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Experiment #1
L enses and I mages

Goals

Part of learning physcsislearning to explore the generd features of physica phenomena by making
quditative observations. This exploration includes deciding what to observe and how to observeit, as
well as communicating the observations dlearly. In this experiment, you will discover the properties of
images made by lenses, and how those properties depend on the type of lens and on the viewing
conditions. This experiment will form the foundation for |ater quantitative measurements. For now,
focus on how changing a parameter affects the image and on what ranges of parameters dlow an image
to be formed.

Background

In this experiment, you will make observations about the images produced by different lenses. To your
eye, an image is formed when alens changes the direction of light coming from an object, so that your
eye interprets the light as coming from ancther place, the image.

Y our report should include your observations and gppropriate sketches of images, estimates of
distances to images, and answers to the questions asked in this experiment.

Y ou can use the parallax method to estimate the locations of the images. To understand how this
method works, hold your |eft index finger at arm's length and hold your right index finger closer to your
eye (closethe other eye). Do it right now. Linethefingersup, then move your head sde-to-side. One
of the fingers gppears to follow the direction your head moves, while the other goes the opposite
direction. Which iswhich?

The pardlax method dlows you to tel which is closer to you, the lens or the image formed by the lens.
If the image appears to move opposite the direction of the motion of your heed, then theimageis closer
than the lens; that is, the image is between you and the lens. If the image appearsto follow your head,
then theimage is beyond the lens. So, if you move your head to the right and the image adso moves
right, the image is beyond the lens.

Y ou can dso use pardlax to estimate the actud location of animage. If your lab partner moves her
finger dong your line of Sght and you look at the finger directly (not through the lens) while viewing the
image (through the lens), then the finger is at the location of the image when finger and image move
together as you move your head.

Exercise



Y ou have two lenses that are thicker in the middle than at the edge; these are converging or convex
lenses. The other lesis thinner in the middle thisis adiverging or concave lens.
Converging Lens. Generd Obsarvations

Use the converging lens labeled with the smaller number. Look at a distant object (afew meters away)
through this lens while holding the lens a arm's length. Record your observations of the image
(examples of observations include the orientation and reletive Sze of the image).

Looking through the same lens at the same object, what can you do that changes the image (for

ingance, does changing the distance to the object make the image change)? Record your procedure
and your observations.

Converging Lens. Image Location

Hold the lens so that you see a clear image of adistant object. Use parallax to estimate the location of
theimage. Repest for an object that is closer (about one meter away). Record your observations and
discuss how the image size and location change when the object location changes.

Connect asmdl lightbulb to a battery and use the lens to focus an image of the filament onto a piece of
paper. Change the distance from the lens to the bulb, then move the paper to again achieve a focused
image. Record your qualitative observations of how the sze and location of afocused image change as
you change the lens-bulb distance (for instance, does the image get bigger or smdler asthe lens moves
farther from the bulb?). Are there lens-bulb distances that do not give a focused image on the paper, no
meatter where the paper isrlative to the lens?

Look at your finger through the lens, holding the lens close to your finger. Record your observations
about the image. Use pardlax to estimate the position of theimage. How do the image and its position
change as you move the lens farther from your finger? At some point, the image should change
dradtically.

Considering your observations of images, what distance from the lens distinguishes a"nearby” object

from a"digant” object? What are the differences between the image for a"nearby" object and the
image for a"distant” object?

Diverging Lens: Generd Observations and Image Location

Repest the previous two sections, using the diverging lens. Comment on the differences between the
two types of lenses.



Additional Questions

1. Condgdering your observations, which lens and whet lens-object distance(s) would be best for a
magnifying glass? Support your answer with evidence from your observations.

2. Conddering your observations, which lens and what lens-object distance(s) would be best for a
cameralens that must project an image onto a piece of film? Support your answer with evidence
from your observetions.

3. A red image exigsif you can put a screen at the image location and see the image on the screen.
Of the images that you saw, which do you think are real? Why?



Experiment #2
L enses and Optical Instruments

Goals

Ultimately, you will design, build, and test a smple telescope or microscope. To help you choose the
design, you will measure the properties of images formed by lenses and check the thin-lens equation. In
addition, you will practice estimating the uncertainty of a measurement by determining how much you
can change something before it makes adifference.

