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Introduction

Course Goals and Time Committment

There are four purposes for this course.
2 To give practical examples of concepts learned in Phys333&4
2 To let you experience some of the excitement (and confusiondf experimental physics.

2 To give you a working comfort with basic electronics as it apgears universally in a modern
physics lab.

2 To somewhat enhance your abilities with data analysis and eior propagation.

The labs vary in length, but will take at least two hours to get through and understand. Lab
reports are required, but | have taken steps to make them a bitless time-consuming. My goal is
for you to spend most of your time understanding the results ad how they apply to the theory
you have learned (are learning) in Physics 333 (and 334).

Depending on your level of understanding, it will require ore-two hours after each class session
to complete the data analysis, perform the needed derivatins, and do the background reading to
needed to understand your results.

References

The following references will be invaluable to you throughait your career if you do any kind of
experimental work. They are not required, but if you choose b buy them now, you will likely not
need another reference for basic electronics or error anais for at least a decade.

Horowitz, Paul, and Hill, Win eld, The Art of Electronics (2nd edition), Cambridge University
Press, New York City, 1989.

Taylor, John R., An Introduction to Error Analysis, 2nd Edition, University Science Books,
Sausalito, California, 1997.

Safety

2 Shoes and socks are required for minimal safety.
2 Know the location of the two nearest TELEPHONES in order to dial 911 in an emergency.

2 Know the location of the nearest FIRE EXTINGUISHER. Can this re extinguisher be
used on electrical res?

2 Know the location of the nearest FIRE ALARM pull lever.
2 Report defective or damaged equipment to the instructor.
2 Construct experiments so they can not fall and so that peoplewill not trip over wires.

2 Do not energize any experiment using more than 30 V until the nstructor has inspected it.



2 Science runs on black co®ee and unsweetened tea. They help yihink, and are relatively
easy to clean up if spilled. Co®ee or tea in a sturdy cups and btéed water are the only
drinks allowed in the lab. In the event of a spill, you are resmnsible to promptly clean and
dry any lab equipment involved. Dissassembly may be require.

2 Food and snacks are not allowed in the lab. If you are hungry, gu can take a quick snack
break out in the Workman lobby.

2 Be aware that hazardous chemicals are associated with elgonics. You really should wash
your hands between working w/ lab equipment and eating.

Laboratory Protocol

2 The Laboratory hours are 2 PM to 4 PM. Please arrive on time. Ifyou nish an experiment
early, begin working on your analysis or on the next experimat.

2 The lab has wireless internet connectivity. You may bring a kp-top to assist in data plot-
ting/analysis or for web research related to your analysis.

2 Please limit your conversations in the laboratory to the experiments. You are encouraged
to help your fellow student learn the material, but all are responsible for their own under-
standing.

Required Supplies

Failure to bring the following supplies every time can resut in grade reductions. (See section on
grading).

2 The lab manual is obviously needed every class.

2 A 3-ring binder for lab write-ups. You want to bring your writeu ps with you to all classes.
Many labs refer back to earlier labs.

2 A bound composition notebook for recording your data (a labaatory notebook).

2 A calculator or slide rule. Any kind of calculator is ne. 1/2 g rade extra credit will be given
for exclusive use of a slide rule.
The slide rule is an elegant device whose use will improve you r feel for calculations. Depending on class room interest, a slide rule
lecture and practicum can be included. A slide rule may be pur chased for $35 from www.houseofsliderulers.com, or for $10 to $25 on

E-bay.

Reports and Outside work

| do not require any speci ¢ amount of outside reading or work. However, if you begin to
fall behind in the course, you will need to increase your outigle time. For example, you can
do derivations before the lab { you can even setup tables for gur data outside the lab. This
can keep your data taking very organized, such that there is ot much write-up to do on
each report.

You have three choices on how to do reports.

1. Hand write the report in the Laboratory Notebooks
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2. As above, but with certain sections done on a computer anddped into the notebooks
along with hand-written parts.

3. Completely separate from the notebook, done entirely on acomputer. Keep these
reports in your binder. In this case it's important that your name and the name of
this course also be on the report cover page.

Regardless of how you do the report, it should have the folloing sections:

1. Heading { In the following order, state

(&) Your name

(b) The name of the experiment

(c) Date the report was written.

(d) Date the laboratory work was nished.

2. Apparatus and Procedure  {
Describe what you did. Use gures to show how the equipment andcircuits were
hooked up.

For each piece of equipment you use, record the following:

(a) Description (e.g. voltmeter, oscilloscope)
(b) Manufacturer Model (e.g. HP 6235A)
(c) Serial number

This information will help you get consistent results if you need to continue the same
lab over one or more periods. It will also be helpful should tle equipment become
faulty and in need of repair.

3. Summary and Conclusions  { This section should contain enough detail that you
can quickly and easily determine what the experiment was abot and what signi cant
results were obtained.

4. Measured variables and data tables { The column headings of your data table
should list the name of the variable being measured and the uts of the numbers
contained. In theoretical courses, variables often repremnt quantities like E or B or 2.
In the laboratory, variables represent the number of divisbns on an oscilloscope or the
voltage on a voltmeter. An imprecise table would have a colum headed \Voltage (V)".
A more precise table would indicatethe part of the circuit the voltmeter was connected
to. A well-de ned variable could be calledVag , where A and B are the two points on
your circuit to which the voltmeter probes were applied. Vag would be further de ned
by the inclusion of the circuit diagram with the table with A and B marked on it.

It is not unusual for the raw data taken by a physicist to be somewhat disorganized.
(This varies with the physicist!). For example, when measuing the amplitude of a
resonant circuit vs. the frequency at which it is driven, onemay take a number of data
points that are not too interesting (because they are not neathe resonance). You might
also obtain data that you later decide are incorrect or ambigious (because you forgot
to note the scale of an oscilloscope, for example). Your nobtwok may thus contain
a jumble of dubious data and good data. After completing your measurements, you
shall recopy the data table in a well-ordered way using only véd data. Alternatively,
do enough measurements to understand what constitutes a val datum and what



columns should be in a table. Then, draw a neat table and contiue your experiment,
completing the table as you go.

5. Graphs {Show data as points (not lines) and theoretical curves as les. Use computer
plotting software, or plot by hand in your notebook or on graph paper. Axes should
be labeled with tick-marks and and well-de ned variables (desdbed previously in
discussion of tables).

6. Vocabulary { De ne each word and state how it relates to the experiment.

7. Calculations { Calculations should be done in your lab book. When numerichvalues
are plugged into formulae or derived results, they should bewritten in your lab book.
I know that you can plug ten numbers into a formula in your calculator and just write
down the answer, but am explicitly asking that you not do that. You (or I) should be
able to look at your calculations and see exactly what numbes you used at every step.
This is good practice in your career. It will help you nd your mistakes and better
documents exactly what you did.

8. Derivations { In many laboratory exercises, you will be asked to derive reults that
are basic to understand the experiment or doing calculatios.
Many derivations require a gure; draw large, clear gures. Ewery derivation using the
integral form of Maxwell's equations must have an accompaning gure that shows the
locations of line integrals, surface integrals, and volumentegrals.

Error Analysis
Types of Error

All experimental uncertainty is due to either random errors or systematic errors. Random errors
are statistical °uctuations (in either direction) in the mea sured data due to the precision limita-
tions of the measurement device. Random errors usually rediufrom the experimenter's inability
to take the same measurement in exactly the same way to get exathe same number. System-
atic errors, by contrast, are reproducible inaccuracies tlat are consistently in the same direction.
Systematic errors are often due to a problem which persistshroughout the entire experiment.

Note that systematic and random errors refer to problems assciated with making measure-
ments. Mistakes made in the calculations or in reading the istrument are not considered in error
analysis. It is assumed that the experimenters are careful rad correct!

Minimizing Error

Here are examples of how to minimize experimental error.

Example 1: Random errors

You measure the mass of a ring three times using the same balae and get slightly di®erent
values: 17.46 g, 17.42 g, 17.44 g

The solution to this problem is to take more data. Random erras can be evaluated through
statistical analysis and can be reduced by averaging over aafge number of observations.

Example 2: Systematic errorsThe cloth tape measure that you use to measure the length of
an object had been stretched out from years of use. (As a redillall of your length measurements
were too small.)

The Ohm-meter you use reads 1 - too high for all your resistancemeasurements (because if
the resistance of the probe leads).



Systematic errors are dixcult to detect and cannot be analyzel statistically, because all of the
data is o® in the same direction (either to high or too low). Sptting and correcting for systematic
error takes careful thought into how your equipment works, and cleverness to measure how far o®
it is from correct.

* How would you compensate for the incorrect results of usinghe stretched out tape measure?
* How could you determine your probe resistance, and correcthe resistance measurements?

Handling Errors

Note that uncertainties (Random or Systematic) are not obtained by comparing your results with
the \accepted" values you nd in the literature. Instead, the y are found in the following way:

1. Estimate the uncertainties in the measured quantities (eg. voltages, resistances, frequencies,
lengths, etc.) and

2 Allinstruments have an inherent accuracy which can only beddetermined by comparing
the instrument to a more accurate instrument or to a \standard" for the quantity of

interest. Explain what you compared your instruments to to determine this inherent
accuracy.

