
Investigative PhysicsModule 2: Activity Units for Physics 132Emory F. Bunn,1 Mirela Fetea,1 Gerard P. Gilfoyle,1 Philip D. Rubin,2 and Michael F. Vineyard3

1Department of Physics, University of Richmond, VA
2Department of Physics, George Mason University, Fairfax, VA

2Department of Physics, Union College, Schenectady, NYJune 28, 2006AbstractThe exercises in this manual have been developed to support an investigative physics coursethat emphasizes active learning. Some of these units have been taken from the WorkshopPhysics project at Dickinson College and the Tools for Scienti�c Thinking project at TuftsUniversity and modi�ed for use at the University of Richmond. Others have been developedlocally.The units are made up of activities designed to guide your investigations in the laboratory.The written work will consist primarily of documenting your class activities by �lling in theentries in the spaces provided in the units. The entries consist of observations, derivations,calculations, and answers to questions. Although you may use the same data and graphs asyour partner(s) and discuss concepts with your classmates, all entries should re�ect your ownunderstanding of the concepts and the meaning of the data and graphs you are presenting.Thus, each entry should be written in your own words. Indeed, it is very important to yoursuccess in this course that your entries re�ect a sound understanding of the phenomena youare observing and analyzing.We wish to acknowledge the support we have received for this project from the Universityof Richmond and the Instrumentation and Laboratory Improvement program of the NationalScience Foundation. Also, we would like to thank our laboratory directors for their invaluabletechnical assistance.Contents1 Heat, Temperature, and Internal Energy 52 Calorimetry 83 Heat of Vaporization of Nitrogen 121



4 Boyle's Law 155 Charles' Law 206 The P-T Relationship of a Gas 247 Kinetic Theory of Ideal Gases 278 Applying the Kinetic Theory 349 The Interactions of Electric Charges 4110 Electrostatics 4911 The Electrical and Gravitational Forces 5412 Electric Fields and Equipotential Lines 6013 The Electric Potential 6514 The Electric Field and the Electric Potential I 7315 The Electric Field and the Electric Potential II 7816 The Electric Field and the Electric Potential III 8217 The Electric Field and the Electric Potential IV 8618 The Electric Field of the Atomic Nucleus 9019 The Charge Distribution of the H2O Molecule 9420 Ohm's Law 9821 Kirchho�'s Rules 10422 Magnetism I 10723 Magnetism II 1112



24 Magnetism III 11425 Magnetic Field of the Earth 11826 Nuclear Decay and Radiocarbon Dating 12227 Electromagnetic Induction I 13428 Electromagnetic Induction II 13629 The Generator 14030 The LR Circuit 14531 The LRC Circuit 15132 Refraction of Light 15833 Refraction at Spherical Surfaces: Thin Lenses 16134 The Di�raction Grating 16535 The Interference of Light 16736 Di�raction of Light 17237 Galilean Relativity 17938 The Twins Paradox 18439 The Optical Spectrum of Hydrogen 188A Treatment of Experimental Data 190B Introduction to DataStudio 192C Video Analysis 194D Instrumentation 1973



E Introduction to Excel 201E.1 Data and formulae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201E.2 Graphs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202E.3 Fitting lines and curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203F Nuclear Safety 204

4



1 Heat, Temperature, and Internal EnergyName Section DateObjectiveTo investigate the relationship between heat and temperature.Apparatus
• Hypsometer and stand
• Bunsen burner
• Ice
• Data Studio software and temperature probeTemperature of a Substance as a Function of Heat TransferAs part of our quest to understand heat energy transfer, temperature, and internal energy of asubstance, let's consider the temperature change as ice is changed to water and then to steam.Activity 1: Predicting T vs. t for WaterSuppose you were to add heat at a constant rate to a container of ice water at 0◦C until the waterbegins to boil. Sketch the predicted shape of the heating curve on the graph below using a dashedline. Mark the points at which the ice has melted and the water begins to boil.
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Activity 2: Measuring T vs. t for Water(a) To test your prediction:1. Fill the hypsometer (boiler) at least half full of ice water and suspend the temperature probeso that the end is submerged in the ice water but not touching the side or bottom of thehypsometer.2. Open the Heat, Temp, & Internal Energy application in the 132 Workshop folder on the Startmenu.3. Light the burner and center it under the hypsometer. Click on the Start button to beginrecording data. The temperature of the water will be recorded on the graph shown on themonitor. While there is still ice, stir gently.4. After the water begins to boil, turn o� the burner and stop collecting data using the Stopbutton on the front panel.5. Sketch the shape of the measured heating curve on the above graph using a solid line. Ignoresmall variations due to noise and uneven heating. Mark the points at which the ice has meltedand the water begins to boil.(b) Does your prediction agree with the measured heating curve? If not, what are the di�erences?
(c) What is the relationship between the temperature and the added heat while the ice is melting?
(d) What is the relationship between the temperature and the added heat after the ice has melted,but before the water begins to boil?
(e) What is the relationship between the temperature and the added heat while the water is boiling?
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(f) If there are regions of the heating curve in which the temperature is not changing, what do youthink is happening to the added heat in these regions?
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2 CalorimetryName Section DatePurpose
• To learn to use a method for measuring heat called calorimetry.
• To use calorimetry to determine the speci�c heat of aluminum and the heat of fusion of ice.Apparatus
• Hypsometer and stand
• Hot plate
• Aluminum pellets
• Ice
• Triple-beam balance
• 100◦ C thermometer or temperature meter
• Temperature probe
• Safety goggles
• DataStudio software (Calorimetry)IntroductionCalorimetry is a method for measuring heat. As applied in this experiment, the method involvesthe mixing together of substances initially at two di�erent temperatures. The substances at thehigher temperature lose heat and the substances at the lower temperature gain heat until thermalequilibrium is reached.Activity 1: Statement of Conservation of EnergyIf no heat is transferred to the surroundings, what is the relationship between the heat lost bythe substances initially at high temperature and the heat gained by the substances initially at lowtemperature? Note: This is simply a statement of conservation of energy.
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Experimental EquipmentA calorimeter, shown in the above �gure, is used in this experiment to minimize the exchange of heatbetween the system and the surroundings. The inner calorimeter cup is thermally insulated fromthe surroundings by suspending it on a ring of material with low heat conductivity and surroundingit with a layer of air. Also the cup is shiny to minimize radiation loss. Hence, if the mixture ofsubstances is placed inside the calorimeter cup, the heat lost to or gained from the surroundingscan be ignored, and the above relationship can be used. The only part of the calorimeter whichis involved in the calculation is the inner calorimeter cup which contains water and in which anexchange of heat between the hot and cold bodies takes place. The cup will undergo the sametemperature change as the contained water. Of course, an instrument will have to be introducedto measure the temperature of the system, but the heat gained or lost by the instrument is smalland can be ignored.Activity 2: Speci�c Heat of Aluminum(a) Fill the hypsometer (boiler) at least half full of water and start heating the water.(b) Determine and record the mass of the hypsometer cup, mh. Then �ll it about half full with dryaluminum pellets. Determine and record the mass of the cup and pellets, mhp, and calculate themass of the pellets, mp. Record the measurements in the space below.(c) Place the cup in the top of the hypsometer and put the temperature probe into the middle ofthe pellets. 9



(d) Determine and record the mass of the calorimeter cup, mc. Fill this cup about half full of coldtap water. Determine and record the mass of the cup and water, mcw, and calculate the mass ofthe water, mw. Then place the calorimeter cup in the outer can and put the lid on.(e) Fill the plastic beaker with ice water. Open the Calorimetry application in the 132 Workshopfolder in the Start menu and start collecting data. To make sure the thermometer is workingproperly place the temperature probe in the ice water and check that it is reading approximately0◦C. If not, then consult your instructor. Next, insert the temperature probe through the hole inthe lid of the calorimeter and into the water.(f) When the temperature of the pellets becomes constant, at or near 100◦C, stir the water in thecalorimeter GENTLY with the thermocouple and record the temperature of the water as Tw. Alsorecord the temperature of the pellets as Tp. Then remove the thermocouple from the calorimeter.(g) Now, quickly but carefully, pour the pellets into the water in the calorimeter cup. Put thethermocouple back into the calorimeter cup. Stir the water occasionally with the thermocouple andmonitor the temperature of the mixture. When the temperature levels o�, record this value as T.(h) Write the complete heat equation and solve for the unknown speci�c heat of the metal.