Background

Thisisatwo-week experiment. You will turnin asingle report for the experiment. At the beginning of
the second week, however, you will turn in answers to the questions titied Midway Questions.

Before the first week, you should review the sgn conventions for image and object distances, aswell as
the equation for magnification and the thin-lens equation.

Usually, you have recorded the uncertainty of a measurement by deciding how sure you were of the
reading. For ingance, in measuring length you are limited by how accurately you can read the
meterstick. In the force table experiment last semester, however, you had another Situation. There,
when you gpplied weights to ba ance the ring in the middle of the table, you could add or subtract
weight without changing the balance. Although you knew the weights precisely, your knowledge of the
weight to maintain balance was less precise, making your uncertainty greater than your uncertainty in the
individud weights. In this experiment, you will have asmilar Stuation. When you focus an image,
check how far you can move the lens and ill have areasonably focussed image. For instance, if your
uncertainty in reading the podtion of the lensis 0.5 mm but you can move the lens 2 mm and ill have a
focussad image, then your uncertainty is 2 mm, not 0.5 mm.

Exercise

Converging Lenses

Take your optical bench with a converging lens and a screen to the window or outside. Focus aclear
image of a distant object onto the screen. Record the positions of the lens and the screen. Describe the
image's orientation and measure its height. Also determine the uncertainty of the experimentd foca
length by moving the lens over the full range of lens postions that give areasonably” focused imege.

Do not smply use the uncertainty of the scale on the optics bench.



Cdculate the distance from the lens to the screen, including uncertainty. Compare your experimenta
focd length with the “nomind” focd length printed on the lens; are the numbers conggtent, within
uncertainty?

Repest this procedure for the other converging lens.

Return to your table. Place the crossed-arrow object on the light source. Use the 150 mm converging
lensto form afocused image of the object onto the screen. Describe the orientation of the image and
messure its height. Also measure the height of the object, and caculate the magnification. Measure the
object distance and the image distance, estimating uncertainties as you did in the previous section.

Use the other converging lens with the same object distance to form a focused image on the screen.
Measure the image height and cdculate the magnification.

Move the lens and the screen smultaneoudy, keeping theimage in focus, until you can determine which
object distance gives the greatest magnification.

Use your measurements to check the thin-lens equation and the equation relaing magnification to image
and object distances; include uncertainty propagation. Comment on your results.

Diverging Lens

Set up aconverging lensto produce a focused image on the screen. Measure the positions of
everything. Place the diverging lens between the converging lens and the screen and measure its
position. Then, move the screen for a new focused image. Measure the new paosition of the screen.
Discuss the effect of the diverging lens on the light rays, based on your observations. For instance, are
the rays more strongly focussed or less strongly focussed?

Use your measurements to check the thin-lens equation for the diverging lens. In this case, the object of
the diverging lensisthe original image (produced by the converging lens done), even though that image
isno longer formed. The object distance for the diverging lensis the distance from the diverging lensto
the origind image. Because the object of the diverging lensis on the “wrong” sde of the lens, the object
distance is negativefor the diverging lens (in other words, thisisavirtual object). Y ou should draw a
diagram showing the location of the lenses and the images, as well as object distances and image
distances.

Midway Questions

1. A telescope conggts of two lenses. The light from a distant object first hits the objective lens, which
formsared image. Y ou then use the second lens, the eyepiece, as a magnifier to examine that
“fird” image. The first image islocated between the objective and the eyepiece. Considering your



data, which of the two lenses you used would make the best objective lens, by forming the largest
red image of adistant object? Consdering your observations from the previous experiment, which
lens would make the best eyepiece by acting as amagnifier? Include experimenta evidence for
your answers.

2. A microscope dso consists of two lenses. Now, the objective lensis close to the object being
examined. Again, the objective lensforms ared image. Consdering your data, which converging
objective lens and what object distance would you use for amicroscope, to make the largest
image? Include experimenta evidence for your answers.

Telescopes and Microscopes

Telescopes and microscopes work on the same basic principle. Y ou use aconverging lens (the
objective) to form ared (firs) image as you did in the "Converging Lenses' section. Then, you usea
second converging lens (the eyepiece) as amagnifying glass to magnify that first image.