2 Uncertainty in a length may be due to precision with which a sale can be read.

Uncertainty in a time may be due to unknown reaction time for starting/stopping a
timer.

2 Random uncertainties may be estimated by making the same meairement 10 times
and calculating the standard deviation. Show such repeatedneasurements, and the
standard deviation calculation, in your log-book.

2 Repeated measurements will not uncover inaccuracies in itimments.

2. Propagate the uncertainties in the measured quantities® nd uncertainties in the calculated
results.

2 Use the general formula for propagation of errors given on pge 75 of Taylor's Error
Analysis text. (See References section above { An excerpt llows)

2 Assume you are measuring the variableg which depends on the measured quantities,

X;::1;Z. If the uncertainties £x;:::;+zare random, then the uncertainty in qis
s - “
88 2 H 2
Q= @%x + i+ @g_rz Q)
@x @z
Lab Grades

| will assign a gradep; =0 j 10 for lab i based on any of the following criteria:
2 A written test on the concepts / vocabulary / derivations / ca Iculations involved in the lab.
2 An oral test on the concepts / vocabulary / derivations / calc ulations involved in the lab.

2 A \do-it" test in which a task is set. (For example: Build an amp li er with 10X gain and
show it to me operating with waveforms on an oscilloscope in 8 minutes).



2 A \show-me" test in which | ask you to pull out your lab notebook and explain to me the
important results of a lab completed earlier in the course. Iwill give you 5 minutes to review
your work. If your lab write-up is insuzcient to tell you what yo u did after 5 minutes of
review, it is not clear enough.

2 A formal lab grade. This is the traditional \lab report". You will turn in your lab-book and
I will return it the next week. Clarity of presentation count s more than getting "the right
answer". If your handwriting is marginally legible, your re port should be typed.

If a lab is scheduled to take two class hours, it is given a weltgfing factor n =1, if scheduled
for four hours, n = 2. The total number of points for the i th lab is p; @ n;.

| will not announce in advance how a given lab will be graded. Nte that ALL the evaluation
methods mentioned require that you understand what you are @ing and the results obtained.
Concentrate on understanding the material and you will do ne.

On disorder: The 2nd time you arrive in class w/o both notebooks and calcuator, 1/2 a
letter grade will be deducted from that lab. The third time wi Il cost 1/2 letter grade from the
course.

Course Grades

If you attend every lab, there are 14 sessions in this courselhe amount of work required occupies
nominally 12 sessions. However, some of you will be slower.ldh on completing all 14 sessions.
Grades for the course will be based on:

1. Attendance and diligence in the laboratory and

2. The number of points P for the course, computed from the following algorithm:

1 X
P=1 (mam)

The conversion from points P to letter grades (A, B, ...) will be the according to the
following table.

A = 85! 10
B = 75! 85
C =61 75
D = 45! 6
F = 0! 45

Example: A student does labs 1,2,3,4,5,6,9,12. and 13 and ge ts 8.0 on each,
except gets 10.0 on lab 5 and earns a 6 on lab 9.
P=(8*2+8*1+8*1+8*2+10*2+8*1+6*1+8*1+8*1)/12=8.2=B
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Figure 1: Kircho®'s Current Law: The sum of currents entering a node is equal to the sum of
currents leaving it.
Kircho®'s Voltage Law: The sum of voltage around any closeddop in a circuit is zero.

1 Circuits (n=2)

Background theory

In Physics 333, you learned the basic principles you need torelyze any circuit.

1. Electrical charge is conserved. This leads to Kircho®'swrent law.

2. The electrostatic force is a conservative force. This leds to Kircho®'s voltage law.

Kircho®'s famous laws for circuit analysis are stated abovén the "gure caption.

Referring to the left panel of Figure 1, we see that the curreblaw meansthatlp = Ig+Ic+1p.
This immediately leads to the useful corollary that in a series circuit (which has only one branch)
the current is the same at all points in the circuit.

To understand the origin of the Voltage law shown in the right panel, consider that the
de nition of a conservative force is that the Work done is equd over any possible path between
two points. Recalling that Voltage is just the work done per dectron, we see that the voltage drop
between any two points in the circuit must be equal no matter what path is taken. An equivalent
way of stating this is that the closed loop voltage is 0 over ag possible loop through the circuit.

Because they are derived from fundamental physical princifes, Kircho®'s Laws are valid for
any AC or DC circuit containing any combination of passive canponents, semiconductors and
active components. For this lab, we will also need Ohm's lawy = IR. Ohm's law is an example of
an IV characteristic. IV characteristics depend on the type of device being studied. A resistor ts
Ohm's law exquisitely, while a light-bulb only approximately ts Ohm's law. Later in the course
we will study the IV characteristics of diodes and transistas. For a diode,| = Ig(e0 =T ; 1),
which as you can see is not Ohm's law at all!

Basic Formulae for DC Circuits

V = IR 1)
W = QV 2)
P=1V (3)



Reff = R1+ Ro+ Rg+ o (4)
1=Retf =1=R1+1=Ry+1=R3+ ::: (5)
1=Zefp =124 +1=Z, +1=Z3 + = (6)

Ohm's Law (egn 1) is not fundamental. It happens to be true for materials called resistors.
It is a simple case of an I-V curve or constitutive relation.

The Power dissipation formula (egn 3) is merely a consequemcof taking the derivative of
equation 2, which is just the de nition of voltage.

The series and parallel circuit laws (eqn 4-5) come directly tom Ohm's law and Kircho®'s
laws. A beautiful thing about these laws is that they generalze to complex impedances (eqn 6).
Here \R" is replaced with \Z", which will be discussed in futu re labs.

In terms of fundamental physics, you need only conservatiorof charge and energy to derive all
circuit laws. However, the simple formulae above come up sadquently in circuit analysis that
they are worth memorizing.

Philosophy of Experimental Physics

An experimentalist spends a lot of time \thinking" as well. R esults are almost never what you
expect them to be, and apparatus is full of quirks that you neel to learn via familiarity. In this
experiment you will measure current and voltage in simple aicuits with high accuracy. (Three
“gures is high accuracy for an experiment). Some obvious quésns occur.

1. How does one measure a voltage?

2. How does one measure a current?

3. How do you hook up a power supply?
4. What value of resistor should | use?

5. Why do the light bulbs behave di®erently than the resistor®

The answers to the rst three questions are contained in Kircto®'s two laws. It requires
thought about what a series and what a parallel circuit is andhow current must °ow.

The answer to the fourth question depends on Kircho®'s LawsPhm's Law and the accuracy
of your measuring instruments. If you choose too large a resior, or too small a resistor, your
measurements will su®er for accuracy. So pick something ancehin the experiment and see if you
have chosen wisely. This iterative process is characterigt of much experiment.

The experiment

You will build several simple series and parallel circuits ad explicitly measure the voltage and
current to verify Kircho®'s Laws and build up familiarity an d con dence with the use of electrical
equipment. This lab should serve to remind you of things you &eady know, and because it is
relatively simple, you should be able to predict your resuls with three signi cant digits.

Using the power supply and several identical resistors of vae R, build and study circuits i-ii .

Set the power supply to 6.00 V (Check it with a multimeter). For each circuit, measure and
record the current through as many points as needed to undetand the current “ow through
the circuit. What does Kircho®'s Current law predict for cir cuits i-ii ? Do your measurements
support this prediction?
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Figure 2: Circuits i-iii are simple series circuits. Circuitiv illustrates a combination of series and
parallel circuits. Circuit v is a very useful con guration called a \Voltage Divider".

For circuit i, measure and tabulateVag , Vac and Vg and verify Kircho®'s voltage law. Your
table should also include a column of predicted results bageon your measurements of current.

Make a similar table for circuit ii. For circuit ii, measure and tabulateVag , Vac, Vcp, Vbog ,
etc.

Based on your measurements so far, you should be able to gea¢e a complete table of
predicted results for circuit iii . Feel free to measure to spot-check your results. For circuitii also
include in your table predictions for Vkg, Ves, Vps .

Build circuit iv and test Kircho®'s current law for node C. Make predictions of values for all
the currents at node C and verify with measurements. It is moe interesting to make predictions
before doing the measurements. If you end up surprised, sayosthen revise your predictions
(without erasing the original ones).

Circuit v is called a \Voltage Divider". This is becauseVouyt = Vg is always a xed fraction
of Vi = Vas. Design a 10:1 voltage divider (a circuit for which \\/2:1 = leo- You may not
‘nd resistors to provide an exact 1/10 ratio, but get as close & you can. Further, predict the
division ratio of the circuit to 3 sign cant digits based on th e value of resistors you do nd. Verify
your prediction with 3 di®erent values of Vjy , then test your circuit with an AC input (and an
oscilloscope instead of a voltmeter). [HINT: Dual and quad ©annel oscilloscopes are designed
to let you compare multiple waveforms on the same screen sinftaneously.] Use the comparison
betweenV|y and Voyt to calculate the division ratio of your circuit.

Now that you have a working familiarity with Kircho®'s laws, design a more complicated
circuit with two di®erent parallel legs in series. Write the design in your lab book and predict
Refs . Measure current through circuit and verify your predictio n.
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Figure 3: Light-bulb circuits.
Next study the circuits of Figure 3. Circuits i-iii are analogous to the circuits of Figure

2. Light bulbs behave much like resistors, but their behavio is less ideal. Based on resistance
measurements of the light-bulbs when removed from the circuj predict the current in circuits
i-iii  for the case when &0 V is applied at the power supply. Write your predictions in your lab
book.