(i) Look up the accepted value for the speci�c heat of aluminum and calculate the percent di�erencebetween this value and the one you determined above. Do the two values agree within experimentaluncertainties? Comment on possible sources of error.
Activity 3: Heat of Fusion of Ice 10



(a) The heat of fusion of ice is found experimentally as follows: A known mass of warm water isplaced in the calorimeter cup and its temperature recorded. A known mass of ice at 0◦C (with nowater) is added to the water and allowed to melt. The �nal temperature of the mixture after theice has melted is recorded. Perform the experiment and record the data in the space below.
(b) Write the complete heat equation and solve for the unknown heat of fusion of ice.
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3 Heat of Vaporization of NitrogenName Section DateObjectiveTo measure the heat of vaporization of nitrogen.Apparatus
• Force probe
• Lab stand
• Styrofoam cup
• Liquid nitrogen
• Power resistor
• Power supply
• Wires
• DataStudio Software (NitrogenVap)
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IntroductionThe experimental setup is shown in the �gure above. The styrofoam cup is �lled with liquid nitrogen.The force transducer is used as an electronic balance to measure the mass of the liquid nitrogen asa function of time. The power resistor submerged in the liquid nitrogen converts electrical energyinto heat. The power, or rate at which electrical energy is converted to heat, is determined fromthe voltage and current. The power supply will display both of these values. (Note: Power supplyis not shown in the �gure.)Activity 1: Measuring the Heat of Vaporization of Nitrogen(a) Perform the following steps: 12



1. Remove the load from the force probe and press the TARE button.2. Adjust the power resistor so that it is as far down in the cup as possible without pushingdown on the cup.3. Fill the cup with liquid nitrogen.4. Turn on the power supply.. Adjust the voltage and current controls on the power supply sothat the current is 2.0 A. Record the values of the current, I, and the voltage, V, in the spacebelow. Then turn o� the power supply and re�ll the cup with liquid nitrogen if necessary.
5. Open the NitrogenVap application in the 132 Workshop folder in the Start menu.6. The computer will measure the output of the force transducer every second. Start collectingdata by clicking on the Start button and recording the force versus time for at least fourminutes. When you are �nished make a linear �t to the data using the Fit menu. The slopeis related to the rate of evaporation of the liquid nitrogen. Calculate the rate of mass lossfrom this measured slope and enter the result in the space below. Print the graph of forceversus time and attach a copy to the unit.
7. Turn on the power supply and repeat step 6.8. Turn o� the power supply and repeat step 6.(b) Subtract the average of the absolute values of the two slopes when power was o� from theabsolute value of the slope when power was on. This is the net rate of evaporation caused by theenergy supplied to the heater.(c) Calculate the heat of vaporization, Lv, which is given byLv = power to heater

net rate of evaporation
= V I

net rate of evaporation

(d) Look up the accepted value for the heat of vaporization of nitrogen and calculate the percent13



di�erence. Do the two values agree within experimental uncertainties? Comment on possible sourcesof error.
(e) Was the temperature of the liquid nitrogen changing during this experiment? Explain.
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4 Boyle's LawName Section DateObjectiveTo investigate the relationship between the pressure and volume of a gas.Apparatus
• DataStudio 750 Interface
• Pasco Pressure Sensor
• Syringe
• Tubing
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connector
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Computer
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Pressure 1.5−cm tubing
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Apparatus for Boyle’s Law.IntroductionThe behavior of a gas can be described in terms of the macroscopic quantities: temperature (T),pressure (P), and volume (V). The relationship between these quantities is given by the equationof state of the gas. A real gas behaves approximately as an ideal gas if it is far from liquefaction.In that case, the equation of state of an ideal gas can be used to describe a real gas. For a givenmass of a gas, if one of the quantities P, T, or V is changed, a change in the other two quantitiesprobably will result. However, if one of the quantities is kept constant, the relationship between theother two can be studied. The relationship between pressure and volume of an ideal gas is calledBoyle's law.The experimental apparatus is shown in the �gure above. The gas is air contained in a syringe thathas marking on its side to measure the volume of the syringe. A short tube connects the syringewith a pressure sensor that measures the pressure in the tube and converts that measurement intoa signal that can be read by the DataStudio interface.15



Activity 1: Relationship Between P and V of a Gas(a) Check that there are no leaks in the apparatus by trying to compressing the syringe from the20.0 ml position to the 10.0 ml position. It should become increasingly di�cult to push the plungeras the volume decreases. If this is not the case, check the couplings for �t. If no problem is obvious,then consult your instructor.
(b) The initial volume of air in the syringe should be set at 20.0 ml. If your syringe is set to someother value, disconnect the quick release connector from the sensor by gently rotating it in thecounter-clockwise direction as you look from the syringe toward the pressure sensor. Next, movethe piston to the 20.0 ml position, and then re-connect the quick release connector to the pressuresensor.(c) Data Recording. Open the Boyle's Law activity located in the 132 Workshop Folder underthe Start menu. Click on the window labeled Volume and Pressure Table. This is where yourdata will be displayed as you record it. This table display will show the values of the gas volumein the syringe which you will set by moving the piston to the appropriate marking on the syringe.You will record the pressure at each of these settings with the pressure sensor. To begin recordingdata, make sure the piston is at the 20-ml setting, and click the Start button. The Start buttonwill change to a Keep button and the table display will show the value of the pressure next to the�rst volume value (20 ml) in the table. The reading in the pressure column should be colored red.Click the Keep button to record this pressure (notice the reading in the Pressure column beside the20-ml entry changes from red to black). The next setting for the volume (18 ml) will appear in theVolume column of the data table display.NOTE: For the �rst pressure reading at 20 ml, the air in the syringe will be in thermal equilibriumwith the environment. This will not be the case immediately after compressing the syringe for thenext reading. Therefore, you must allow one second for the system to return to thermal equilibriumafter you compress the syringe and before clicking on Keep to record pressure values.(d) Compress the syringe to the next value of the volume as listed in the data display table (i.e., thewindow labeled Volume and Pressure Table) and wait one second for the system to reach thermalequilibrium. Once thermal equilibrium is reached, click Keep to record the pressure. The datatable display will automatically change to show the next value of the volume at which the pressurewill be measured.(e) Repeat step (d) for the remaining values of the volume listed in the table display. In otherwords, continue taking pressure measurements at the prescribed volume values in the data tabledisplay by moving the piston to the prescribed value and clicking on Keep after thermal equilibriumis reached. After you record the pressure for the last volume (8 ml), click the small, red box nextto the Keep button (this is the stop button) to end data recording.(f) Analysis. Click on the GraphDisplay to examine the plots of Syringe Volume Reading vs. Pres-sure, and the Volume to Pressure ratio (as a function of measuring time). Print the GraphDisplayand attach it to the unit. What happened to the pressure when the volume was reduced from 20ml to 8 ml? 16



(g) From looking at the data, do the pressure and volume seem to be directly or inversely propor-tional? Explain.
(h) Copy your data into a spreadsheet and plot pressure versus volume. Next, �t your data withsome power of the volume. Record the result here. What should you get for the power? Why?
(i) If pressure and volume are inversely proportional, then what can you say about the product ofpressure and volume? Explain.
(j) Construct a table in the space below with the column headings: V (ml), P (kPa), and PV. Whatthe units of the last column? Add your answer to the heading for that column. Enter the resultsfor P and V in this new table and calculate PV for each set of readings. Determine the mean valueand the standard deviation σ for PV. Record the results in the form PV = Mean ±σ . What doesthis result tell you about the product PV? What does it tell you about the relationship between Pand V? Explain.
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(k) You may have noticed that the syringe plunger does not always return to the 20 ml mark atthe end of a data run. Give three reasons why this may happen, and explain which is most likelyand why.
(l) Examine the plot below with results from two di�erent data runs. How do you explain thedi�erence between the curves for the di�erent tubing lengths (4L in the diagram on page 1)?

18



Results of measurement with Boyle's Law apparatusdi�erent values of 4L, the tubing length.
19



5 Charles' LawName Section Date +ObjectivesTo investigate the relationship between volume and temperature for a constant mass of gas atconstant pressure and determine the value of absolute zero.Apparatus
• Charles law apparatus with stand.
• Temperature sensor.
• Air chamber, tubing, and ballast.
• Containment vessel.
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Figure 1: Charles' Law apparatus.IntroductionThe behavior of a gas can be described in terms of the macroscopic quantities: temperature (T),pressure (P), and volume (V). The relationship between these quantities is given by the equationof state of the gas. A real gas behaves approximately as an ideal gas if it is far from liquefaction.In that case, the equation of state of an ideal gas can be used to describe a real gas. For a givenmass of a gas, if one of the quantities P, T, or V is changed, a change in the other two quantitiesprobably will result. However, if one of the quantities is kept constant, the relationship betweenthe other two can be studied. The relationship between temperature and volume of an ideal gas iscalled Charles' law. 20



The experimental apparatus is shown in the �gure above and consists of an air chamber containingdry air. The pressure on the air in the chamber is due to atmospheric pressure applied through themovable piston.Activity 1: V-T Relationship for a Gas(a) Check that there are no leaks in the apparatus by trying to compressing the piston from the 100mm position to the 10 mm position. It should become increasingly di�cult to push the plunger asthe volume decreases. If this is not the case, check the couplings for �t. If no problem is obvious,then consult your instructor.(b) Open the Charles' Law activity in the 132 Workshop Folder under the Start menu. Click on thewindow labeled Charles' Law Table. This is where your data will be displayed as you record it. Thistable display will show the values of the gas temperature in the air chamber and the entry number.The data-taking procedure you will follow is described here �rst. One member of your team willheat the air chamber in the �ask on the hot plate and call out the position of the piston. Anothermember will record the position settings by hand in the table below and click the Keep buttonon the DataStudio interface to record the temperature for that entry. To begin recording data,make sure the piston is at the low end of the scale, and click the Start button on the DataStudiointerface. The Start button will change to aKeep button and the table display will show the valueof the temperature next to the �rst entry in the table. The reading in the temperature columnshould be colored red. Click the Keep button to record this temperature (notice the reading in theTemperature column beside the entry number changes from red to black). The next entry numberwill appear in the Entry column of the data table display.(c) Now, immerse the air chamber in a beaker of cold, tap water water and click Start on theDataStudio interface. You can monitor the temperature on the temperature versus time plot to theright. Make sure the set screw on the side of the piston is released.(d) When the temperature is stable click Keep and that point will be recorded in the table. Oneteam member should read o� the piston position while the other writes it in the table at the sametime.(e) Now turn up the heat. The piston will move as the gas expands. Read out the position ofthe piston every one or two millimeters. The other team member will click Keep (recording thetemperature) and record the piston position in the table.(f) Repeat step (e) until the piston no longer moves or the water starts to boil.(g) Calculate the volume of the apparatus for each piston position and plot this volume versustemperature. The diameter of the Gas-Law apparatus is written on its base.
21