The power of atelescope or amicroscopeisusudly given by its
angular magnification For atelescope, angular magnification
expresses how something "looks" bigger through atelescope,
compared to viewing it with the unaided eye & the same object
distance. For amicroscope, angular magnification expresses how
something "looks" bigger through a microscope, compared to
viewing it with the unaided eye as close as possible without blurring.

To measure angular magnification, you can use two metersticks. For
Figure 1. Angular magnification 2.7. atelescope, the metersticks should be side-by-side; 1ook at one

through the telescope and the other directly. For amicroscope, one
meterstick should be as close as possible to your eye; look at that meterstick directly and at the other
meterstick through the microscope. The number of intervasin the directly viewed meterstick covered
by oneinterva of the meterstick viewed through the instrument gives the angular magnification. Figure 1
givesan example. Oneinterva for the meterstick viewed through the telescope (on the right) covers
about 2.7 intervals for the meterstick on the left (viewed directly). This procedure requires some
practice and visua dexterity.

Design and build a telescope or a micrascope; do both if time permits. Document and justify your
desgn. Determine the angular magnification of your instrument, including uncertainty. If your angular
meagnification isless than one, then you should re-think your design. Compare your experimenta
angular magnification with that caculated from the equations in the textbook.



Experiment #3
Diffraction Grating and Atomic Spectra

Goals

Often, one must figure out how to use an ingrument (with minima guidance) before one can make
observations or perform an experiment. 'Y ou will practice figuring out the operation of asmple grating
gpectrometer. Y ou will also learn to calibrate the spectrometer. Findly, you will use the spectrometer
to make precison measurements of light emitted from gasses.

Background

A diffraction grating congsis of a glass plate inscribed with
\l/\l/\l/\l/ | _ closely spaced pardld dits. See Figure 1 for an example of
ncoming

Light how agrating is used in a spectrometer. Light passing
through each dit interferes with light passing through dl of
Grating the other dits. Because of the large number of dits, the
interference usudly is destructive. For any angle g (relative
to the direction perpendicular to the grating), however, the
Second Order | interference will be condructive for wavelengths| such that
Q2 Light dsin
\ — qm
q First Order I = m (1)
Ligh
ont where m (an integer) isthe order of theline. If you shine

light of a particular waveength through the grating, then you
will see condructive interference a severd angles given by
Equation 1 for m=1, m=2, and so on. Asm increases, the
light deviates more from the perpendicular direction. Asyou swing the spectrometer telescope avay
from the perpendicular direction, you will see the spectrum repest for each vaue of m. Note that
Equation 1 assumes that the origind light hitsthe grating at a 90° angle.

Figure 1. D ffraction grating.

Exercise

Examine the spectrometer and figure out how to useit. In particular, identify the four knobs on the base
of the unit that do the following:

- Lock grating table in place;

- turn grating table dightly while it islocked in place;

- lock telescopein place;

- move telescope dightly whileit islocked in place.
Do not adjust the knobs on the collimator tube and on the telescope itsdlf, except to adjust the
telescope focusif necessary. Also, examine the vernier scale and identify the smallest increment. Make
sure that you know how to read this vernier scale.



Place the grating on the grating table so that the grating is perpendicular to the collimator tube. To
check this, first measure the angular pogtion for the sraight-through light (same color as the discharge
tube). Then pick aprominent spectra line and measure its angular position with the telescope swung to
the right, and then with the telescope siwung to the left. For left and right, caculate the angle g reldive
to the draight-through light. These two angles should be the same, within afew minutes. If not, then
adjust the grating orientation and check again. This process may require afew iteraions.

When you measure the angle for each spectrd line, you should measure it to the left and to the right, and
average the results. Remember that the angle g in Equation 1 isthe angle relative to the line
perpendicular to the grating (which isthe line of the straight-through light if the grating orientation is
correct). Y ou must, therefore, record the angular reading for the straight-through light. Then, the angle
g iscaculated by subtracting the reading for the straight-through light from the reading for the spectra
line.