Test and record the actual current in these circuits by putting the multimeter in current mode
in series with the circuit elements. Explain the discrepangy between your predictions and your
measurements. Do you see a pattern? Create circuit/, then put one of the two bulbs in parallel
in and out of the circuit. How does adding and removing the seond bulb change the brightness
of the other bulbs? Can you explain this? Create circuitv and observe the brightness of all the
bulbs. Does this makes sense? If there are any surprises, s&hat you can do to the circuit to
try to explain them.

Vocabulary

I Series circuit

I Parallel circuit

| Kircho®'s Voltage Law
i Kircho®'s Current Law

Equipment

- HP 6235A Triple output Power Supply
- Proto-board or Spring Board

11



- Fluke Multimeter

- Resistors

- Light-bulb demonstration boards
- Tektronix Oscilloscope

- Function generator

Laboratory Time

Four hours

12
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Figure 4. Light-bulb demonstration board: Every symbol in this schematic corresponds to
a component on the circuit board.



2 Internal Impedance and Error Analysis (n=1)

Sources of error generally fall into two classes, systematierrors and random errors. Random
errors are due to uncontrollable \noise" or reading accurag of instruments.

Systematic errors are often due to uncalibrated instrumens or innaccuracies introduced by
factors such as internal impedance of the measuring device.

Therefore, an important property to know about a voltmeter ( or an oscilloscope) and a power
supply (or a battery) is its internal impedance.
Measurements

1. Calibrate your Fluke multimeter vs. a voltage standard and a resistance standard. (Cal-
ibration involves plotting Vmeas = G £ Vsig + B). In a simple calibration there is both a
\gain (G) " and an \o®set" (B) error. Assume that the standards are perfectly correct. For
the voltage calibration, assume thatB = 0. For the resistance calibration, you should be
able to determine both B and G by measuring a half a dozen points. Recordsy, Bg and
Gr in your notebook.

2. Take measurements and do calculations to nd the internal mpedance of a Fluke 7X multi-
meter when it is set to measure voltage. Use the circuit showelow in gures \a" and \b",
with at least three values for the resistanceR. Use (at least) the following values: R=22
M-, 1.5 M-, and 150 k-.

(NOTE: You have a choice about what voltage to set your power sipply to to do this ex-
periment. Does it matter? Set it to whatever voltage is likely to give you the most precise
result.)

3. Find the internal impedance of an oscilloscope at the BNC ennector on the chassis of the
oscilloscope.

4. Draw a circuit diagram of a circuit to measure the internal impedance of a small battery.
(Indicate the battery itself as an \ideal battery" in series with an internal impedance).

5. Make measurements to nd the internal impedance of a 9-V batery.

6. The experiment you just did is probably somewhat destructve to the battery. So let's nish
the job. Choose a 1/4 Watt resistor of such a value that when yal connect it to a battery
you will exceed its power rating by a factor of about eight. Canect your 9-V battery and
get your hands away quickly. What happens?

7. If you enjoyed this destruction, you can try it again. Take another resistor and measure
its resistance before and after abuse by smoking. By what fdor, and for how long do you
need to abuse the resistor to change its resistance by 10%? Qgou get the resistance to
gotol ?

Calculations and Analysis

8. Calculate uncertainties in the internal impedance of thevoltmeter (not the oscilloscope) for
each value of resistance used. Use the general formula forgpagation of errors given in
the introduction to this lab manual. Make a table like Table 1. (See the formula in the
introduction to this manual) What is your best estimate for v alue of the internal impedance?

14



o
S}

V[ tv | 8GR | CRyy IR[2R| CR | CR4R | Vg | s ... | £R

Table 1: Table listing each value of resistance and each vage, the uncertainties in each, and the
partial derivatives of the internal impedance with respectto the resistances measured. These are
the quantites required by the general error analysis formuh of Taylor.

Vocabulary

Random Error
Systematic Error
Input impedance
Output impedance
Equivalent circuit
Open-circuit voltage
Short-circuit current

Equipment

- Oscilloscope|one only

- Fluke 7X multimeter|one only

- Resistors

- Power supply

- 9V Battery and battery clip
Laboratory Time

Two hours

References

Taylor, J. R., An Introduction to Error Analysis , University Science Books, Sausalito, California,
1997.
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Figure 1: Circuits for measuring the internal impedance of avoltmeter. (a) Circuit to nd Vg.
(b) Circuit to nd R; after Vg is known.
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3 Complex Impedance (n=1)

Since complex numbers are widely used in physics and eleatél engineering, it is useful to see
how a complex number can be measured. Here is an experiment tip that.

The experiment

The impedance of a capacitor and resistor in series is a compt number. Determine the complex
impedance of a resistor R) and capacitor (C) in series by applying a sinusoidal voltage across
the series combination and then doing the following:

1.

Sketch the circuit you intend to build. It consists of capacitor C connected to the center
pin of the function generator output, followed in series by resistor R. [Note: The style of
connector used on our function generator and oscilloscopés called a \BNC" connector].

Build the circuit and probe the total voltage from the function generator Ve on one 'scope
channel.

Measure the currentl through the circuit by probing the voltage across resistorR.

Measure the relative amplitude and phase oW and | for an input frequency

f =200 Hz.

Hint: Get both signals on the oscilloscope at once. Trigger onthe input voltage and set
the trigger level to OV. This is a way to easily quantify the phse shift between the applied
voltage and current.

Repeat the measurement foff = 1000 Hz.

For the 200 Hz case, copy the two waveforms into your lab bda The graph should be
accurate enough to see the relative phases and amplitudes die waveforms. You will be
referring to this graph in future labs.

Make an independent measurement of the capacitance and sistance and calculate the
complex impedance. Use this to predict the amplitudes and phses measured above.

Equipment

- Oscilloscope

- Function generator

- Capacitance meter

- Ohmmeter

- R=33 k- Resistor

- C=0.047* F Capacitor

Laboratory Time

Two hours
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About Complex Impedance

Complex impedance (generally denoted by the symbok) is a useful concept because it allows
inductors (L) and capacitors (C) to be treated by the same rules as ordinary resistorsR). (Note:
These rules were discussed in the lab called \Circuits".) The complex impedance of a capacitor
is Z¢c = nc , where ! is the angular frequency of the applied sine wave. Complex ipedance
Z is expressed in units ofOhms just like ordinary resistance R. Likewise, the normal rules for
combining resistors in series and parallel can be used for ogplex impedances.

Recall that for a voltage divider made of ordinary resistorsR1 and R» in series:

VouT
VIN

(This formula assumes that Voyt refers to the voltage drop across resistoiRy) A complex
voltage divider can be made of any combination of passive coponents with complex impedance
Z1 and Z5 in series leading to:

= R2=(R1+ R2) (7)

VouTt
VIN

= Zo=(Z1+ Z2) 8

Derivation of Complex Impedance of a Capacitor and an Inductor
First, let's generalize Ohm's Law fromV = IR to V = IZ . Next, apply a sinusoidal voltage to
the circuit under study:
h N
V(t) = Vocog!t + A) = Re Vot *A (9)

Current is in general de ned | = dQ=dt. For a capacitor Q = CV, sol = C dV dt Using
the form of V(t) above, we obtain | = Cil'V (t). Solving for V(t) we get V(t) = W Thus we
identify % as the complex impedance of a capacitor4c).

Given the equation V = LdI=dt for an inductor, see if you can apply a similar argument to
derive the complex impedance for an inductor Z| ).

Going from measured quantities to impedances

In your experiment, you are measuringVrg(t) and I (t). For simplicity, assume that Vgg(t) =
<(€'); with A = 0. Then Ohm's law becomesVoe't = 14e/('t i A Z g Inspection should show
you that you can calculate Zg from your Vy and Iy measurements. Further, when you measure
i Ain the current in steps 3{5 of the experiment, you are really measuringA in the impedance.

Refresher on Complex Arithmetic

Recall that for any complex numberZ:

Z=x+iy = Zoeh (10)

where Zg = P X2+ y2 and A= atan(y= x) Also 2§ = Z°Z,whereZ® " xj iy. Finally, it is
useful to know that if Z = then Z° =

a+ |b’ |b
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4 Low-Pass Filters and Parallel Plate Capacitors (n=1)

We will learn about and apply the concept of \ Ttering". We wil | predict and measure the time
constant of an RC circuit in an AC environment. Finally, we wi ll use what we know to predict
and then measure the capacitance of a home-made parallel-platcapacitor.

The experiment

We revisit the series circuit of resistor and capacitor to urderstand, time-constants, Bode plots,
and low-pass Tters.

Filters and Frequency response

1. Sketch the circuit you intend to build. It consists of resistor R, connected to the center pin

of the BNC of a function generator, followed in series by capeaitor C;. (N.B. The circuit is
slightly di®erent than the one you built for the Complex Impedance lab. There the resistor
was connected directly to ground. Here the capacitor is conected directly to ground).

. Build the circuit and probe the total voltage from the function generator Ve on one 'scope
channel.

