters are estimates of average
behavior revealed by the assumed unbiased deviations. So ru as the standard deviation
of the mean is smaller than the standard deviation (and in fa¢ can get arbitrarily small
with su ciently large data sets), so too the parameter uncertainties become increasingly
small with large data sets. As a result the systematic errorsmust dominate the random
errors for su ciently large data sets, in which case the computer reported errors are not
relevant.

Introduction to  WAPP ™

There are many computer programs that can do least-squarests. In this laboratory we
will use the web-based programWAPP * located at:
http://lwww.physics.csbsju.edu/stats/WAPP2.html

| suggest you add it to your favorites?.

On the opening page of WAPP * you must report the format of your data, particularly for
the uncertainty in your data:

No y error

Select this if your y data has no error (unlikely) or if you have no estimate for that
error (rare) or if you have been told that the error is \negligible”.

Enter a formula for y error

It is not uncommon to have a simple formula for your errors. Inthe simplest possible
case your error may be a constant. Often you will know the erro as a fraction
(or percentage) of they value. Very occasionally you may know a fairly complex
formula for the error. (For example, in Physics 200, one errois calculated from:
(y"2+1)*pi/90 .) If you have such a formula, you may supply it to the program to

2a Google for \wapp+" will provide a link or you can hit the stat istics link on the Physics homepage:
www.physics.csbsju.edu
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calculate the errors for you. Alternatively you could use a greadsheet or calculator
to calculate those errors and just enter them along with yourdata.

Enter y error for each data point

Sometimes errors are estimated as part of the experiment byapeating the experiment
and looking for deviations. In this case the errors are likg} to be di erent for each
data point and there will be no formula to apply.

Exactly analogous boxes must be checked to indicate the nate of x errors.

There are two ways of entering your data into the computer: cpy & paste from a spread-
sheet (the usual approach because using a spreadsheet isesftrequired for other parts of
the experiment) or entering each number into its own box on the web page. | would always
opt for the former (\bulk" or copy & paste), but if you really w ant to you may use the
latter (\pointwise data entry").

On the second page ofMAPP * you must enter your data and select which function applies
to your data. Usually you will paste your data into the web-form from a spreadsheet.
Obviously you must tell WAPP * which column contains which data. Sometimes you will
have a column of irrelevant data between thex and y data: no problem, just tell WAPP * to
Ignore the irrelevant column.

Note:  The apparent grid of cells and columns in the \Block Copy & Page" web-form,

in fact, have no meaning: its just an image to remind you that this area will be lled by

pasting data from a spreadsheet. The pasted data does not havto line up in columns
(the white space between the numbers is what denotes columndundaries). You do need to
assure that the number of numbers in each row matches the numdr of columns not selected
as None. In addition, pasted data must be numbers not text (fo example: column labels).
Finally an extra Return at the end of the last data item may avoid IE transfer problems.

When you Submit Data, the third page of WAPP * arrives: this is your \ t report". Almost
always you will want to select the top region of this page, prnt it out, and tape it into your
notebook. Here is page generated by the data from Table A.3.

An analysis of data submitted by computer: linphysl.physics.csbsju.edu on 1-APR-2008 at
13:35 indicates that a function of the form:

| Linear| y= A+ Bx

can t the 8 data points with a reduced chi-squared of 1.7

FIT

PARAMETER VALUE ERROR

A = 8.214 3.1

B = 8.369 0.62
NO x-errors

ACTUAL ERROR IN CALCULATED DEVIATION

POINT X Y Y Y FROM FIT

1 1.00 16.0 +- 4.0 16.6 -0.583

2 2.00 18.0 +- 4.0 25.0 -6.95
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3 3.00 35.0 +- 4.0 33.3 1.68
4 4.00 44.0 +- 4.0 41.7 2.31
5 5.00 58.0 +- 4.0 50.1 7.94
6 6.00 62.0 +- 4.0 58.4 3.57
7 7.00 64.0 +- 4.0 66.8 -2.80
8 8.00 70.0 +- 4.0 75.2 -5.17

Data Reference: 626A

It is perhaps worth reminding you that computers are usually ignorant of sig gs and units:
| would report these results as: A =8 3 CandB =8:4 :6 C=cm. Alternatively
A=8:2 31 CandB =8:37 :62 C=cm is also OK; other possibilities are incorrect and
will result in lost points.

The Data Reference: 626A at the bottom is useful and should be retained. If some problm
(e.g., a computer crash) should occur, it is likely that this reference will allow you to get a
copy of your data from the web.

The bottom part of this page allows you to make various types @ plots of your results.
If you click on \Make Plot" a fourth page pops up with links to t he actual plots. Most
commonly you will click on the PDF File, Adobe Acrobat will la unch and your plot will be
displayed, and if desired printed.

How to enter formulas: The usual syntax applies: + */for add, subtract, multiply,
and divide respectively; ™ or ** for powers. Please note:
A-B C = % (A.9)
A=B O = A (A.10)
- BC '

Mathematical functions for formulas:

ABS ACOS ASIN ATAN
COSs COSH ERF ERFC
EXP INT LOG LOG10
NINT RAN SCALE SIGN
SIN SINH SQRT TAN
TANH GAMMA K NORM

INORM Pl
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Appendix B|Uncertainty Formulae

In the below equations a; b; c;:::have uncertainties a; b; c;::: whereasK;k 1;ky;::: are
\constants" (like  or 2) with zero error or quantities with so small error that th ey can be
treated as error-free (like the mass of a proton:m, = (1:67262158 :00000013) 10 27 Q).
This table reports the error in a calculated quantity R (which is assumed to be positive).
Note that a quantity like a is called anabsoluteerror; whereas the quantity a=a is called
the relative error (or, when muItiBIied by 100, the percent error). The odd Pythagorean-
theorem-like addition (e.g., R = a2+ b?)is called \addition in quadrature”. Thus the
formula for the error in R = K ab=cd could be stated as \the percent error inR is the sum
of the percent errors ina; b;cand d added in quadrature”.

Equation Uncertainty
R=a+ K R = a (B.1)
R a o
R=Ka R T or R =jKja (B.2)
_ K R _a _jKj a
R = a R Taj or R = 2 (B.3)
R jkij a . .
= ki = - - ki 1
R=Ka R ia or R =jkiKa j a (B.4)
| O
R=a b R= a2+ b2 (B.5)
q
R = kja+ kob R= (kia)?+(kyb)? (B.6)
R a 2 b 2
= — = — + — .
R=Kab = - 5 (B.7)
a R a ? b 2
R=K ¢ == —~ * 3 (B.8)
R = f(a) R = jfYa)j a (B.9)
ab R a ? b 2 2 d 2
R=K o " = + 5 + = + g (B.10)
akipe R kia >  kob 2  ksc ?  ked 2
= — — = _ + = o+ = + )
R=K ckalka R a b c d (B.11)
2 2 2 2
R=f(a;b;c;d R = @f a + @f b + of c + @f d (B.12)