At some point during the lab session, you must cdibrate your grating. Do this by shining light from the
sodium lamp into the spectrometer and measuring the angles for the yellow ling(s). The wavelengths of
the two sodium lines are 589.0 nm and 589.6 nm. If the collimator dit istoo wide, you may only see
one (combined) line. Use thiswavelength information to calculate the value of d for your grating. This
number should be close to the inverse of the number printed on the frame of the grating.

Sdect adischarge tube. For the main lines, determine q for each of the ordersthat you see. Calculate
the wavelengths of the lines, including uncertainty. Compare your results to accepted values.



Experiment #4
Introduction to Electrical Apparatus

Goals

Y ou will continue to learn how to explore physical phenomena. In particular, you will explore the basic
properties of dectrica circuits and the use of eectrica insrumentation.

Background

During this lab sesson, your ingtructor will guide you through a series of activities and discussions.
Through this sesson, you will learn to use a variety of insruments that measure electrica quantities.

Y our report will include asummary of the activities and the results of those activities; this should incdlude
appropriate circuit diagrams. Y ou will aso draw a graph of current versus voltage for the lightbulb.
Findly, discussin your report how energy is converted from one form to another as eectrica current
goes around the circuit that includes a battery and lightbulb.
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Experiment #5

Resistivity of Play-Doh™

Goals

The generd god isto gain further experience in planning an experiment intended to answer specified
questions. The specific god isto explore the factors that determine the resstance of awire.

Background

If Ohm's law describes awire, then theratio of the voltage drop DV across the wire to the current |
flowing through the wire is a constant, defined asthe resstance R

R = — . Q)

Theory predicts that the resistance of a particular wire depends on itslength L, its cross-sectiona area
A, and the resdivity D:

R=r1—. 2

The resdtivity isabasc dectrica property of the materid that the wireis made of. In this experiment,
you will study the resdtivity of a malegble substance made from a proprietary formula. Y ou will dso
determine whether Ohm's law describes the eectrical properties of this substance and whether
Equation 2 describes how the resistance depends on length and cross-sectiond area.

To determine the resistance of awire, Equation 1
says that you can messure the voltage drop when a
known current flows through the wire. The circuit @ I
must be set up carefully, however, to avoid \
measuring voltage drops produced by the resistance
of connecting wires and contact points between Play-Doh
different materids. The circuit shownin Figure 1 (a
"four-lead" circuit for measuring resistance) avoids “«—L—>
these problems.  Since no current flows through the
voltmeter probes, the only voltage drop measured is 0
that across the particular section (length L) of wire
whose resstance is being measured. Notethat the  Figure2. Four-lead circit.

voltage leads should not be at the ends of the wire.

Also, L isthe distance between the voltage leads, not the length of the totd wire. (A lead, pronounced
“leed”, isjust awire used to make an eectrical connection.)
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Exercise

You will plan, perform, and analyze an experiment to answer the following questions.  Support your
conclusons with caculations and with graphs. 'Y ou may wish to review the section on analyzing graphs
in your Generd Physics | lab manud.

1. Does Ohm's law describe the electrica properties of Play-Doh?

2. Does Equation 2 describe the dependence of the resistance on length and on cross-sectiond
area?

3. What isthe restivity of Play-Doh, and does it depend on the color?

Firgt, discussin your group how you will perform the experiment. Make sure that you know what
quantities you will need to messure and what instruments you will use to measure them. Plan your
measurements to minimize or account for possible sources of error (such as nonuniformity of the
thickness of the wire); this may require repeated or separate measurements of some quantities.
Remember to plan a properly controlled experiment. For instance, if you want to know how resistance
depends on length, you must keep al other variables congtant while changing the length. Discuss your
drategy with your ingructor before beginning your measurements.

Perform your experiment, recording your procedure and your data. Remember to include uncertainty in
your measurements. Analyze your data and make any appropriate graphs. Be sure that you support
your conclusions with your andyss and graphs.

Discuss possible improvements to your procedure. Focus on sources of error in your experiment and
suggest modifications to the experiment to minimize, eiminate, or account for those errors.

Question

InFigure 1, why isthe length L measured between the voltmeter probes only, not over the full length of
the Play-Doh wire?
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Experiment #6
The Oscilloscope

Goals

The generd god isto continue to learn how to figure out the operation of gpparatus. The specific god
isto learn the use of an oscilloscope.