. Measure the Voltage across the capacito¥c at about a dozen di®erent frequencies between
1 Hz and 3 MHz. The frequencies should be roughly uniformly saced in a logarithmic sense,

but more tightly focused on the range of frequencies where tbre is a noticeable change in

the behavior of the circuit. The savvy physicist surveys thefrequencies of interest before

taking the time to do detailed measurements.

. Measure the relative amplitude and phase oVgg and V¢ for each frequency. Hint: Get
both signals on the oscilloscope at once. Trigger on the inpwoltage and set the trigger
level to OV. This is a way to easily quantify the phase shift beteen the applied voltage and
current.

Make a table with columns (1) frg, (2) Vra, (3) Vc, (4) \X—Ce,and (5) Ac. Make a plot on

log-log paper of column 4 vs. column 1 and a plot on semilog papef column 5 vs. column

1. Such paper is provided for you on next page. This type of plb(log-log and semilog

for amplitude and phase vs. frequency) is called a \Bode PIdt Note: Measuring Ac is

somewhat time-consuming. You can rst survey the frequencyange of interest and decide
where to concentrate your e®ort measuringd accurately. At other frequencies, you can just
approximate it.

. Using what you already know about complex impedance, wri¢ down the complex voltage
divider equation for this new circuit in which Vgg is the input and V¢ is the output. Solve
for the ratio \X—CG If you do this correctly, the expressionR;C; should appear somewhere in
your ratio. De ne the variable ! 1~ ﬁ and calculate its value. ! ; and the corresponding
f1 are often called the \corner frequencies". (Note the \corng" in your amplitude Bode

plot at about this frequency). Note that the corner frequency ! 1 is also the reciprocal of

the time constant of the circuit, RC.

. Using your voltage divider equation, what is the amplitude ratio for ! = ﬁ? Finding a
frequency that gives such an amplitude ratio is a quick way to nd the corner frequency.
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You have just created and analyzed a \low-pass Iter", so callel because it attenuates high
frequencies, without much a®ecting the low frequencies (thgi\passing them"). Circuits like these

were (until recently with all-digital technology) attached to the bass and treble knobs of your
stereo system. Filters are still important throughout science and technology. Turn your scope up
to maximum sensitivity and then push the \BW limit" switch to see a low-pass TIter in operation.

Parallel plate capacitors

You will build a parallel plate capacitor out of two aluminum plates with a lexan spacer. (If
insuxcient spacers are available, build a capacitor out of aliminum plates with nylon washers).
Y
r¢E=_ (11)

2= 22 (12)

1. Beginning with Gauss's law (above), derive the electric éd inside a parallel plate capacitor
in a vacuum, use that to calculate the voltage, and hence the apacitance in terms of the
plate area A, the plate gap d and the permeability of free space?.

2. Repeat your calculation for the case of a capacitor with a @lectric with permeability 2, in
the gap.

3. Build a parallel plate capacitor from the materials shown Measure and record the gap and
area. The dielectric constant of lexan i?jexan ' 320 (And 2o = 8.86 pf/m).

4. Predict the value of capacitance that your parallel-plate capacitor will have, and call it C,.

5. Select a value ofR» that is large enough that you expect to see a corner frequencyf
feomer ' 5 kHz. Build an RC circuit using the selected value forR, and your new parallel
plate capacitor as the unknown C,. By measuring the frequency response of the circuit,
determine! ,, and henceC,. (Note: Once you understand what an RC Bode-plot should look
like, you can quickly measure the capacitance simply by detenining the corner frequency
from the amplitude ratio you calculated above.) Compare you measured capacitance to
the value you estimated from theory.

6. If you built a capacitor with lexan in the gap, try taking it out and seeing how much the
corner frequency has changed. The capacitance should chamdy a fraction equal to the
dielectric constant of lexan.

Equipment

- Oscilloscope

- Function generator

- Capacitance meter

- Ohmmeter

- R1=3.3 k- Resistor

- Ro=You select it - Resistor

- C1=0.047* F Capacitor

- Co,=Homemade parallel plate capacitor

Laboratory Time

Two hours
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5 Magnetic Field, Inductance, Mutual Inductance, and
Resonance (n=2)

Introduction
In this laboratory exercise you will learn
2 how to determine impedance from measurements of an alternatg current and voltage,
2 how to calculate mutual and self inductance,
2 how to measure the amplitude of an oscillating magnetic eld,
2 how a circuit behaves around a resonance, and
2 how a transformer works.
This is a good time to review the concepts listed above in a juior-level textbook on electricity

and magnetism.

Laboratory Work

Figure 1: Circuit for measuring impedance and self-inductame and exploring what happens
around a resonance.

1. Hook up the circuit in the gure below. According to the manufacturer, the coil (called
\Outer Coil") has 2920 turns of 29 AWG wire (wire diameter A=0:29 mm). The resistance
R = 75- will be used to measure the current in the circuit.

2. Self inductance:

(a) For a frequencyf = 1000 Hz, measure the amplitudes of the voltagevg g (t) from the
function generator and the voltage Vg across the resistor. Also measure the phase
di®erence betweerVeg and Vgr. Make sketches of the waveforms and labeVgg and
Vr. Compare these sketches to those you made in the lab called \@nplex Impedance".
Note how they di®er. Estimate uncertainties of the amplitudes and phase.

(b) From the measurements construct the complex functionsV (t) and 14(t).
(c) Find the total impedance Zt =~ V(t)=I4(t), which will be a complex number.
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(d) Subtract the impedance of the resistorZgr © R +0i from the total impedance Zt to
"nd the impedance of the Outer Caoil, Z;.

(e) The impedance of the Outer Coil isZ; = Ry +ilL 1, where R; is the resistance of the
Outer Coil due to the resistance of the wire. L1 is the self inductance and! is the
angular frequency (radians/second). R; can be measured with an ohmmeter, which
does not see the inductance because it applies a steady (DCpkage. Compare your
two values of Ry with the value given by the manufacturer.

(f) Calculate the self inductance of the Outer Coil L; and estimate its uncertainty. Com-
pare L, with the value given by the manufacturer, which is 63 mH (after correcting
the typo in the manufacturer's instruction sheet).

3. Resonance:

(@) Look for the resonance around 38 kHz. It will show up clealy as a null in your
measurement of current.

At the resonant frequency the Outer Coil has a signi cant capaitance in addition to

inductance. The capacitance arises from the dielectric gajppetween adjacent turns of
the wire. (The dielectric is partly air and partly the enamel coating on the wire.)
A model for the colil is a perfect inductancelL ; with capacitance C; in parallel. At

some frequencies, the parallel combination acts more likerainductor, and at other
frequencies, the parallel combination acts more like a capator; you can understand
this better by calculating the impedance of the parallel conbination from the individual

impedances of an inductor and capacitor, which ara@!L 1 and 1=(i!C 1).

Compare the relative phases oVgg(t) and | (t) at frequencies 10,000 Hz above and
10,000 Hz below the resonant frequency and compare them witthe relative phase at
1000 Hz. Sweep back and forth through the resonance and notehat you observe about
the phase. Make sketches of the waveforms and label them to etv how the current
phase changes as you sweep the function generator throughdhresonant frequency.

(b) Disconnect the oscilloscope probe that measure¥ (t) and use it to measure the voltage
V(t) across the Search Coil, which is wound on a 3/4 inch diametewooden dowel.
Keep the other probe connected across the resistor R so you mavatch the behavior of
the current. Place the Search Coil inside the Outer Coil and ®serve what happens to
V,(t) and 14(t) as the frequency is increased through the resonant frequeny. Notice
that while 14(t) is nearly zero at resonanceV-(t) is not. But V(t) is proportional to
dB=dt which is proportional to the rate of change of current in the Outer Coil. How
can this happen whenl 1(t) is nearly zero? The next gure shows the circuit for both
coils.

4. Magnetic Field Amplitude and Mutual Inductance.

The Search Coil can be used to nd the magnetic eld produced by he Outer Coil. For

the calculations of magnetic eld amplitude and mutual inductance described below, set
the function generator for a large amplitude and a frequencyf = 1000 Hz and make the
following measurements:

(a) Voltage across the resistor in series with the Outer Coil( for determining the current).

(b) Voltage and phase across the leads from the Search Coil.
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Figure 2: Circuit with Outer Coil and inner Search Coil. The Search Coil can be used to nd the
magnetic eld from the Outer Coil. There is a mutual inductance between the two coils. As a
unit, the two coils are a transformer.

5. Transformer.

The two coils together are a transformer. In a transformer, pwer °ows from the primary

winding (Outer Coil in this case) to the secondary winding (Search Cail in this case). Remove
the resistor from the primary circuit so that the function ge nerator is connected directly
to the primary winding (Outer Coil). And then, for calculati ons described below, do the
following:

(a) Find and note the range of frequencies for whichV,=\; is nearly constant. Set the
frequency somewhere in the middle of this range before makgnthe following two
measurements.

(b) Measure the voltageV; across the primary winding (Outer Coil).
(c) Measure the voltageV, across the secondary winding (Search Coil).