Entry Number Piston Position (mm) Gas-Law Apparatus Volume (ml) Temperature (◦C)

(h) How are the volume and temperature related? Fit your data with the appropriate function andrecord the results here. Print your plot and attach it to this unit.
(h) Repeat steps c-h to obtain a second V-T curve. Record your data in the table below along withthe �t to the V-T data.
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Entry Number Piston Position (mm) Gas-Law Apparatus Volume (ml) Temperature (◦C)

Activity 2: Absolute Zero and the Kelvin Scale(a) The absolute zero of temperature can be de�ned as the temperature at which the volume ofan ideal gas is zero. Determine absolute zero from the equations you obtained by �tting your V-Tdata.
(b) Determine the percent di�erence between your value of absolute zero and the accepted value of-273◦C. Are you happy or sad?
(c) Record the results from the other groups in class. Obtain an average and standard deviationand record it here. Are your results consistent with the class average? Explain.23



6 The P-T Relationship of a GasName Section Date +ObjectivesTo investigate the relationship between pressure and temperature for a constant mass of gas atconstant volume and determine the value of absolute zero.Apparatus
• Pressure sensor.
• Temperature sensor.
• Air chamber, tubing, and ballast.
• Hot plate.

Temperature sensor

Don’t let the temperature 
sensor touch the container.

Pressure Sensor

Air chamber

Hot plateFigure 2: P-T apparatus.IntroductionThe behavior of a gas can be described in terms of the macroscopic quantities: temperature (T),pressure (P), and volume (V). The relationship between these quantities is given by the equationof state of the gas. A real gas behaves approximately as an ideal gas if it is far from liquefaction.In that case, the equation of state of an ideal gas can be used to describe a real gas. For a givenmass of a gas, if one of the quantities P, T, or V is changed, a change in the other two quantitiesprobably will result. However, if one of the quantities is kept constant, the relationship between24



the other two can be studied. The relationship between temperature and pressure of an ideal gashas no particular name associated with it.The experimental apparatus is shown in the �gure above and consists of an air chamber containingdry air. The volume of the gas is �xed.Activity 1: P-T Relationship for a Gas(a) Open the P-T activity in the 132 Workshop Folder under the Start menu. Click on the windowlabeled Temperature and Pressure Table. This is where your data will be displayed as you record it.This table display will show the values of the gas pressure in the air chamber and the temperatureof the heat bath. The data-taking procedure you will follow is described here �rst. You will slowlyheat the air chamber on the hot plate and every so often click the Keep button on the DataStudiointerface to record the temperature and pressure at that moment. To begin recording data clickthe Start button on the DataStudio interface. The Start button will change to a Keep buttonand the table display will show the value of the temperature and pressure in the table. Click theKeep button to record this pressure and temperature.(b) Now, immerse the air chamber in a beaker of cold, tap water water and place it on the hot plate.Click Start on the DataStudio interface. You can monitor the temperature on the temperatureversus time plot to the right or by watching the temperature in the Temperature and Pressure Table.Turn the hot plate on. Record the temperature and pressure at approximately 5-7◦ intervals untilthe water is close to boiling.(c) How are the pressure and temperature related? Plot and �t your data with the appropriatefunction and record the results here. Print your plot and attach it to this unit.(d) When the beaker has cooled to a point where you can touch it, empty the warm water in thesink, �ll the beaker again with cold, tap water and repeat steps a-c. Record the �t to your datahere.Activity 2: Absolute Zero and the Kelvin Scale(a) The absolute zero of temperature can be de�ned as the temperature at which the pressure ofan ideal gas is zero. Determine absolute zero from the equations you obtained by �tting your P-Tdata.
(b) Determine the percent di�erence between your value of absolute zero and the accepted value of25



-273◦C. Are you happy or sad?
(c) Record the results from the other groups in class. Obtain an average and standard deviationand record it here. Are your results consistent with the class average? Explain.
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7 Kinetic Theory of Ideal Gases1Name Section DateObjectiveTo derive a relationship between the macroscopic properties of an ideal gas and the microscopicmotion of the unseen atoms that make up the gas. To do this activity you will need:
• A computer with an atomic and molecular motion simulationIntroductionDo you believe in atoms? Our forefathers believed in the reality of witches. In fact, they thoughtthat they had good evidence that witches existed, good enough evidence to accuse some people ofbeing witches. We believe in atoms. Are we truly more scienti�c than they were?Activity 1: Why Atoms!?(a) List reasons why you do or do not believe that matter consists of atoms and molecules, eventhough you have never seen them with your own eyes.

(b) What happens when heat energy is being transferred into a substance? If you believe thatsubstances are made of atoms and molecules, how would you use their existence to explain thechange in volume of a heated gas?
Models of Pressure Exerted by MoleculesSo far in physics we have talked about matter as if it were continuous. We didn't need to inventaluminum atoms to understand how a ball rolled down the track. But ever since the time of the �fthcentury B.C. Greek philosophers Leucippus and Democritus, some thinkers have believed in �atom-ism�, a picture of the universe in which everything is made up of tiny �eternal� and �incorruptible�particles, separated by �the void�. Today, we think of these particles as atoms and molecules.In terms of every day experience molecules and atoms are hypothetical entities. In just the past40 years or so, scientists have been able to "see" molecules using electron microscopes and �eld ionmicroscopes. But long before atoms and molecules could be "seen" experimentally, nineteenth cen-tury scientists such as James Clerk Maxwell and Ludwig Boltzmann in Europe and Josiah Willard11990-93 Dept. of Physics and Astronomy, Dickinson College. Supported by FIPSE (U.S. Dept. of Ed.) andNSF. Portions of this material may have been modi�ed locally and may not have been classroom tested at DickinsonCollege. 27



Gibbs in the United States used these imaginary microscopic entities to construct models that madethe description and prediction of the macroscopic behavior of thermodynamic systems possible. Isit possible to describe the behavior of an ideal gas that obeys the �rst law of thermodynamics asa collection of moving molecules? To answer this question, let's observe the pressure exerted by ahypothetical molecule undergoing elastic collisions with the walls of a 3D box. By using the laws ofmechanics we can derive a mathematical expression for the pressure exerted by the molecule as afunction of the volume of the box. If we then de�ne temperature as being related to the average ki-netic energy of the molecules in an ideal gas, we can show that kinetic theory is compatible with theideal gas law and the �rst law of thermodynamics. This compatibility doesn't prove that moleculesexist, but allows us to say that the molecular model would enable us to explain the experimentallydetermined ideal gas law.Atomic Motion and PressureConsider a spherical gas molecule that has velocity −→v = vxî + vy ĵ+vzk̂ and makes perfectly elasticcollisions with the walls of a three-dimensional, cubical box of length, width, and height l. Start theprogram called "Atoms in Motion". You will see a screen like the one shown below. Experimentwith it for a few moments. The Run and Stop buttons control the processing of the simulation ofthe gas atoms while the Step button allows you to watch the `movie' one frame at a time.Can we use the concept of molecules behaving like little billiard balls to explain why the idealgas law relationship might hold? In the next activity you are to pretend you are looking under agiant microscope at a single spherical molecule as it bounces around in a three-dimensional box bymeans of elastic collisions and that you can time its motion and measure the distances it moves asa function of time.If the molecule obeys Newton's Laws, you can calculate how the average pressure that the moleculeexerts on the walls of its container is related to the volume of the box. The questions we have toconsider are the following. What is the momentum change as the molecule bounces o� a wall? Howdoes this relate to the change in the velocity component perpendicular to the wall? How often willour molecule "hit the wall" as a function of its component of velocity perpendicular to the walland the distance between opposite walls? What happens when the molecule is more energetic andmoves even faster? Will the results of your calculations based on mechanics be compatible with theideal gas law?Activity 2: The Theory of Atomic Motion(a) Stop the simulation if it's running and set the number of molecules to one. Do this by clickingon the ATOM button and getting a dialog box. Enter `1' for the number of Type A atoms andzero for all the others. Record the mass of the Type A atom. Click OK and the cube should nowcontain a single atom. If not, consult your instructor.
(b) The orientation of coordinates can be seen just about the right-hand corner of the cube (consultFigure 1 also). Suppose the molecule moves a distance l in the x-direction in a time ∆tx. What isthe equation needed to calculate its x-component of velocity in terms of l and ∆tx?28



(c) Suppose the molecule moves a distance l in the y-direction in a time ∆ty. What is the equationneeded to calculate its y-component of velocity in terms of l and ∆ty?
(d) Suppose the molecule moves a distance l in the z-direction in a time ∆tz. What is the equationneeded to calculate its z-component of velocity in terms of l and ∆tz?
(e) We will now measure the average time ∆ty for one complete round trip from the left side ofthe cube to the right side and back again. Click AVG and you will see some information printedin the color blue on the right-hand side of the Atoms-in-Motion window (see also Figure 1). Thesimulation takes small steps in time and calculates the positions of the atoms at the end of eachtime step. The number of these time steps taken is shown on the right-hand side and the size ofeach time step is printed at the top, right-hand-side of the window. Using the Step button let theatom in the cube move until it bounces o� the left wall of the cube. Record the number of timesteps in the space below.
(f) Now run or step the simulation until the atom bounces across the cube, hits the right-hand wall,comes back and strikes the left hand wall. Record the number of time steps. Calculate ∆ty andrecord it below.
(g) Each side of the cube has a length 50 × 10−10 m. Combine this with the previous result todetermine vy and record it.
(h) Repeat the above procedure for the top and bottom walls of the cube to get vz.29