Background

The oscilloscope is commonly used to examine dectrica Sgnas. The central component of the
oscilloscope is the cathode ray tube, which consigts of along vacuum tube with a phosphorescent
screen a one end and an eectron gun at the other. The eectron gun contains a cathode that emits
electrons when hesated. These electrons are accel erated towards the screen and focused into a narrow
beam. The phosphorescent screen glows at the point where the eectron beam hitsiit.

A voltage supplied to the oscilloscope can deflect the dectron beam horizontdly or verticdly. Usudly,
you would use the internd horizonta sweep, in which a steadily increasing deflection sweeps the beam
horizontally across the screen at a Seady rate. By dso applying an interesting voltage to the vertical
deflection, you obtain a congtantly changing display that shows the interesting voltage (vertica axis) asa
function of time (horizontd axis).

In this experiment, you will learn to use avariety of features of the oscilloscope. The best way to learn
to use the oscilloscopeisto systematically try different knobs and switches and observe the effects on
the display, for various types of input voltage.

Exercise

Connect a probe to channd 1. Attach the other (positive) end of the probe to the meta caibration tab
on the oscilloscope (metd tab located on the lower front of the scope). Asyou try the following
controls, record your observations; in your report, discuss the purpose of these controls:

On-off

Intensity

Focus

Vertica postion

Horizonta pogtion

Voltgdiv (outer knob; inner knob set to CAL)
Time/div (outer knob; inner knob set to CAL)

Set the vertical scaleto 2V per divison (adivison is one of the big squares on the screen). With the
AC/GND/DC switch set to DC, observe the screen as you connect and disconnect the probe across a
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battery. Repest for the other settings of the switch. Which setting allows you to measure a DC voltage
such as a battery?

Measure the voltage of your battery. Check your result with your ingtructor before proceeding.

Try changing the AC/GND/DC switch with the probe attached to the calibration tab. Which postion of
the switch produces a reference horizontd linea 0V on the display? Which position smply displays
the sgnd "asis'? Which postion would let you look a asmdl changing Sgnd thet is combined with a
large constant voltage, by centering the changing Signa on the zero voltage line?

What happens when you pull out the horizontal position knob while looking &t the cdibration signa?
How might this festure be useful? Hint: What doesit say next to the knob?

Measure the peak voltage and the frequency of the cdlibration Sgnd. Verify your results with your
ingructor before proceeding.

Attach the oscilloscope to a microphone, using the cable with dligator clips and the microphone jack.
Sing different vowe s into the microphone and set the oscilloscope to display afew waveforms. Sketch
the waveforms, and measure their frequency and pesk voltage. How does changing the pitch affect the
waveforms? How does changing the volume affect the waveforms? Is pitch or volume more closdy
related to frequency? Is pitch or volume more closely related to the voltage? Can you create unusud
waveforms?

Attach the red aligator clip to along wire, and wrap the wire around the power cord (leave the other
clip unattached). Sketch the waveform and determine its frequency and peak voltage. Now unwrap
the wire from the power cord and move it around. Record your observations. Thiswireisabasic
antenna. Can you pick up asigna from aradio station? (Hint: What time scale would you need to see
such large frequencies?)

Connect afunction generator in series with arheostat and adiode. Attach the oscilloscope input to the
function generator, using a"T". Attach another probe, connected to channd 2, across the rheostat. Set
the buttons on the oscilloscope to display both channels smultaneoudy; record the settings necessary to
do this. Describe the effect of the diode on the circuit. 'Y ou may want to try observing the circuit
without the diode for comparison (replace the diode with awire).

Question

What common medica or biologica instruments might incorporate an oscilloscope? Describe how the
oscilloscope would be used for one such instrument.
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Experiment #7
Circuits

Thiswill be atwo-week experiment. Each student will turnin one combined lab report for both weeks.
Goals
The generd gods are to interpret data and form hypotheses that describe them, and to learn to work

with eectric circuits. The specific god isto explore the properties of series circuits, pardld circuits, and
combined circuits.