Calculations and analysis

6. Derive the following approximate expression for the magatic eld strength B near the
center of the Outer Coil when the current through that coil is 11, the number of turns of
wire is N1, and the length of the coil is 1. Make the approximation that B = 0 outside
the coil. The quantities 1, N1, and "1 have subscript 1 to indicate that they are associated
with the Outer Coil (also called the primary of the transform er). Later, the subscript 2 will
be used for variables associated with the secondary coil ohe transformer (Search Coll).

toNilg

B= — (13)
1

7. Derive the following approximate expression for the sefnductance of the coil.
1oNZA;
1

The variable N1 is the total number of turns, "1 is the length of the coil, and A1 is the
average area enclosed by one turn of wire in the coil.

Ly= (14)

8. Use the results in the previous items to estimate a numerial value for the inductance of the
coil. Also estimate its impedanceZ; = ilL ; at a frequencyf =1 kHz.
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10.

11.

12.

13.

14.

Compare the inductancelL 1 of the Outer Coil deduced from your measurements with the
value obtained from the equation forL; above. Can the discrepancy be explained by the
uncertainty in the measured values?

Starting with one of Maxwell's equations, develop the egations for determining B from
the voltage induced in the Search Coil, given the cross-seahal area A, and number of
turns N, of the Search Coil. Variables associated with the Search Cbwill have subscript 2.
Compare the B value derived from your measurements with that calculated & in (1) above,
using the actual value of the current.

The combination of the Outer Coil and Search Coil constitites a mutual inductor. Derive
the following approximate equation for the mutual inductance between the Outer Coil and
the Search Coil using the approximate expression foB above:

M1z = 1 oN1N2A=";: (15)
In addition, compute the induced voltage in the Search Caoil.

Derive the following expression for the ratio of voltags of a transformer:

Vo - NoA;.

2 - <. 16
Vi Ni1A; (16)
Compare your measured value with that predicted from the abae expression.

Notice that the above equation predicts that V,=V; will be independent of frequency. For
what range of frequencies is this true? Why does the equatiofail at high frequencies? Why
does it fail at low frequencies?

Using the value forL; and the resonant frequency, calculate the capacitance of # coil.

Vocabulary

I Search coil

I Mutual inductance
| Tank circuit

I Primary winding

| Secondary winding

Equipment

- Quter Caoail (2920 turns)

- Search Coil (50 turns wound on wood)
- Oscilloscope

- Function generator

- 75 - resistor

Laboratory Time

Four hours
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6 Hysteresis (n=2)
Introduction

A system is said to exhibit hysteresis when the state of the sstem does not reversibly follow
changes in an external parameter. In other words, the state bsystem depends on the history
of the system (\history-sis"). The classic examples of hysteesis use Ferromagnetic materials.
The state of the system is given by the magnetic moment per urivolume, M, and the external
parameter is the magnetic eld, H. In this experiment, we explore hysteresis in the ferromagatic
core of a transformer by measuring both the magnetic “ux dendy B and the magnetic intensity
H in the core. The variable M can be deduced fromH and B.

The magnetic intensity vector H is de ned by the equation

1
TRV a7)

where B is the magnetic °ux density (or magnetic induction), !¢ is the magnetic permeabil-
ity of free space andM is the macroscopic magnetization. The macroscopic and mioscopic
magnetizations are related by the de ning equation

1 X

M= i —
¢I\WO¢V i

mi : (18)

M is the vector sum of the atomic magnetic moments divided by tke volume, ¢V, of the sample.
For an isotropic, linear material, M is linear in H, as

M = ApH ; (19)

where the dimensionless magnetic susceptibilitd, is assumed constant. In this case equation (17)
becomes,

1
H o= [ BiM (20)
so that 1gH = B toAnH (21)
and B = 191+ ApnH : (22)

By comparing this last equation with the free space equation
B=10H; (23)
the magnetic permeability, 1, of the material is de ned to be

1 =151+ Ap): (24)
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The relative permeability K, is de ned as

1
Km = Q (25)

so that Kp 1+ An (26)
In a ferromagnetic material, the magnetization is producedby cooperative action between
domains of collectively oriented atoms. Ferromagnetic magrials are not linear, so that

An = An(H) : (27)

However, the above equations are still applicable if we re@e that * is no longer a constant, that
is

L(H) = 1o[1+ An(H)] (28)
and
B=1(H)H : (29)

This behavior can be explained by examining the microscopicstructure of a ferromagnetic
material. The material actually is polycrystaline, consisting of many small crystals of the material.
Each of these crystal grains is divided into groups or “domais' of atoms. Within a domain, the
magnetic moments of the atoms are all aligned parallel to edtother. These domains, on the order
of hundreds of Angstroms across, are essentially completeimagnetized as long as the temperature
remains below the Curie temperature of the material. In the @sence of an externally-applied
magnetic eld, the magnetization vectors of the domains in a gven grain can be aligned so as
to minimize the net magnetization of that grain. Furthermor e, the grains themselves can be
randomly oriented as shown in Figure 1. Thus the macroscopienagnetization M is zero.

Figure 1. Magnetic domains in a ferromagnetic material whenthe applied eld H is small.

If a weak external magnetic eld is applied to a speciman withM = 0, within each crystal
grain the domains whose magnetization vectors are orientedhore in the direction of the applied
“eld will grow at the expense of the less favorably oriented dains. That is, the domain walls
move and the material as a whole acquires a net macroscopic rgaetization, M .
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For weak applied “elds, movement of the domain walls is reverible and A, is constant. Thus
the macroscopic magnetizationM is proportional to the applied eld,

M= AnH ; (30)

and
B=1H ; (31)

where ! is constant.

For larger elds the domain wall motion is impeded by impuriti es and imperfections in the
crystal grains. The result is that the domain walls do not move smoothly as the applied “eld is
steadily increased, but rather in jerks as they snap past thee impediments to their motion. This
process dissipates energy because small eddy currents ast ;1 motion by the sudden changes in
the magnetic eld and the magnetization is therefore irrevesible.

For a suzciently large applied eld the favorably oriented dom ains dominate the grains. As the
applied "eld is further increased, the magnetization directions of the less well oriented domains are
forced to become aligned with the applied eld. This process pceeds smoothly and irreversibly
until all domains are aligned with H. Beyond this point, no further magnetization will occur.
The magnitude of M = jMj at this point is called the \saturation magnetization." A gr aph of
B = jBj versusH = jH| for the above process is shown in Figure 2. This graph, whichtarts at
B =0and H =0, is called the normal magnetization curve.

Figure 2: The normal magnetization curve ofB versusH .

For large H, the domains appear as in Figure 3.

Figure 3: Ferromagnetic domains when the appliedH is large.

The alteration of the domains and their direction of magnetization gives rise to a permanent
magnetization which persists even after the applied eld is emoved.
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Figure 4: Magnetic hysteresis loop.

If we try to demagnetize the material by decreasingH, the B vs. H curve of Figure 2 is not
followed. Instead, B does not decrease as rapidly as dods$. Thus, when H decreases to zero,
there is still a non-zeroB,, known as the \remnance." Only whenH reaches the valuej H; does
B become zero. This valueH. is called the \coercive force." Continuing the cycleH 1, zero, Hi,
zero, and back toH1, the B{H curve looks like that in Figure 4. SinceB always \lags" behind
H, the curve in the above graph is called a \hysteresis" loop (fom the Greek \to lag").

The area inside the loop can be shown to be proportional to theenergy per unit volume that
is required to change the orientation of the domains over a amplete cycle (Warburg's Law):

Z |
W = HdB d¢ (32)
vol cycle
This energy goes into heating the specimen, and is in joules H, B and v are measured in A/m,
Tesla and n?, respectively.

Applying Maxwell's Equations

Using the apparatus diagrammed in Figure 5, we can observe #h hysteresis curve of a ferromag-
netic material by the following technique. Suppose we wind wo coils of wire on a torus of the
material. Since ferromagnetic materials are good \conduatrs" of magnetic °ux, the coupling
constant between the two coils will be close to one.
Since both the magnetizing eld H and the voltage drop acrossR; are proportional to the
instantaneous magnetizing current, the horizontal de°ecton on the scope is proportional toH .
Faraday's Law (one of Maxwell's equations),

@
£ E=j— ; 33
r i ot (33)
is what we need to calculate the voltageVs across the secondary winding:
dB
Vs = NoA— 34
S 2 dt ( )
Integrating gives z
1
B = NA Vs dt (35)

29



Figure 5: Schematic of apparatus to generate and display hysresis loops.

R, and C across the secondary act as an integrator. If the resistancB, A % then the current

in the secondary is determined almost entirely byR,, so that we may write is = Vs=R>. In the
capacitor, the current is clearly 99, so

dq . Vs
ooz 5 36
it °" R, (36)
Hence the potential di®erence acros€ at any instant is
Z
q 1 N,AB
Vo= —= ——  \V.dt= ; 37
Y7 Cc R,C ° R,C (37)
so that the vertical de°ection is proportional to B:
B=kgVy : (38)

An analysis of the transformer primary circuit begins with A mpere's Law, another one of
Maxwell's equations,
@

£ H=J+—/ ;
r ot

(39)
and yields
H = ky Vx (40)

for the average ofH around the iron core. after recognizing that the displacemat current can be
neglected at low frequencies.

Laboratory Measurements

1. Set up the apparatus using a 10-, 5W resistor forR;, a 470k- resistor for Ry, and a 0.2 F
capacitor for C. To display a hysteresis loop, run the oscilloscope ixy mode and display
Vyx on the x axis and Vy on the y axis. Be sure to include the isolation transformer (why?).