(i) Rotate the cube by clicking and dragging one of the corners of the cube. Spin it until you can seethe atom bounces between the walls in the direction of the x coordinate. Measure the x componentof the speed of the atom using the same procedure as before.
(j) Write the expression for vtotal in terms of the x, y, and z components of velocity. (Hint: Thisis an application of the 3-dimensional Pythagorean theorem.) Determine vtotal for your atom. Wewill use these results in a little while to calculate the pressure exerted by our one-atom `gas'.
(k) Record the value of the pressure and temperature for your `gas'.
(l) We would like to eventually �nd the average kinetic energy of each atom or molecule in a gasso we now have to think about a gas with many atoms. Since the kinetic energy of a molecule isproportional to the square of its total speed, you need to show that if on the average v2

x = v2
y = v2

z ,then v2
total = 3v2

x.
(m) If the collisions with the wall perpendicular to the x direction are elastic, show that the forceexerted on that wall for each collision is just Fx = 2m vx

∆tx
where m is the mass of the particlesand ∆tx the mean interval between collisions with the wall. (Hint: Think of the form of Newton'ssecond law in which force is de�ned in terms of the change in momentum per unit time so that

F = ∆p
∆t

.)Warning: Physicists too often use the same symbol to stand for more than one quantity. In thiscase, note that ∆p (where �p� is in lower case) indicates the change in momentum, not pressure.
(n) Substitute the expression from part (b) for ∆tx to show that30



Fx =
mv2

x

d

(o) For simplicity, let us assume that we have a cubical box so that x = y = z = L, where L is thelength of a side of the cube. Show that the pressure on the wall perpendicular to the x axis causedby the force Fx due to one molecule is described by the following expression.
P =

mv2
x

L3

(p) Let's say that there are not one but N molecules in the box. What is the pressure on the wallnow?
(q) Next, show that if we write the volume of our box as V = L3, and recalling that

v2
x =

v2
total

3we can write the following expression.
P = N

mv2
total

3V

(r) Finally, since the average kinetic energy of a molecule is just
< Ekin >=

1

2
mv2

total31



show that the pressure in the box can be written in the following way.
P =

2N < Ekin >

3V

(s) Use the previous result to calculate the pressure using vtotal, the mass of the atom, N and Vfor your one-atom gas. Compare your result with the pressure you recorded above from the outputof the simulation. Do they agree? Explain any di�erences.
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Figure 3: Atoms in Motion window.
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8 Applying the Kinetic Theory2Name Section DateObjectiveTo derive the relationship between temperature and the kinematic properties of the monatomicmolecules of an ideal gas. We will also calculate the speci�c heat per mole of an ideal, monatomicgas at constant volume using the kinetic theory and compare the prediction with data. To do thisactivity you will need:
• A computer with an atomic and molecular motion simulationKinetic Energy, Internal Energy, and TemperatureWe have hypothesized the existence of non-interacting molecules to provide the basis for a particlemodel of ideal gas behavior. We have shown that the pressure of such a gas can be related to theaverage kinetic energy of each molecule:

P = 2N〈Ekin〉
3V

or PV = 2
3N 〈Ekin〉Pressure increases with kinetic energy per molecule and decreases with volume. This result makesintuitive sense. The more energetic the motions of the molecules, the more pressure we would expectthem to exert on the walls. Increasing the volume of the box decreases the frequency of collisionswith the walls, since the molecules will have to travel longer before reaching them, so increasingvolume should decrease pressure if 〈Ekin〉 stays the same.The Molar Speci�c HeatThe kinetic theory of gases uses the atomic theory to relate the macroscopic properties of gases tothe microscopic features of the atoms and molecules that make up the gas. In this laboratory wewill extend the calculations that we have made so far to include the molar speci�c heat of an ideal,monatomic gas. The success of that extension of the theory depends on how well the calculationsreproduce the measured heat capacities of a variety of real (not ideal) gases.Activity 1: Experimenting with the Gas Simulation ProgramOpen the Atoms in Motion program in the 132 folder on the Start Menu. We are �rst going toexplore the relationship between pressure and volume in our kinetic theory using the simulation.(a) According to the ideal gas law PV = nRT = NkBT. What should happen to the pressure of anideal gas as its volume increases or decreases?

(b) We now want to run a more realistic simulation. Under the ATOM menu set the number ofType A atoms to 50 and set all the others to zero. Click on the BOX button and a new dialog box21990-93 Dept. of Physics and Astronomy, Dickinson College. Supported by FIPSE (U.S. Dept. of Ed.) andNSF. Portions of this material may have been modi�ed locally and may not have been classroom tested at DickinsonCollege. 34



will appear. Check the box beside `Floor conducts heat' and set the temperature to 200 K. Noticeat the top that the box width is l = 50 × 10−10 m. We have now set up a situation where oneside of the cube is held at a constant temperature (e.g. it's sitting on a stove) so the collisions ofthe atoms with the �oor are no longer elastic. The remaining sides of the cube do not transfer anyenergy (they're insulated) so elastic collisions still occur at those walls.Start the simulation and make sure you are averaging the pressure over many time steps. You shouldsee the number of averaged time steps increasing on the right-hand side of the Atoms-in-Motionwindow. If you don't see this information, click on AVG and it should appear.
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(c) What happens to the pressure? What happens to the temperature of the gas? You will �nd thatit can take several minutes of computer time for the temperature of the gas to reach equilibriumwith the �oor. Once the gas temperature is within 8 − 10 K of the �oor temperature, we canconsider the gas and the �oor to be in thermal equilibrium.
(d) Record the pressure and the volume of four more volumes of the cube. Change the volume ofthe cube using the BOX menu and adjusting the box width. The volume is printed on the Atoms-in-Motion window. Plot your results and attach it to this unit. Are your results consistent withthe ideal gas law and your prediction in part a?Volume of Box Average Pressure Temperature
(e) In the procedure above you should have found the pressure to be inversely proportional to thevolume. How could you modify your plot to show the pressure is proportional to 1/V? Make sucha plot and �t it. How close is your data to following a straight line? Attach the plot to this unit.
(f) According to the ideal gas law PV = nRT = NkBT. What should happen to the pressure ofan ideal gas as the number of particles increases or decreases? We will explore this idea with thesimulation next.
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(g) Start o� with the gas parameters from the last `run' of the simulation. Record the number ofatoms, temperature, and pressure in the table below. Use the ATOM menu to change the numberof atoms in the cube. Start the simulation. What happens to the pressure? Record the pressureand the number of molecules for four more values of the number of molecules and plot your results.Attach the plot to this unit. Are your results consistent with the ideal gas law and your predictionin part (f)?
Number of Molecules Average Pressure Temperature

Kinetic Theory and the De�nition of TemperatureThe model of an ideal gas we have just derived requires that
PV = 2

3N 〈Ekin〉But we have determined experimentally the ideal gas law:PV = NkBTWhat can we say about the average kinetic energy per molecule for an ideal gas? You can derivea relationship between temperature and the energy of molecules that serves as a microscopic (i.e.molecular) de�nition of temperature.Activity 2: Microscopic De�nition of T(a) Derive an expression relating 〈Ekin〉 and T. Show the steps in your derivation.
(b) In general, molecules can store energy by rotating or vibrating, but for an ideal gas of point37



particles, the only possible form of kinetic energy is the motion of the particle. If we can ignorepotential energy due to gravity or electrical forces, then the internal energy Eint of a gas of Nparticles is Eint = N 〈Ekin〉. Use this to show that for an ideal gas of point particles, Eint dependsonly on N and T. Derive the equation that relates Eint, N and T. Show the steps.
The microscopic and the macroscopic de�nitions of temperature are equivalent. The microscopicde�nition of temperature which you just derived is fundamental to the understanding of all ther-modynamics!Activity 3: Calculating the Molar Speci�c HeatIn this section we will generate a series of equations that we will then bring together in order topredict the molar speci�c heat at constant volume.
(a) Consider an ideal gas in a rigid container that has a �xed volume. How is the molar speci�cheat de�ned in terms of the heat added Q?
(b) If the gas is heated by an amount Q, then how much work is done against the �xed container?Recall the �rst law of thermodynamics and incorporate this result into your statement of the �rstlaw.
(c) Now use the equations of parts (a) and (b) to relate the change in internal energy ∆Eint to themolar speci�c heat. 38



(d) Write down an expression for the change in internal energy of the ideal gas in terms of 〈Ekin〉.(Suggestion: see part (b) of Activity 2.) How is 〈Ekin〉 related to the temperature? Incorporatethis relationship into your expression for the change in the internal energy. You should �nd that
∆Eint = 3

2NkB∆Twhere kB is Boltzmann's constant and N is the number of molecules in the gas.
(e) Use the equations is parts (c) and (d) to relate the molar speci�c heat to the number of particlesN and Boltzmann's constant kB . You should �nd that

nCV = 3
2NkBwhere n is the number of moles.