Week #1: Seriesand Paralld Circuits

Resistor Color Code

The colored gtripes on aresigtor indicate its nomind value. Thefirst two stripes (closest to the end) give
atwo-digit number, while the third stripe gives the power of ten that the two-digit number is multiplied
by. The codeis (including a mnemonic devised by a Spelman student):

black......0......bright green......5......grls
brown.....1......busy blue........ 6......become
red......... 2......respectful vioe ......7 ......very
orange....3......organized grey........ 8.....0reat
ydlow.....4 ......young white......9.......women

So, suppose that the resstor has the color sequence brown, black, red. Then, the value would be
10" 10* W: brown (1), black (0) gives 10, and red (2) meanstimes 10°. The resistance is therefore
1000 W.

Wheat color bands would indicate anomind value of 22 W? (Answer: red, red, black.)

Exercise
When you first set up anew circuit or modify an existing cir cuit, leave the negative terminal of
the battery disconnected. Your instructor must check your circuit before you make the

negative battery connection.

Y ou should do dl of the cdculations and discusson while you arein lab.
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Resstorsin Series

Connect a series circuit using two resstors and the battery. Make a schematic diagram of the circuit,
showing the nomind vaues of the resstors and indicating where the positive voltage is. Measure the
voltage across each resstor and the battery. Be consstent with + and - signs; thet is, decide to either
go clockwise or counterclockwise around the circuit and look at voltage gains or drops as you go in that
direction.

What is the sum of the voltage changes as you go exactly once around the circuit?

Y our circuit should have three connecting wires. In your group, predict which wire (if any) will carry the
greatest current and which will carry the smalest current. Tell your instructor your predictions before
proceeding. Then, measure the current through each wire by physicaly replacing the wire with an
ammeter and itstwo leads. That is, al of the current will now go through the meter. Discuss your
results--what do they tell you about the nature of eectrical current?

Use Ohm'slaw and your measured voltages and currentsto calculate an experimental vaue of
resstance for each individual resstor. Compare these numbers to the value given by the colored
dripeson theresstors. Also use Ohm'slaw, the measured battery voltage (which isthe totd voltage
drop across the circuit), and the measured current to calculate the resistance of the two resistors
combined together in series; thisis caled the equivalent resstance of the circuit. That is, the total
current supplied by the battery would be the same if the two resistors in series were replaced by asingle
equivaent resstor. Conddering your results, suggest a smple equation for the equivalent resstancein
terms of the individua resistances.

Resgorsin Pardld

Connect the same two resstors in pardld across the battery. Draw a schematic diagram of the circuit,
including the values of the resstors. Measure the voltage across each resistor and across the battery; be
consgent with + and - signs. Discuss your results--how do they relate to the idea that the electrical
forceis conservative?

Y our circuit has four branches: one wire connected to each termina of the battery, and each of the two
resstors. Measure the current through each of these branches. On your circuit diagram, show the
directions of the currents. Y our circuit has two junctions where three branches meet. Let a current
coming into ajunction be + and the current leaving ajunction be- . What is the sum of the currents for
each junction?

Formulate arule for the behavior of currentsin circuits that is vaid both for series circuits and for
pardld circuits. Discussyour rule.
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Use your measurements of total current and voltage to calculate the experimental equivaent resstance
for the pardld circuit; include uncertainty. Compare to the theoretica vaue (see your book).

Week #2: Combination Circuit

Exercise

Choose three resistors and measure each resstance with a
multimeter. Also measure the voltage of the battery. Y ou will Ri

arrange the resstors and the battery in the circuit shown. Before

connecting the circuit, predict the current that will flow through each

of theresgtors. (Hint: Y ou will first need to find the equivaent Rs
resistance for the circuit. Note that R, and R; form aparald I

combination; this combination isin serieswith R;. Look at the \Y

pardld combination first, then put that equivaent resstance in series
with R;.) Show dl of the algebra necessary to justify your predictions. Discuss your predictions with
your ingructor before proceeding.

Connect the circuit and measure the currents, including uncertainty. Draw a circuit diagram that includes
the voltage and the resstances. Compare your measurements with your predictions.
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Experiment #38
Magnetic Force

Goals

Y ou will explore the properties of the magnetic force acting on a current.