2. Starting with the Variac at zero, slowly turn up the voltag e in increments such that each
successive increment produces a hysteresis curve that isstinguishable from the previous
one. Trace these curves, continuing until the material reabes saturation.

3. For the Variac setting that gives the largest hysteresis arve, measure the temperature rise
in a one-minute time interval.
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Calculations and Analysis

4. Transformer Primary: Starting with the Maxwell equation that relates the curl of H
to J, derive (40) and nd an expression forky . Draw a gure showing the path for the line
integral and the area for the surface integral.

5. Transformer Secondary: Starting with the Maxwell equation that relates the curl of
E to the time derivative of B, derive (34), (35), (37), and (38). Draw a large, clear gure
that shows the path for the line integral and the area for the aurface integral superimposed
on the transformer.

6. Choose one of your largest hysteresis loops and, using Warrg's law, calculate the energy
loss per cycle due to hysteresis, the temperature rise of theore per cycle and the number
of cycles and elapsed time necessary to raise the temperatiof the core by £C. Be careful
doing this calculation; it will take time; be sure your result is reasonable.

7. Plot the normal magnetization curve using the end points ¢ the hysteresis loops.

8. From the normal magnetization curve (B vs. H), plot the relative permeability 1=t  of the
material as a function of H.

9. What is the theoretical limiting slope of the magnetization curve B(H) when H I'1 ?
(Hint: start with the most fundamental relation between H andB: B = 1o(H + M).) Esti-
mate the error in your measured value. Compare the theoretial value with your measured
value and explain why they di®er.

10. What are the desirable characteristics of a hysteresiobp for

(a) a permanent magnet and
(b) a low-loss transformer core?

Explain.

11. To see that hysteresis is a common phenomenon and a simptiea, do the following. Push a
block of wood in a straight line on a table top, and then push it back to its original location.
Make a hysteresis plot for this cycle, and show which lines otthe plot correspond to which
motions of the block of wood on the table. The axes for the plotshould be position and
force, so that the area enclosed by the hysteresis loop is thmechanical energy transferred
to heat in the cycle.

12. What are the essential properties of a system with hystezsis? Consider the following system:
a electrical current with constant magnitude is made to run ane way through a resistor and
then back the other way for an equal time. Electrical energy $ converted to heat in this
experiment. Does the resistor go through a cycle in this expgment? Is this experiment an
example of hysteresis? Can you identify the state of the systm and the external parameter?

Vocabulary

I Hysteresis Loop

I Soft magnetic material

| Saturation Magnetization
| Remanence
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Reference

D. J. Gritths, Introduction to Electrodynamics, Prentice Hall, Englewood Cli®s, New Jersey,
1989.

Equipment list

- Isolation transformer

- Variac

- AC patch cord

- Ferromagnetic Torus (Rowland Ring)

- Oscilloscope

- Resistor R1 (10 -, 5 W) and Resistor R, (470 k-)

- Capacitor C (0.11F)

- Plastic Im & ne-tip \sharpie" marker for tracing oscillosco pe pattern
- Thermometer and insulation

Laboratory Time

Four hours
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7 Diodes and Transistors (n=1)

Diodes and transistors are two of the fundamental building Bocks for modern digital electronics.
The exercises below are a step toward understanding their mperties.

Some aspects of the behavior of a transistor can be understddrom the following two prin-
ciples:

1. Current starts to °ow in the forward direction (the directi on of the arrow in circuit symbols)
through diode junctions when the voltage across the junctiom reaches a threshold, which is
about 0.6 volts for silicon diodes. The base-emitter and coéictor-base junctions of transistors
are diodes.

2. Transistors amplify currents. The current that °ows from t he collector terminal to the
emitter terminal is called |.. The current that °ows from the base terminal to the emitter
terminal is called I,. The current gain is

hre = :*C ; (41)
b

Diode Characteristics

The diode we will use is the emitter-base junction of a NPN trangstor. The °at side of the
transistor has labels for the three pins: e, b, c, for emitter base, collector.

1. Using the circuit of Figure 1 measure the voltagevy,e across the diode and deduce the current
I, through it. Measure enough values to make a good graph dfy(Vype).

2. Then reverse the polarity of the voltage applied to the seies combination and repeat the
measurements. Let bothVpe and 1, be negative numbers after reversing the polarity.

3. Combine the data from both polarities on a single graph ofl p(Vpe). This function, 1,(Vpe),
is called the constitutive relation for the diode.

4. Make a few measurements at large voltages using the collee/base junction instead of the
emitter/base junction of the transistor. Comment on the di®erence between the two diodes.

5. Use the circuit of Figure 2 to rectify an AC signal. SketchV;(t) and Vg (t) from the oscil-
loscope; use the same voltage scales and the same zero positior both Vi(t) and Vgr(t).
Explain what you see using the constitutive relation for the diode and the constitutive
relation for a resistor (Ohm's law).

Transistor Ampli er

In the circuit of Figure 3, a sine wave V;(t) from a function generator drives a current |, through
the base-emitter junction of a transistor; the resistor in seaies with the junction limits the current.
The purpose of the following measurements is to study ampli ation by the transistor.

6. Use the two inputs of the oscilloscope to compar®&/ce(t) and Vi(t). Sketch the waveforms.
Explain the shape of V¢e(t).

7. Call ¢ the time when V¢ is a minimum, which is also when the currentl. is a maximum.
For the speci ¢ time ¢, do the following:
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Figure 1: Circuit for nding | vs.V for a diode.

Figure 2: Circuit to rectify a voltage.

(&) Measure the base currently(¢) and the collector current I ¢(¢) and calculate the ratio
I=lp. This ratio is the current gain of the transistor, which is often called hgg in
manufacturer's data sheets. Compare the current gain you deuce from your measure-
ments with the current gain you expect from the manufacturer's speci cations for the
transistor.

(b) Find the power delivered to the base-emitter junction and the power dissipated by the
resistor R, which is called the load resistor. How do you account for thefact that the
energies are di®erent? Where does the extra energy come from?

Vocabulary

| Forward bias

| Reverse bias or back bias
I Diode drop

| Breakdown voltage

I Carrier
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Figure 3: Circuit for studying transistor ampli cation.

Equipment list

- Power Supply

- Function generator

- NPN Transistor: 2N4401
- Oscilloscope

- Resistors

Laboratory Time

Two hours
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8 Operational Ampli ers (n=2)
Uses of Operational Ampli ers

Measurements in every branch of science and engineering tigally begin with a transducer that
changes whatever parameter is being measured into an eleatal signal for further ampli cation
and processing. Because of their versatility, superb perfmmance, ease of use, and low cost,
operational ampli ers (op amps) have become the main buildig block for ampli cation and
processing of electrical signals before they are digitizednd ingested by a computer. Operational
ampli ers are used in circuits to perform the following functions:

2. Amplifying.

2 Adding, subtracting, and multiplying.

2 |ntegrating and di®erentiating.

2 Detecting peaks and holding them.

2 Filtering (low pass, high pass, and band pass).
2 Modulating and demodulating.

Books listed under References below show many useful cird¢siusing operational ampli ers
and explain how they work in more detail than we give in the nex section.

What Operational Ampli ers Do

An integrated circuit operational ampli er ampli es the volt age di®erences, | v; between its
"+ and " 'inputs (see Figure 1). The output voltage is

Vo= A+ i V), (42)

where A is the voltage gain of the ampli er.
Two properties of operational ampli ers make them particularly useful:

2 The voltage gain A is large (typically 10° at low frequencies).

2 The resistanceR;j, between the + and j inputs is large (typically 10 M- for operational
ampli_ers which use bipolar junction transistors (BJT) ampl i"ers, and 10°- or higher for
operational ampli ers which use eld e®ect transistors (FET'S).

Operational ampli ers are used by providing negative feedbak (usually resistance) from the
output to the | input, which substantially reduces their gain. When the open-loop gain A is
much greater than R,=R; (see Figure 1), then the voltagesv. and v; are very nearly equal.
Furthermore, when the resistance used in the feedback loosismall compared with the internal
resistance of the operational ampli er, then the currents irto the + and j inputs can be neglected.
When these conditions are true the operational ampli er is sad to be ideal. An ideal operational
ampli er can be analyzed by adding the following two simple rdes to the usual rules for circuit
analysis:

1. The + and j inputs are at the same potential.
2. No current °ows into either input.

For an ideal operational ampli er, the gain depends only on the feedback elements and not on its
open-loop gainA nor on its internal resistance.
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Figure 1: Inverting and non-inverting con gurations.

The Experiment

Here is a hypothesis for your consideration:

OP-AMP GAIN HYPOTHESIS: \The gain of an inverting amplier is j R»=R;
and the gain of an non-inverting ampli er is R>=R;."

The circuits for inverting and non-inverting ampli ers are sh own in Figure 1. The above hypothesis
is only true for frequencies that do not exceed the bandwidthof the ampli er. In the rst two
tests, you will learn experimentally what bandwidth means. In the third test, you will actually
test this hypothesis for DC voltages.

1. Build an inverting ampli er. Use R; » 10 k- and R, » 100 k-.
NOTE: Up until now, your circuits have been \passive", which mens there is no need to
power them. Op-amps are \active", they need power, as well asputs and outputs. Perhaps
this will reduce your confusion about \what wire goes where\

2. Use a function generator to supply voltageV; and look at V, with an oscilloscope. Try
out the various available functions|rectangular, triangu lar, and sinusoidal. Over what
frequency and voltages ranges doe¥, have the same shape a¥;?