(f) How is the number of molecules in the gas N related to the number of moles n and Avogadro'snumber NA? Use this expression and the result of part (f) to show
CV = 3

2NAkB or CV

NAkB
= 3

2

Activity 4: Comparing Calculations and Data39



We now want to compare our calculation of the molar speci�c heat of an ideal, monatomic gaswith the measured molar speci�c heats of some real gases. The table below lists some of thosemeasurements. Molecule CV

NAkB
Molecule CV

NAkBHe 1.50 CO 2.52Ar 1.50 Cl2 3.08Ne 1.51 H2O 3.25Kr 1.49 SO2 3.77H2 2.48 CO2 3.42N2 2.51 CH4 3.25O2 2.53(a) Has our theoretical calculation been successful at all? Which gases appear to be consistent withour calculation? Which gases are not? How do these two groups of real gases di�er?
(b) Can you suggest an explanation for the partial success of the theory? Which one of the originalassumptions that went into our kinetic theory might be wrong?
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9 The Interactions of Electric Charges3Name Section DateObjectives
• Note the number of di�erent kinds of charge
• Characterize the interactions between like and unlike charges
• Discover the nature of electrical forceIntroductionYou probably already know this, but electric force between charge objects is proportional to theamount of charge on each of the objects, acts along a line between the objects, and decreases rapidlyas the distance between the two objects increases. In the following activities, you will �nd out ifinvisible tape exhibits these properties, and thus whether such tape becomes electrically chargedand therefore useful in the study of electrical interactions. Use strips of tape around 20 cm long.Shorter pieces are too in�exible; longer ones too di�cult to handle. Fold one end of each strip tomake a non-stick handle and stick a paper clip on this handle.Note: The real world is messy. Straight-forward experimental manipulations and accurate measure-ments are not always easy to come by. Try to keep your frustration level down. Rough observationsare good enough for this lab.Apparatus
• Invisible (�Scotch�) tape
• Paper clips (2)Investigation 1: Your Hand and a U TapePreparing a U Tape:1. Stick a strip of tape, sticky-side down, onto the table top and smooth it down with your thumbor �ngers. This base tape provides a standard work surface and thus ensures consistent results.2. Stick a second strip of tape, sticky-side down, on top of the base tape and smooth it downwell with thumb or �ngertips. Write the letter U (for Upper) on the handle of this strip.3. Holding the handle and with a very quick motion, pull the U tape up and o� the base tape,which should remain stuck to the table.Activity:3Adapted from A. Arons, A Guide to Introductory Physics Teaching, Wiley & Sons, 1990; and R. Chabay andB. Sherwood, Electric & Magnetic Interactions, Wiley & Sons, 1995.41



1. Hang the U tape vertically from the edge of the table, handle down.2. Brie�y describe what happens when you slowly bring your hand near the hanging tape.
3. Is the behavior di�erent when you approach the other side of the tape?

Note: Tape should react to the presence of your hand. If not, repeat the U tape preparation.Prediction: How would you expect two U tapes to interact: repel each other, attract each other,or not a�ect each other? Brie�y explain your reasoning.
Investigation 2: Two U TapesActivity 1:1. Prepare a second U tape, remembering to mark U on its handle.2. Doing your best to keep your hand out of the way (recall that your hand attracts the tape�perhaps hold the second strip horizontally in two hands), bring the second U tape near thehanging �rst one. Describe what happens.

3. Hand the second U tape beside the �rst.Activity 2:1. Suspend a U tape from a piece of thread or hair.2. Approach the suspended tape from various directions with the other U tape. Do the tapesrepel along or at an angle to the line between the objects?
42



F

F

F

F

Force along a line between two objects Force at an angle to line between objects

Note: You may have noticed that if you handle a U tape too much, it loses its interaction strength.Remember to reactivate the strips regularly.Activity 3:1. Note that when you move one U tape slowly toward a hanging U tape, there is a distance atwhich repulsion is �rst detectable.2. Note what happens as you repeatedly halve the distance between the strips.
3. Graph�very roughly�the de�ection of the hanging tape as a function of the distance betweentapes. Note that this de�ection from an original vertical position is a measure of the strengthof the interaction.
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Distance between two strips

0

0Activity 4:1. Hold the bottom of a hanging, active U tape and slowly rub your thumb or �ngers back andforth along its slick side.2. Describe the changes in how this U tape interacts with your hand. Also, with another U tape.
3. Reactivate two U tapes. Hang one from the table and note how strongly the other one repelsit.
4. Run a �nger along the length of the hanging tape's slick side, but touch only a portion of itswidth (not the full side). Be sure to leave a continuous vertical section untouched.5. Do the two tapes now exhibit a weaker or stronger repulsion, or no repulsion at all?
6. Try to explain what has been going on in this activity.44



Questions:1. Are U tapes electrically charged?2. Do U tapes have like or unlike electric charge?Investigation 3: A U and an L TapeChallenge: How would you prepare a tape that might have an electric charge unlike the chargeon a U tape?Preparing an L Tape:1. Stick a strip of tape, sticky-side down, on top of the base tape and smooth it down well withthumb or �ngertips. Write the letter L (for Lower) on the handle of this strip.2. Stick a second strip of tape, sticky-side down, on top of the L tape and smooth it down wellwith thumb or �ngertips. Write the letter U (for Upper) on the handle of this strip.3. Lifting the handle of the L tape, slowly pull it along with the U tape up and o� the base tape,which should remain stuck to the table.4. Hang the double layer of tape vertically from the edge of the table, handles down. Checkthat there is no interaction between it and your hand. If there is, do what you need to so theinteraction no longer occurs.5. While holding down the handle of the L tape, quickly life o� the U tape, then hang it verticallyfrom the edge of the table, not too close to the L tape.Prediction: Will the L tape attract, repel, or not interact with the U tape if the two are broughtwithin proximity of one another?
Activity 1:1. With your hand, check that both the U tape and the L tape are active. How can you tell?
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2. What interaction do you observe between an L tape and a U tape?
Prediction: Will an L tape attract, repel, or not interact with another L tape if the two arebrought within proximity of one another?
Activity 2:1. Make another pair of L and U tapes.2. Be sure that all four tapes are active.3. What interaction do you observe between two L tapes?

4. Summarize the interactions you have observed between U and L tapes:L-U:U-U:L-L:5. State a rule for the pattern of interactions between like and unlike charges:
Activity 3:1. Note that when you move an active L tape slowly toward a hanging U tape, there is a distanceat which attraction is �rst detectable.2. Note what happens as you repeatedly halve the distance between the strips.
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3. Graph�very roughly�the de�ection of the hanging tape as a function of the distance betweentapes. Note that this de�ection from an original vertical position is a measure of the strengthof the interaction.
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Questions:1. Why is this task more di�cult now than it was with two U tapes?
2. Do the forces between U and L tapes lie along or at an angle to the line between the tapes?Force by U tape on L tape:Force by L tape on U tape:Summary: In the table below, state very brie�y what you observed.47



Property Experimental Observation of U and L TapesThere are two kinds of charges; U-U:like charges repel; L-L:unlike charges attract. U-L:Electric force is proportional to amount of charge. U tape and partially neutralized U tape:Electric force acts along a line between charges. U-U:U-L:The strength of interaction decreases U-U:rapidly as distance between the charges increases. U-L:Activity 4:1. Quickly lift o� the base tape.2. Is it U-like or L-like? How can you tell?
Questions:1. How does all of this happen: How do the tapes become charged? Why are both U and Ltapes attracted to your hand? Why does rubbing the slick side of a tape with your �ngerappear to neutralize the tape?

2. What do you think charges are?
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10 ElectrostaticsName Section DateObjective
• To understand the basic phenomena of electric charges at rest.IntroductionAtoms consist of a central nucleus made up of protons and neutrons surrounded by one or moreelectrons. While the nuclei of solids are essentially localized, some of the electrons may be free tomove about. A substance which has as many electrons as it has protons is said to be electricallyneutral. Dissimilar objects have di�erent a�nities for electrons. When two such objects, initiallyneutral, are rubbed together, the friction may cause electrons to pass from one to the other. Afterseparation, neither object is neutral. Each is said to have been �charged by friction�. An isolated,electri�ed object becomes neutral again if its electron-proton balance is restored. A convenientmeans for accomplishing this is to connect the object to earth by means of a conductor, throughwhich electrons readily travel. This process is called �grounding the body�. Since an electri�edobject is referred to as �charged�, grounding is also referred to as �discharging�.Substances through which electrons do not move easily are called �non-conductors�, or �insulators�.Experiment has shown that when rubber and wool are rubbed together, electrons pass form thewool to the rubber. The electrons remain on the surface of the rubber�a non-conductor�where theywere transferred.Rubbing a metal rod with a wool cloth can also transfer electrons. This rod, however, is a conductorand electrons pass through it to the experimenter and then to the earth. People, made mostly ofsalt water, are good conductors, as well. Metal that is isolated, however, can be electri�ed. Thiscan be demonstrated with an electroscope, which has a metal knob connected to a stem from whicha thin metal leaf hangs. An insulator prevents contact of these metal parts with the case, andconsequently the earth.Apparatus
• electroscope
• rubber and glass rods
• wool and silk clothActivity 1: Charging by Friction1. Be sure the electroscope is discharged by touching the knob with your �nger. Explain whathappened and why you are convinced the electroscope is discharged.
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2. Prediction: If you rub the knob of an electroscope with a wool cloth, what will be the stateof the electroscope when you remove the cloth? Explain.
3. Gently and repeatedly rub the knob of the electroscope for a couple of minutes. Remove thecloth. Note any di�erences in the electroscope from its appearance before you rubbed.
4. Explain what, if anything, happened.