Background

A wire carrying acurrent | through amagnetic fidd experiences aforce. The direction of the forceis
perpendicular to the current and to the fidd. In this experiment, you will investigate the properties of this
magnetic force.

Exercise

Place the magnet in the hanging pan of the balance and determine its weight. Select one of the printed-
circuit wires and measure the length of the horizontal section of the printed wire. Plug the printed circuit
into the holder. Place the holder onto alab stand so that the printed wire runs down the middle of the
magnet; make sure that the wire does not touch the magnet. Connect the holder to the DC output of the
power supply, with an ammeter in the circuit. Before you turn on the power supply, have your
instructor check your circuit.

Current

You will firgt determine how the magnetic force depends on the current. Do not exceed the
maximum current printed on the holder.

Start with the scale baanced for the magnet, with no current. For severd vaues of current and for both
directions of the current (switch the wires from the power supply), adjust the mass reading of the
baance so thet it isagain levd; use thisis the apparent weight of the magnet.

Before you leave, draw two free-body (force) diagrams, one for the magnet and one for thewire. Use
your knowledge of Newton's laws to figure out how to calculate the magnitude and direction of the
magnetic force acting on the wire from the weight of the magnet and the gpparent weight of the magnet.
Have your ingtructor check your diagrams and your equations before you leave. These diagrams and
equations should be in your report, dong with textud explanations of them.

Graph your results of force (including sign for direction) versus current. If the graph isa draight line,
caculate its dope and uncertainty; use the results and the theory in your text to calculate the magnitude
and direction of the magnetic fidd.
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Length

Y ou will aso determine how the magnetic force depends on the length of the printed wire. For a
particular fixed current, determine the magnetic force for severd different wires. Graph your results and
fit them with asraight line, if gppropriate. Use the dope and theory to caculate the magnitude of the
magnetic fidd.

Compare your two vaues for the magnitude of the magnetic fidld. Comment on whether your graphs
support the theory found in your text.

Question

Considering your observations, suggest adesign for a device that measures mass using magnetic forces.
Digital balances actudly use magnetic forces.
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Experiment #9
Design Your Own Experiment

Choose atopic relating to this course. The topic should be specific enough for a short experiment.
Form a hypothesis or pick some quantity to measure. Design, perform, and andyze an experiment to
test that hypothesis or measure that quantity. Y our experiment should be controlled and reproducible.

Y our report must include judtification for performing the experiment as well as detailed procedure.

Also, discuss sources of error in your experiment and comment on how your experiment could be
improved.

Possible Generd Topics (need narrowing down)

In some cases, specialized apparatus exists. Ask your instructor.

Coulomb's law

Faraday's law

Pardle plate capacitors

Circuits with capacitors and/or inductors
Detection of ectric or magnetic fieds
Digperson of light usng aprism
Resolution and apertures

Sndl'slaw

Law of Maus (polarizers)

Mirrors

Microwaves

Radioactive decay

Radiation shidding
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Experiment #10
WellQM--Trapped Particle Waves

Goals

Since much of science involves computer smulations, you should learn to use Smulations and to
undergtand and interpret thair results. Specificaly, you will explore the properties of asmple system
that exhibits the wave properties of particles.

Background

WelOM isacomputer program that Smulates a particle trapped in a one-dimensiond potentia well.
The potentia energy is zero ingde the well, infinite on the left Sde, and some nonzero constant value on
theright 9de. The particle has total energy that is less than the potentid energy on theright Sde, o it
cannot escape thewell. Infact, according to classical physics the particle cannot even exist in the region
wherethetotd energy islessthan the potentid energy (the forbidden region). Asan andogy, imagine
that you have an extremely high dliff on one sde and a short cliff on the other sde. Y ou are stuck
between the diffs.

Quantum theory describes particles as waves. The wavefunction describes how such a wave depends
on pogtion. If you measure the pogition of the particle, the result is random; the probability of
measuring a certain position, however, depends on the square of the wavefunction (the probability
amplitude). If the wavefunction is zero at a certain pogtion, you will never measure the particle as being
at that position. Also, quantum theory predicts that the energy of the particle depends on the shape of
its wavefunction.