3. Op-amps have a nite "bandwidth". For suzciently high freque ncies, this means that
the amplitude of the output of an op-amp decreases compared tats amplitude at lower
frequencies. (The bandwidth also depends on the gain of therapli er.) An important
attribute of an ampli er is called the \knee", \3-dB point" or \ corner frequency". All of
these terms mean the frequency at which the output amplitudehas fallen to half of the
output amplitude at low frequencies. Determine the \corner frequency" of your inverting
amplier.

4. Test the OP-AMP GAIN HYPOTHESIS by experiment. First testy our inverting ampli er,
then modify it so it becomes a non-inverting ampli er. Use abou a dozen input voltages
ranging from -3 Volts to +3 Volts DC. Measure each resistance \ith an uncertainty of less
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than 0.01 times the value of the resistance. Measur®; and V,, with an uncertainty of less
than 0.01 times value of the voltage using a Fluke voltmeter.Plot V, vs. V;. Using standard
methods for propagating errors, estimate the uncertainty n V,=V; and R,=R;. Compare
the ratio of resistances with the ratio of voltages.

The Report

5.

First discuss your results with the function generator asan input to the op-amp. Why do
you think the corner frequency is not the same as the frequencat which the triangle and
square waves are distorted?

Now consider your measurements of DC input and output volages. If the ratios of resis-
tances do not agree with the ratios of voltages, is it becausthere are uncertainties in your

measurements or because the operational ampli er is not peetct or because the hypothesis
is wrong?

. Derive equations for the gains of the inverting and non-inerting circuits using the two rules

for ideal op amps.

. Include a graph that shows both your data points (as pointswith error bars) and theoretical

curves (as lines). You may use a computer to plot the data if yo prefer.

Vocabulary

I Open loop gain

I Closed loop gain

i Bandwidth

i Corner freqeuency or Roll-o® frequency

References

Powers, Thomas R.,The Integrated Circuit Hobbyist's Handbook,High-Text Publications, Solano

Beach, California, 1995.

Horowitz, Paul, and Hill, Win eld, The Art of Electronics, Cambridge University Press, New

York City, 1989.

Equipment

- Operational Ampli er

- Oscilloscope

- § 15 volt power supply

- Resistors: 10 k and 100 k
- Ohmmeter

Laboratory Time

Four hours
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9 Automobile Circuits (n=1)

There are many interesting and sophisticated applicationsof electricity and magnetism in
automobiles. The following explorations introduce a few ofthem.
Laboratory Activities

1. Measure voltage as a function of current through a headligt Tament. Plot V(I). Does the
‘Tament obey Ohm's Law? Explain.

2. Study a headlight. Draw a circuit diagram for it.

3. Operate the ignition circuit. (\Ignition" refers to the p rocess of igniting the air-gas mixtures
in the cylinders.) Study it. Draw a circuit diagram for it. Wr ite a short essay on how it
works. Include an explanation of how high voltages are prodaoed.

4. Make a blinking tail light circuit.

After the Lab
5. Compare the energy/volume ratio of a battery with that of a 1 * F laboratory capacitor.

6. Draw a circuit diagram for an automobile's starter motor. Include the battery, key switch,
solenoid relay, and starter motor. Use standard symbols fothe circuit elements.

7. Estimate how much current the starter motor draws. Show yaur calculations.

Equipment List

- 12 V high-current power supply

- Headlights

- Tall light blinker

- Ignition circuit assembly
Laboratory Time

Two hours
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10 Index of Refraction of Air (n=1)

Even though the wavelength of light in air is only slightly smaller than the wavelength of light
in a vacuum, it can be measured.
Measurements

1. Use the equipment listed below to determine the index of rigaction of air.

2. Extrapolate your results to predict the index of refraction at 1 atmosphere (1013.25 mil-
libars) and 0° C.

3. What measurement uncertainty leads to the largest uncerainty in the index of refraction?
What is the resulting uncertainty in the index of refraction ?

Calculations

4. From your data and the ideal gas law, nd out how the ratio of pressure to absolute tem-
perature, p=T, depends on the fringe numbeM;. The fringe number N is de ned in the
following way: fringe number 1 is the fringe you see at the beigning. As new fringes appear
as you decrease (or increase) the pressure, number them 2,8, etc.

5. From theory derive the function N¢ (n) where n is the index of refraction.

6. From the above, nd the function p(n) relating pressure and index of refraction. Then nd
a relation between 1j n and p(1) j p(n). Putin numbersto get 1 n. Then nd n.

Equipment list

- Hand vacuum pump

- Chamber with °at windows
- Pressure sensor

- Laser

- Michelson Interferometer

- Thermometer

Laboratory Time

Two hours
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11 Velocity of Waves along Transmission Lines (n=1)

Maxwell's equations predict that the velocity of electromagnetic waves traveling along a trans-
mission line will be the same as the speed of light in the dietdric medium between the conductors.
Measurements

1. Measure the velocity of a wave in a slotted transmission tie that has an air dielectric to
calibrate the time base of the sampling oscilloscope. Estimte the important uncertainties.

2. Then use the calibrated oscilloscope to measure the velibgin a coaxial cable with polyethy-
lene dielectric. Estimate the important uncertainties.

3. By trial and error nd the resistance across the ends of the oaxial cable that most nearly
eliminates the re°ected wave. This is the characteristic impedance.

4. Look at re°ections from capacitors and inductors placed aross the ends of a coaxial cable.
Explain why the re°ection from a capacitor looks like it does.

Alternate Experiment

Another method of studying transmission lines is describedoy G. H. Watson (Transmission line
exercises for the introductory physics laboratory, American Journal of Physics, 63(5), 423-425,
1995).

Equipment list

- Sampling Oscilloscope

- Slotted Line

- Coaxial Cable

- Miscellaneous connectors
Laboratory Time

Two hours
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12 Negative Resistance (n=1)

Introduction

In linear devices such as ordinary resistors, \resistance'tould be de ned either asdV=dl or as
V=I; in either case the resistance of the device would have the s® value. What de nition
should be used for non-linear devices such as diodes, neon lpsy and spark gaps? There is some
advantage in de ning resistance for these kinds of devices a$V=dl. Because of this de nition,
these devices exhibit negative resistance, and because tiet negative resistance they can be made
to oscillate in special circuits.

Laboratory Work

1. This experiment will use a high voltage power supply; ask he instructor to look at your
circuit before turning on the supply.

2. Find the relation between voltageV and current | for a neon lamp. This relation is called
the \constitutive relation” for the neon lamp.

3. Use the constitutive relation to design and construct an acillator. A capacitor and a resistor
will be required in the circuit. Draw a diagram of your circuit. Measure the frequency of

the oscillator.

Calculations and Analysis

4. From the values of the capacitor and the resistor and the viiage at which the neon lamp
becomes conducting, calculate the frequency of the osciler. Compare your calculated
frequency with the measured frequency.

Equipment list

- High voltage supply
- Voltmeters

- Neon lamp

- Assorted parts

Laboratory Time

Two hours
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13 Superconductivity (n=1)

Introduction

The discovery of ceramic compounds that are superconductsrwhen immersed in liquid nitrogen
has made it possible to investigate some properties of supesnductivity using very simple appa-
ratus. In this lab we will use a commercial high-temperature-siperconductivity experiment kit to
study some of aspects of superconductors. The kit contains disk of ceramic superconductor, a
module consisting of a smaller ceramic superconductor diswith an attached thermocouple, and
two very strong, small magnets.

A superconductor is a substance which acts like a perfect caluctor when its temperature is
below some critical value, the critical temperature T.. Thus when T < T, a superconductor acts
as if its resistance were zero, so that if a current were to bestablished in a ring of superconductor
it would persist inde nitely.

In 1933, Meissner discovered that a magnet was repulsed by aigerconductor, an e®ect now
known by his name. The following are some considerations ofdw the Meissner e®ect might come
about.

Suppose that a strong magnet is brought up to a superconductoso that the superconductor
experiences a nitedB=dt. Then an emf would be induced in the superconductor such thata
current would begin to °ow. This induced current would continue to °ow after the magnet stops
moving (dB=dt = 0) because zero voltage will maintain a current when the restance is zero.
According to Lenz's law the induced current will be in a diredion such that the B "eld due to it
would be opposed to theB eld of the magnet. Thus there would be a repulsive force betwen
the small magnet and the superconductor. If the small magnetad a suzciently strong eld then
the repulsion could result in the magnet being levitated ab@e the superconductor.

However, if the magnet were placed on the superconductor whé the superconductor was
warmer than the critical temperature, and then the supercorductor was cooled to below the critical
temperature, the magnet would not be levitated sincedB=dt would never have been di®erent from
zero. Nevertheless, if one were then to try to remove the maget from the superconductor, there
would be an attractive force between the two of them resistiig the removal of the magnet due to
the B "eld of the current induced in the superconductor as the magnéwas moved. Since there is
zero resistance in the superconductor we might expect thathie induced current would be entirely
on the surface and not in the interior of the superconductor.