Activity 2: Charging by Contact1. Discharge the electroscope as before.2. Charge the rubber rod by friction with the wool cloth.3. Does anything occur in the electroscope when you bring the disc close to the knob withouttouching it?
4. Prediction: What will happen to the electroscope if you repeatedly touch its knob with afreshly charged object?
5. Touch the disc to the knob; rub the disc again and again touch it to the knob; repeat thisprocedure two or three more times. Describe any changes to the electroscope.
6. Repeat the procedure above until the electroscope's leaf is at approximately a twenty degreeangle with the stem.Activity 3: Kinds of Electri�cation 50



1. Electrify one end of the rubber rod by wrapping the wool cloth around the rod, squeezing thewool against the rod, twisting the rod vigorously to ensure good contact, and separating thewool from the rod.2. Prediction: What will happen when you bring the electri�ed end of the rubber rod toward,but not touching, the electroscope's knob? What will happen if you do the same with thewool cloth?
3. Bring the charged end of the rubber rod toward the knob, but do not touch it. Record whathappens.
4. Repeat number 3 with the wool cloth.
5. What di�erences were there between the trial with the rod and the trial with the cloth?
6. How would you account for these di�erences?
7. Note: By de�nition, the electrical state of the rubber after being rubbed by the wool isnegative. That is, an object that has an excess of electrons is said to be negatively charged.Realize that this is only a convention.8. If the rubber is said to be negatively charged, in what electrical state is the wool cloth?
9. How can an electroscope be used to determine the nature of any charge?
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10. Rub the end of the glass rod with the silk cloth and determine the charge of each after theyare separated.11. What is the charge of an electron? Of a proton?
Activity 4: Action of the Electroscope1. Discussion: Two facts explain the rise or fall of the leaves of an electroscope: (a) Likecharges repel (unlike charges attract); and (b) Free electrons move about in a conductor whenan electric force acts upon them.2. Discharge the electroscope.3. Prediction: What will happen when you bring the charged rubber rod near the dischargedelectroscope? What will happen if you do the same with the wool cloth?

4. Test your predictions; record the results; try to explain them.
5. When the wool approaches the knob, which way do the free electrons in the metal of theelectroscope move (up toward the knob or down toward the leaf)?
6. Do the leaf and stem now become positive or negative?
7. In Activity 3, the electroscope was negatively charged before either the rod or the wool wasbrought toward the knob. For the case of the rod, in which direction do the free electrons inthe electroscope move? Does the electron displacement increase or decrease the electrostaticforce separating the leaf from the stem?
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Activity 5: Charging by Induction1. Discharge the electroscope.2. Prediction: What will be the e�ect on the electroscope if you perform the following experi-ment: while grounding the electroscope with your �nger, bring an electri�ed rubber rod nearthe knob, then take away your �nger and then the rod (in that order)?
3. Carry out the experiment and describe the result.
4. Explain the result and why your prediction agreed or disagreed with it.
5. Prediction: Note that no electrons moved between the rod and the electroscope. Whatcharge has been induced on the electroscope?
6. Test your prediction with the negatively charged rubber rod and the positively charged wool.7. Does the test verify or contradict your prediction?
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11 The Electrical and Gravitational Forces4Name Section DateI began to think of gravity extending to the orb of the moon, and . . . I deduced thatthe forces which keep the planets in their orbs must be reciprocally as the squares oftheir distances from the centers about which they revolve: and thereby compared theforce requisite to keep the moon in her orb with the force of gravity at the surface of theearth, and found them to answer pretty nearly. All this was in the two plague years of1665 and 1666, for in those days I was in the prime of my age for invention, and mindedmathematics and philosophy more than at any time since. - Isaac NewtonObjectiveTo understand the similarities of the gravitational and electrical forces.OverviewThe enterprise of physics is concerned ultimately with mathematically describing the fundamentalforces of nature. Nature o�ers us several fundamental forces, which include a strong force thatholds the nuclei of atoms together, a weak force that helps us describe certain kinds of radioactivedecay in the nucleus, the force of gravity, and the electromagnetic force.Two kinds of force dominate our everyday reality-the gravitational force acting between masses andthe Coulomb force acting between electrical charges. The gravitational force allows us to describemathematically how objects near the surface of the earth are attracted toward the earth and howthe moon revolves around the earth and planets revolve around the sun. The genius of Newton wasto realize that objects as diverse as falling apples and revolving planets are both moving under theaction of the same gravitational force.

41990-93 Dept. of Physics and Astronomy, Dickinson College. Supported by FIPSE (U.S. Dept. of Ed.) andNSF. Portions of this material have been modi�ed locally and may not have been classroom tested at DickinsonCollege. 54



Similarly, the Coulomb force allows us to describe how one charge "falls" toward another or howan electron orbits a proton in a hydrogen atom.

The fact that both the Coulomb and the gravitational forces lead to objects falling and to objectsorbiting around each other suggests that these forces might have the same mathematical form.In this unit we will explore the mathematical symmetry between electrical and gravitational forcesfor two reasons. First, it is beautiful to behold the unity that nature o�ers us as we use the sametype of mathematics to predict the motion of planets and galaxies, the falling of objects, the �ow ofelectrons in circuits, and the nature of the hydrogen atom and of other chemical elements. Second,what you have already learned about the in�uence of the gravitational force on a mass can beapplied to aid your understanding of the forces on charged particles.Activity 1: Comparison of Electrical and Gravitational ForcesLet's start our discussion of this comparison with the familiar expression of the Coulomb forceexerted on charge 1 by charge 2.

Charles Coulomb did his experimental investigations of this force in the 18th century by exploringthe forces between two small charged spheres. Much later, in the 20th century, Coulomb's law55



enabled scientists to design cyclotrons and other types of accelerators for moving charged particlesin circular orbits at high speeds.Newton's discovery of the universal law of gravitation came the other way around. He thoughtabout orbits �rst. This was back in the 17th century, long before Coulomb began his studies. Astatement of Newton's universal law of gravitation describing the force experienced by mass 1 dueto the presence of mass 2 is shown below in modern mathematical notation:

About the time that Coulomb did his experiments with electrical charges in the 18th century,one of his contemporaries, Henry Cavendish, did a direct experiment to determine the nature ofthe gravitational force between two spherical masses in a laboratory. This con�rmed Newton'sgravitational force law and allowed him to determine the gravitational constant, G. A fact emergesthat is quite amazing. Both types of forces, electrical and gravitational, are very similar. Essentiallythe same mathematics can be used to describe orbital and linear motions due to either electrical orgravitational interactions of the tiniest fundamental particles or the largest galaxies. This statementneeds to be quali�ed a bit when electrons, protons and other fundamental particles are considered.A new �eld called quantum mechanics was developed in the early part of this century to take intoaccount the wave nature of matter, which we don't actually study in introductory physics. However,even in wave mechanical calculations electrical forces like those shown above are used.Activity 2: The Electrical vs. the Gravitational ForceExamine the mathematical expression for the two force laws.(a) What is the same about the two force laws?
(b) What is di�erent? For example, is the force between two like masses attractive or repulsive?How about two like charges? What part of each equation determines whether the like charges ormasses are attractive or repulsive? 56



(c) Do you think negative mass could exist? If there is negative mass, would two negative massesattract or repel?
Which Force is Stronger� Electrical or Gravitational?Gravitational forces hold the planets in our solar system in orbit and account for the motions ofmatter in galaxies. Electrical forces serve to hold atoms and molecules together. If we consider twoof the most common fundamental particles, the electron and the proton, how do their electrical andgravitational forces compare with each other?Let's peek into the hydrogen atom and compare the gravitational force on the electron due tointeraction of its mass with that of the proton to the electrical force between the two particles as aresult of their charge. In order to do the calculation you'll need to use some well known constants.Electron: me = 9.1 x 10−31 kg, qe = - 1.6 x 10−19 CProton: mp = 1.7 x 10−27 kg, qp = +1.6 x 10−19 CDistance between the electron and proton: r = 1.0 x 10−10 mActivity 3: The Electrical vs. the Gravitational Force in the Hydrogen Atom(a) Calculate the magnitude of the electrical force on the electron. Is it attractive or repulsive?
(b) Calculate the magnitude of the gravitational force on the electron. Is it attractive or repulsive?
(c) Which is larger? By what factor (i.e. what is the ratio)?
(d) Which force are you more aware of on a daily basis? If your answer does not agree with that inpart (c), explain why. 57



Activity 4: The Gravitational Force of the Earth(a) Use Newton's law to show that the magnitude of the acceleration due to gravity on an objectof mass at a height h above the surface of the earth is given by the following expression.
GMe

(Re + h)
2Hint: Because of the spherical symmetry of the Earth you can treat the mass of the Earth as if itwere all concentrated at a point at the Earth's center.