In quantum physics, the eV (or dectronvolt) isauseful unit of energy. One eectronvolt isequa to
16 107 Also, massis often expressed in units of eV/cZ, where c isthe speed of light. In more
familiar units, 1 eV/c? isthesameas 1.1° 10*" kg. In this experiment, however, the rdative numbers
will be more important than how they rdaeto Sl units.

To run the program, follow the sequence Start® Programs® Smulations® WELLQM. Answer
the questions.

Display

The program begins with a potentid well having an infinite wall on the left Sde and a50 eV step located

2 A totheright. The trapped partide initidly is an dectron, with mass 5.11 105 ev/c’. The upper half
of the screen shows the potentia energy inred.  The alowed energies (the energy levels) of the particle
gppear in green and purple; the "chosen” level isthe onein purple. The display scadeis 100 eV
vertically and 5 A horizontally.
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The lower hdf of the screen shows the wavefunction of the "chosen” leve, in this case the lowest energy
levd (n=1). The red lines show the zero line of the wavefunction (horizonta) and the location of the

50 eV gep (vertica). At the bottom of the screen, information about the potentid, the particle, and the
chosen leve isdisplayed, aswel as"Plot ps”, indicating that the wavefunction itsdlf is plotted. If the
probability amplitude were plotted, you would see "Plot ps”2" instead.

Commands

Y ou can give commands to ater the parameters of the well and the mass of the particle by pressing the
highlighted | etters that appear at the bottom of the screen. These commands are;

Width........ change width of well; you will be asked to enter the new widthin A (must
belessthan 5 A).

Depth........ change depth of well; you will be asked to enter the new depth in eV (must
be lessthan 100 eV).

Mass......... change the mass of the trapped particle; you will be asked to enter the new
massin ev/c .

Plot ps......controls whether the lower display shows the wavefunction or the
probability amplitude; in the latter case, this reads Plot psi”2.

Levd......... choose the quantum number of the leve to be displayed; you will be asked
for the number.

Press h for asummary of dl commands. There are other commands available to change the parameters
of the well, to add sound, and to quit the program; the following is a summary of those commands.

Infinite Well

Y ou may switch between a semi-infinite wdl and afully infinitewd| by pressngi. Whenthewel is
infinite, instead of displaying the depth, the program will show "Infinite well" at the bottom of the screen.
Pressi again to return to the semi-infinite well.

Depth of Well
Y ou may aso increase or decrease the depth of the well by usng the up-arrow and down-arrow keys,
these will change the depth in increments of 5 eV.

Mouse Use and Level Number
Y ou may use the mouse to choose aleve to examine. Point the cursor a the desired levd, then click
the mouse button.

Quitting the Program
Y ou may quit the program by pressing g.
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Sound

If you press s, you will add sound to the program. The sound that you will hear has frequency linearly
related to the energy of the chosen leve; lower pitch means lower energy. In combination with the
arrow keys, this feature gives you aquick way of tracking the effects of the well parameters on the
energy of aparticular leve.

Width of Well
Y ou may increase or decrease the width of the well, in increments of 0.25 A, by using the right-arrow
and left-arrow keys.

Exercise

Throughout this experiment, record your observations, including sketches where gppropriate. Support
your answers to questions with specific observations and data.

Set the width of the well to 4.0 A and turn on the sound; also set the lower display to show the
probability amplitude. Describe how the shape of the probability amplitude changes as you look a
levels with increasing energy (higher n). Be specific about the shape both within the well and in the
region beyond 4.0 A. How does the wavelength of a particle appear to relate to its energy?

How does the ability of the particle to penetrate into the forbidden region appear to rdate to its energy?
Does that ability change if you change the height of the potentia step?

Examine the behavior of the lowest energy level asyou gradudly decrease the width of thewell. How
does the probability amplitude change? How does the energy change? Isthis consstent with what you
saw before?

Try changing the mass of the particle. How do the number of levels, energies, wavelengths, and
penetration into the forbidden region appear to depend on mass? Try some smal masses (smaler than
an dectron) and some large masses (such as protons, atoms, molecules). Classicaly, a particle can
have any energy. For aparticle to behave classicdly, should it have a smdl mass or alarge mass? Is
this congstent with everyday observations?