Another way that a superconductor might repulse a magnet is f microscopic magnetic dipoles
are induced in the superconductor which then oppose the apj@d eld. Then, inside the su-
perconductor there would be zeroB eld, and the external eld of the dipoles induced in the
superconductor would repel the source of the applied eld, tht is, the magnet. The superconduc-
tor would then be described as diamagnetic. This implies thathe e®ect would be a volume, or
bulk e®ect, becoming stronger when the volume of the supercdnctor is increased. In this case,
if the magnet were placed on the superconductor before it wasooled, as the superconductor be-
came superconducting it would exclude the magnetic eld fromits interior and the magnet would
be levitated. Of course, this assumes that the strength of tle magnet is suxcient to support its
own weight.

This experiment is divided into two parts. In the rst part you will study the Meissner E®ect.
In the second part you will determine the critical temperature of the ceramic superconductor.
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Preparation Before Lab

Read the article on Superconductivity by Philip B. Allen in Encyclopedia of Physics Second
Edition, edited by Lerner and Trigg, VCH Publishers, New York, 1991, pages 1198{1203.

Safety Procedures

Liquid Nitrogen

Liquid nitrogen (LN2) is COLD, it will kill skin cells by free zing them.

2

2

Wear safety glasses when using LN2.
Do not allow any LN2 to contact your body.

Do not touch anything that has been immersed in LN2 before it las warmed to room
temperature. Use the plastic tweezers provided.

Be very careful to avoid splashing of the LN2.
Avoid over lling any vessel or spilling the LN2.
Do not put LN2 in any vessel with a tight- tting lid.

The extreme cold of LN2 will damage many surfaces, so do not pw LN2 on or in anything
not intended for LN2 contact.

Let the lab instructor dispose of any unused LN2.

Ceramic Superconductor Handling Precautions

The ceramic superconducting material is made of oxides of vaous metals. The salts of these
metals are toxic if ingested.

2

2

Never handle the ceramic disks with your hands. Use tweezensrovided.
Do not under any circumstances ingest the materials.

Do not expose the superconductor disk to water. After use in IN2, carefully wipe the
superconductor to remove water or frost. Then warm it under alamp to completely dry it.

The ceramic disks are brittle. Handle gently!

Do not expose the ceramic disks to temperatures greater tha®0* F.

Things to Do

The two possible causes of levitation (the Meissner e®ect) mpabe summarized as:

1.

2.

Induced currents (due to change oB with time, which by Lenz's law oppose the change in
magnetic °ux).

Diamagnetism (induced magnetic dipoles whichopposean applied B eld).

Write clear and concise descriptions of your observations r@d answer the questions below.
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10.

11.
12.

. Place the 1 inch diameter ceramic superconductor disk in @ empty styrofoam cup. Place
the cubic magnet on the uncooled superconductor, then coolda superconducting state with
liquid nitrogen. If (1), then no levitation (no change in B wi th time). If (2), levitation.

. If necessary, lift the magnet above the superconductor.fl(1), a force will oppose removal of
magnet (of about same magnitude as force which opposes mogrmmagnet closer to super-
conductor). If (2), force always repulsive. Also, try to move the levitated magnet toward
the edge of the superconductor disk. What happens?

. Surface current vs. bulk e®ect. Repeat the previous two s using two superconductor
disks stacked one on top of the other. If (1), the current is oy on surface, and there is no
dependance on the thickness of the superconductor. If (2), @uble thickness of supercon-
ducting disk (two disks), increases height of levitation. Also, as superconductor warms up
to non-superconducting state, the magnet will abruptly fall if (1), but gently descend if (2).

. What is the orientation of the magnetic "eld of the suspendeal cube magnet? To test if there

is a preferred orientation, cause the magnet to rotate by blaving on the cube's edge with a
straw. Can you get it to rotate about another axis? From this you should be able to infer
the axis of the magnet. (This also demonstrates the possikitly of a frictionless magnetic
bearing.)

. Try to change the orientation of suspension by using a secml magnet (whose poles can be

determined using the compass provided) to attract the leviated magnet into an upright
position (while spinning, say). Is the upright position stable? Why or why not?

. Measure the critical temperature of the ceramic supercoductor using the module provided

consisting of encapsulated superconductor disk and attactd thermocouple (brass and alu-
minum module with wire pigtail). In order to determine the te mperature of the supercon-
ductor you need to know the relation between temperature andthermocouple voltage. See
the table for the particular thermocouple you are using.

. After setting up your circuit cool the superconductor/th ermocouple module with LN2. Once

it has come to equilibrium at the temperature of LN2 (77 K) the thermocouple voltage should
be 6.43 mV.

Remove the module from the LN2 and place it on an insulatingsurface (an empty styrofoam
cup will do). Now balance the cylindrical Samarium magnet sothat it is levitated over the
center of the superconducting disk, which is visible throudn an aperture in the brass part
of the module.

Observe the magnet carefully, measuring its levitation leight, and simultaneously recording
the ampli ed thermocouple voltage every 10 s. If the levitation is due to a surface e®ect the
levitation should cease abruptly, whereas if it is a bulk e®eg the levitation should weaken
over a nite time interval.

Redo this experiment by rst placing the magnet on the encasulated superconductor and
then cooling it down to LN2 temperature, while observing the magret and recording the
ampli ed thermocouple voltage.

Describe your observations and measurements.

Answer all questions posed in this writeup.
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13. Why does the LN2 boil when you pour it into the \dish?" and when you put the supercon-
ductor disk into it?

14. When the LN2 has evaporated, the magnet stays levitateddr many more minutes. Why is
this so?

15. Describe the way in which the magnet falls as the supercaluctor warms to above the
critical temperature and explain this behavior.

16. As you pushed the levitated magnet with the tweezers so a® move it across the supercon-
ductor disk, did it resist movement? If so, why?

17. How could you improve the operation of the frictionless earing demonstration?

18. Under some circumstances, the magnet may suddenly scoti one side of the brass cup as
the assembly warms. Why is this?

19. Why does the assembly develop a layer of frost only afterhte LN2 has boiled away?

20. If the two di®erent determinations of T; yielded di®erent values ofT;, explain why and
determine which is the correct value.

21. In Grizths' textbook on electricity and magnetism, 3rd ed ition, work problem 7.42 (a), (b),
and (c) and problem 7.43 (a).

Equipment list

- 1 inch diameter ceramic superconductor disk.
- Ceramic superconductor and thermocouple module (\devic8.
- Cubic neodymium rare-earth alloy magnet.

- Cylindrical samarium rare-earth alloy magnet.
- Plastic tweezers.

- Insulated dish (styrofoam cup).

- CSI Instruction Manual.

- Safety glasses.

- Liquid Nitrogen (LN2)

- Power supply.

- Resistors.

- Digital Multimeter.

- Compass.

- Plastic straw.

Laboratory Time

Two hours
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14 Miscellaneous Experiments

The following experiments are not completely described. P# of each exercise is to identify
the core scienti ¢ objective.
14.1 Electric and magnetic elds of a power line

An article in Physics Today asks, \Do the all-pervasive low-frequency electromagnetic &ls of
modern life threaten our health?" (W. R. Bennett, Jr., Cancer and Power Lines, Physics Today
April 1994, page 23-29.) It might be interesting to measure tte electric and/or magnetic elds of
the biggest power line you can nd in the vicinity of Socorro.

14.2 TV remote control

Using a phototransistor or photodiode, look at the infrared light signal emitted by a remote
control unit for a television set.

14.3 Resistance and temperature

Experiment with the following:
1. Thermistor
2. Metal Tm resistor
3. Carbon resistor
4. Tungsten Tament
5. Copper wire

Low temperatures can be produced with liquid nitrogen. You ®uld get some ideas on exper-
imental techniques from an article by K. G. Vandervoort, J. M. Willingham, and C. H. Morris
(American Journal of Physics, 63(8), 759-760, 1995.

14.4 Light-emitting diodes

Light-emitting diodes can also be used as light detectors. Tis e®ect and others are discussed in
an article by David A. Johnson (Demonstrating the light-emit ting diode, American Journal of
Physics, 63(8), 761-762, 1995). The article describes simple circuits foreging various e®ects.
14.5 Electric Motors

If you rotate a motor shaft (say, with another motor) it will g enerate a voltage. Connect the shaft
of one motor to the shaft of another motor and make measuremdn to observe the generated
voltage in both the driving motor and the driven motor.

14.6 Magnetic materials

It should be possible to study the magnetic properties of di®ent types of materials by seeing
how they a®ect the inductance of a coil in an oscillating circ.
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14.7  Serial ports

Serial data communications is important in many scienti ¢ instruments. If you build an instrument
yourself, you will likely need to understand it. Connect an cscilloscope to the serial port of a laptop
computer and analyze the waveforms that come out of MINICOM a HYPERTERM. Figure out
how to translate oscilloscope waveforms into letters.

14.8  Guitar Pickup

Electric guitar pickups are beautiful examples of electronagnetic induction. Working through all
the details of the transducer is exciting and educational.

14.9 Solar Motor-driver

There is no more important problem for society than energy that is renewable and does not
contribute to global warming. Solar cells are an important part of the solution, but the current
sourced by a solar cell depends directly on the amount of suight available. Electric DC motors
typically have a minimum current required to make them turn at all. Can you overcome this
limitation?
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