(b) Calculate the acceleration due to gravity of a mass m at the surface of the earth (h=0). Theradius of the earth is Re ≈ 6.38 x 103 km and its mass Me ≈ 5.98 x 1024 kg. Does the result lookfamiliar? How is this acceleration related to the gravitational acceleration g?
(c) Use the equation you derived in part (a) to calculate the acceleration due to gravity at theceiling of the room you are now in. How does it di�er from the value at the �oor? Can you measurethe di�erence in the lab using the devices available?
(d) Suppose you travel halfway to the moon. What is the new value of the acceleration? Can youmeasure the di�erence? (Recall that the earth-moon distance is about 384,000 km.)
(e) Is the gravitational acceleration "constant", g, really a constant? Explain.
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(f) In part (d) you showed that there is a signi�cant gravitational attraction halfway between theearth and the moon. Why, then, do astronauts experience weightlessness when they are orbiting amere 120 km above the earth?
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12 Electric Fields and Equipotential LinesName Section DateObjective
• To learn the shape of electric �elds.IntroductionCharged objects exert an electrical force on other charged objects in proportion to the amount ofcharge each has, just as massive objects exert a gravitational force on one another in proportion totheir masses. The magnitudes of both forces depend, too, on the distance between objects. However,whereas the gravitational force is always attractive, electrical forces may be either attractive orrepulsive depending on the sign of the charges. It is convenient in understanding the nature ofelectrical forces to draw pictures of them. We represent the �elds, which provide the magnitudeand direction of the forces, as lines. We agree on a convention: the direction of the �eld is that ofthe force on an in�nitesimal positive test charge. Thus, the lines of force originate on and come outof positive charges and are directed toward and terminate on negative charges (see �gure below).The magnitude of the �eld, and therefore the force, is proportional to the density of the �eld lines.

Please note that when the situation is electrostatic, 1) the electric �eld within a metal is zero, and2) the electric �eld just outside the surface of a metal is perpendicular to the surface. If either ofthese conditions were altered, then there would be an electric current in the metal, which is notan electrostatic situation. Because an electric �eld represents a force, work must be done to movea charged object along any of the �eld lines. Such work is de�ned to be the potential di�erencebetween the original and �nal points of movement along the lines of force. On the other hand,movement perpendicular to the �eld lines requires no work. Such movement is said to be along anequipotential line.
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In the �gure above, the electric �eld for a positive point charge is shown as lines with arrows. Theregions of equipotential (equipotential lines) are shown with circles. Notice that the equipotentiallines are perpendicular to the electric �eld lines and that the density of equipotential lines isproportional to the electric �eld strength.Electric �eld lines are di�cult to measure directly, but potentials can be measured with a voltmeter.An electric �eld will arise in the space surrounding two separated charged conductors. With onelead of a voltmeter connected to one of the conductors and the other used as a probe, the potentialscan be determined (see �gure below).
V Metal pins make

contact with conductor.

conductor

probe

+−

conducting
carbon sheet

Apparatus
• Power supply
• Voltmeter
• Conducting sheets
• Carbon and white paper
• Wooden board and pinsActivity 1: Field Lines for Two Point Charges61



Prediction: Using the rules given in the introduction and given in the �rst set of �gures, draw theelectric lines for two oppositely charged point objects. Sketch the equipotential lines.
1. Find the conducting paper with the two silver circles on the front and lay it over a copycarbon and a sheet of paper on top of the wooden board.2. Connect the positive output of the power supply to one of the circles and the negative to theother.3. Connect the negative lead of the voltmeter to the negative conductor and use the positivelead as the probe.4. With the power supply voltage turned on and set to 10 volts, probe lightly with the voltmeterto �nd a number of points on the carbon paper registering 9 volts. Push down each time you�nd a point so that marks will be made on the bottom paper.5. Repeat for 8 volts and so on to 1 volt.6. You should end up with a series of dots on your sheet of paper. Connect those associatedwith the same potential with smooth lines.7. Recalling the relationship between electric �eld lines and equipotential lines, sketch in theelectric �eld lines. (Other group members can sketch copies of the same results.)8. Does your experimental result agree with your prediction? Explain.

Activity 2: Field Lines for Parallel PlatesPrediction: Draw what you think the �eld lines and equipotential lines between parallel plateswill look like.
1. Carry out the instructions from Activity 1 to check your prediction.62



2. Does your result agree with your prediction? Explain.
Activity 3: Field Lines Between a Point Charge and a PlatePrediction: Draw what you think the �eld lines and equipotential lines between a point chargeand a parallel plate will look like.

1. Map the �eld lines as before.2. Does your result agree with your prediction? Explain.
3. If the potential is zero, must the electric �eld be zero as well?
4. What can you say about the electric �eld along an equipotential line?

Activity 4: Field Lines for a Plate and a Charged CirclePrediction: Sketch what you think the �eld and potential lines between a charged circle and aplate look like.
1. Determine the �eld lines. 63



2. What is the �eld strength within a charged, continuous surface?
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13 The Electric Potential5Name Section DateOverviewIt takes work to lift an object in the earth's gravitational �eld. Lowering the object releases theenergy that was stored as potential energy when it was lifted. Last semester, we applied theterm conservative to the gravitational force because it �releases� all of the stored energy. Wefound experimentally that the work required to move a mass in the gravitational �eld was pathindependent. This is an important property of any conservative force. Given the mathematicalsimilarity between the Coulomb force and the gravitational force, it should come as no surprisethat experiments con�rm that an electric �eld is also conservative. This means that the workneeded to move a charge from point A to point B is independent of the path taken between points.A charge could be moved directly between the two points or looped around and the work expendedto take either path would be the same. Work done by an electric �eld on a test charge q travelingbetween points A and B is given by
W =

∫ B

A

−→
F · d−→s =

∫ B

A
q
−→
E · d−→sActivity 1: Word Done on a Charge Traveling in a Uniform Electric Field(a) A charge q travels a distance d from point A to point B; the path is parallel to a uniform electric�eld of magnitude E. What is the work done by the �eld on the charge? How does the form ofthis equation compare to the work done on a mass m traveling a distance d in the almost uniformgravitational �eld near the surface of the earth?

E

B

A

d

(b) The charge q travels a distance d from point A to point B in a uniform electric �eld of magnitude
E, but this time the path is perpendicular to the �eld lines. What is the work done by the �eld onthe charge?51990-93 Dept. of Physics and Astronomy, Dickinson College. Supported by FIPSE (U.S. Dept. of Ed.) andNSF. Portions of this material may have been modi�ed locally and may not have been classroom tested at DickinsonCollege.
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E

d
BA

(c) The charge q travels a distance d from point A to point B in a uniform electric �eld of magnitude
E. The path lies at a 45◦ angle to the �eld lines. What is the work done by the �eld on the charge?

E

d

B

A

Potential Energy and Potential Di�erenceRecall that by de�nition the work done by a conservative force equals the negative of the change inpotential energy, so that the change in potential energy of a charge moving from point A to point
B under the in�uence of an electrical force is given by:

∆Epot = Epot,B − Epot,A = −
∫ B

A
q
−→
E · d−→sBy analogy to the de�nition of the electric �eld, we are interested in de�ning the electric potentialdi�erence ∆V = VB−VA as the change in electric potential energy ∆Epot per unit charge. Formally,the potential di�erence is de�ned as the work per unit charge that an external agent must performto move a test charge from A to B without changing its kinetic energy. The potential di�erencehas units of joules per coulomb. Since 1 J/C is de�ned as one volt, the potential di�erence is oftenreferred to as voltage.Activity 2: The Equation for Potential Di�erenceWrite the equation for potential di�erence as a function of −→E , d−→s , A, and B.

The Potential Di�erence for a Point Charge66



The simplest charge con�guration that can be used to consider how voltage changes between twopoints in space is a single point charge. We will start by considering a single point charge and thenmove on to more complicated con�gurations of charge.A point charge q produces an electric �eld that moves out radially in all directions. The line integralequation for the potential di�erence can be evaluated to �nd the potential di�erence between anytwo points in space A and B (a line integral is one that follows a path through space).It is common to choose the reference point for the determination of voltage to be set at in�nityso that we are determining the work per unit charge that is required to bring a test charge fromin�nity to a certain point in space. Let's choose a coordinate system so that the point charge isconveniently located at the origin. In this case we will be interested in the potential di�erencebetween in�nity and some point which is a distance r from the point charge. Thus, we can writethe equation for the potential di�erence, or voltage, as
∆V = VB − VA = Vr − V∞ = −

∫ r

∞
−→
E · d−→sOften, when the reference point for the potential di�erence is at in�nity, this di�erence is simplyreferred to as �the potential�, and the symbol ∆V is just replaces with the symbol V.Activity 3: Potential at a Distance r from a ChargeStarting from the expression for the electric �eld of a point charge, show that, if A is at in�nityand B is a distance r from a point charge q, then the potential V is given by the expression

V = kq
rwhere k = 1

4πε◦
= 8.99 x 109 Nm2/ C2.

pushed in from
Test charge being

to a distance r

from a charge q.

+
qo

to

Charge at
the origin

r

x

y

q toHint: What is the mathematical expression for an E-�eld from a point charge?
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The Potential Di�erence Due to Continuous Charge DistributionsThe potential from a continuous charge distribution can be calculated several ways. Each methodshould yield approximately the same result. First, we can use an integral method in which thepotential dV from each element of charge dq is integrated mathematically to give a total potentialat the location of interest. Second, we can approximate the value of the potential V by summingup several �nite elements of charge ∆q by using a computer spreadsheet or hand calculations.Again, let's consider a relatively simple charge distribution. In this case we will look at a ring withcharge uniformly distributed on it. We will calculate the potential on the axis passing through thecenter of the ring as shown in the diagram below. (Later on you could �nd the potential di�erencefrom a disk or a sheet of charge by considering a collection of nested rings).
x 2 + a2

q

x

a
P

A ring of charge has a total charge of Q = 20µC (i.e. 20 x 10−6 C). The radius of the ring, a, is30 cm. We want to �nd the electric �eld an the electric potential at a distance of x cm from thering along an axis that is perpendicular to the ring and passes through its center. Let's begin bycalculating the potential in the next activity.Hints: Since the potential is a scalar and not a vector we can calculate the potential at point P(relative to ∞) for each of the charge elements ∆q and add them to each other. This looks like a68



big deal but it is actually a trivial problem because all the charge elements are the same distancefrom point P .Activity 4: Numerical Estimate of the Potential from a Charged Ring(a) Divide the ring into 20 elements of charge ∆q and calculate the total V at a distance of x =20 cm from the center of the ring using a spreadsheet program or by hand calculation. Summarizethe result below. Be sure to attach a printout of your spreadsheet results.
Activity 5: Calculation of the Potential from a Charged RingBy following the steps below, you can use an integral to �nd a more exact value of the potential.(a) Show that

V = k
∫

dq
r

= k
∫

dq√
x2+a2

(b) Show that
k
∫

dq√
x2+a2

= k√
x2+a2

∫

dq(i.e. show that √x2 + a2 is a constant and thus can be pulled out of the integral).
(c) Perform the integration in part (b) above. Then substitute values for a, x, and Q into the69



resulting expression in order to obtain a more �exact� value for the potential.
(d) How does the �numerical� value that you obtained in Activity 4 compare with the �exact� valueyou obtained in (c)?
Now let's take a completely di�erent approach to the same problem. If we can �nd the vectorequation for the electric �eld at point P due to the ring of charge, then we can use the expression

∆V = Vr − V∞ = −
∫ r

∞
−→
E · d−→sas an alternative way to �nd a general equation for the potential at point P .

x 2 + a2

dE

x

a
P

dq

θ

Activity 6: ∆V from a Ring Using the E-�eld Method(a) Starting from the electric �eld of a point charge, show that the electric �eld at point P fromthe charged ring is given by
−→
E = kqx

(x2+a2)3/2
x̂Hints: (1) Why is there no y component of the E-�eld? (2) cos θ = x√

x2+a2
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(b) To �nd ∆V use the following equation.
∆V = Vr − V∞ = −

∫ r

∞
−→
E · d−→sHint: You will probably need to consult the integral tables in the appendix of your text. cos θ =

x√
x2+a2

(c) How does the result compare to that obtained in Activity 5 (c)?
Equipotential SurfacesSometimes it is possible to move along a surface without doing any work. Thus, it is possible toremain at the same potential energy anywhere along such a surface. If an electric charge can travelalong a surface without doing any work, the surface is called an equipotential surface.Consider the three di�erent charge con�gurations shown below. Where are the equipotential sur-faces? What shapes do they have?Hint: If you have any computer simulations available to you for drawing equipotential lines asso-ciated with electrical charges, you may want to check your guesses against the patterns drawn inone or more of the simulations.Activity 7: Sketches of Electric Field Lines and Equipotentials(a) Suppose that you are a test charge and you start moving at some distance from the chargebelow (such as 4 cm). What path could you move along without doing any work, i.e. −→

E · d−→s isalways zero? What is the shape of the equipotential surface? Remember that in general you canmove in three dimensions.
+1
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(b) Find some equipotential surfaces for the charge con�guration shown below, which consists oftwo charged metal plates placed parallel to each other. What is the shape of the equipotentialsurfaces?
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−
−
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−
−
−

−
−
−

−
−
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−
−
−(c) Find some equipotential surfaces for the electric dipole charge con�guration shown below.

+−(d) In general, what is the relationship between the direction of the equipotential lines you havedrawn (representing that part of the equipotential surface that lies in the plane of the paper) andthe direction of the electric �eld lines?

72



14 The Electric Field and the Electric Potential IName Section DateObjective
• To investigate the electric �eld and potential of a point charge.Apparatus
• Electric �eld and potential simulation entitled EM Field 6.IntroductionThe direction of an electric �eld is the direction of the force on a tiny positive test charge placedin the region of space where the �eld is to be measured. If the magnitude of this test charge isin�nitesimally small, so small that it will not displace or disturb the charges that are the source ofthe �eld, we can use the test charge to determine quantitatively the strength of the electric �eld.The strength of the electric �eld is taken to be the electric force, F, on the test charge divided bythe magnitude of the test charge, qt: E = F

qt
. The force (Coulomb's Law) between two charges, q1and q2, is F = k q1q2

r2 , where k = 9 x 109 Nm2/C2. The units of E are newtons per Coulomb, soanother way of describing the �eld strength is to say it is the force experienced by a unit positivetest charge.Recall from a previous laboratory exercise that the potential di�erence between two points A andB, VA - VB , is the work done carrying a unit positive charge from point A to point B. Also, thelines of force (the electric �eld lines) are always perpendicular to the equipotential lines, lines onwhich all points are at the same potential. In a static electric �eld, the electric potential di�erencebetween two points is a constant and does not depend on the path used for its computation. Theabsolute potential, as opposed to the potential di�erence, is the amount of work done in carryinga unit charge from in�nity to point B. The magnitude of the absolute potential, then, is computedas the integral from in�nity to the point B of the electric �eld.Investigation 1: A Single ChargeActivity 1: The Electric Field(a) Start the program EM Field 6 from the 132 menu. Click on the screen and you will see a screenwith a set of instructions. Go to the Sources menu and select 3D Point Charges. A blank `tabletop' with a set of menu buttons at the top and bottom will appear. See Figure 1 below.(b) Go to the Display menu and set EM Field 6 to Show Grid and Constrain to Grid. Thesechoices will make the following investigation a bit easier to perform.(c) Select the charge labeled �+4� from the available set by clicking on it and dragging it to thecenter of the table top.(d) Prediction: You will take measurements of the �eld at di�erent distances from the charge. Youknow the relative size of the charge (+4), but you don't know the size of the charge in Coulombs.Generate an expression for the magnitude of the �eld from an unknown charge with appropriatenumerical constants and units. The only unknown in your result should be the charge in Coulombs.How does the electric �eld depend on r, the distance from the point charge?73



Charges

Menus

Figure 4: Table top for EM Field 6.(e) Click anywhere in the table top and you will see an arrow drawn. The size and direction ofthe arrow represent the magnitude and direction of the electric �eld at that point due to the `+4'charge. In what direction does the arrow point? Click on the opposite side of the table top. Inwhat direction does this arrow point? How is it related to the �rst arrow?
(f) Click on many points so that you get a wide range of magnitudes from large (barely �ts on thetable top) to small (barely bigger than a dot).(g) Print the table top and use a ruler to measure the lengths of each of the arrows on your plot.Enter this data in the table below. Use the scale at the bottom of the table top to convert thelength of each arrow into an electric �eld magnitude. The units of the scale electric �eld vector are
1.0 N/C.
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Distance from Charge (m) Arrow Length (m) Measured E (N/C) Charge (C)
(h) Use the results in column 3 of your table to determine the unknown charge for each electric�eld measurement and enter the results in the table. Calculate the average and standard deviationof the values of the charge. Are your results consistent? Explain.
(i) Did the measured values agree with your predictions? If they didn't, can you explain why not?
(j) Prediction: From Coulomb's Law, we expect the spatial variation of the �eld strength to obeya power law: |E| = Arn, where A and n are constants. What do you predict the value of n to be?
(k) Graph �eld strength as a function of r. Using the power �tting function, determine the powerof the function, n and record it here. Attach the plot to this unit.
(l) Does your result agree with your prediction? Explain any discrepancy.
Activity 2: The Electric Potential(a) Under the Display menu click on Clean up Screen to erase the electric �eld vectors.75



(b) Prediction: You will now take measurements of the potential. How do you expect the electricpotential to change with distance from the point charge?
(c) Click on the Potential option under the Field and Potential menu. Click on the table topand a marker will be placed at that point and labeled with the value of the potential there. Clickon many spots on the table to top from very close to the point charge to far away. When you are�nished print the table top.
(d) Measure and record in the table the values of the distance from the point charge and thepotential. Distance (m) Measured V (volts) Predicted V (volts)
(e) Calculate the value of the electric potential at each of these points from the distance youmeasured from the point charge and the value of the charge from the previous activity. Fill inthe appropriate columns of the table with the distance and predicted potential. Show a samplecalculation in the space below.
(f) Did the measured values agree with your calculations? If they didn't, can you explain why not?
(g) Prediction: From Coulomb's Law and the de�nition of the electric potential, we expect thespatial variation of the potential to obey a power law: ∆V = Brm, where B and m are constants.76



What do you predict the value of m to be?
(h) Graph the voltage as a function of r. Using the power �tting function, determine the power ofthe function, m and record it here.
(i) Does your result agree with your prediction? Explain any discrepancy.
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15 The Electric Field and the Electric Potential IIName Section DateObjective
• To investigate the electric �eld and potential of a charge distribution.Apparatus
• Electric �eld and potential simulation entitled EM Field 6.IntroductionIn the previous unit (which we will refer to as Investigation 1) we studied the dependence of theelectric �eld and the electric potential on r, the distance from the single charge. Now we will studythe same ideas for a di�erent charge distribution.Investigation 2: Four Symmetrically Arranged ChargesActivity 1: The Electric Field(a) Start the program EM Field 6 from the 132 menu or (if it's already running) use the optionsunder the Display menu to clear the table top and delete any charges. Go to the Sources menuand select 3D Point Charges. A blank `table top' with a set of menu buttons at the top andbottom will appear (see Figure 1 in Investigation 1, the previous unit).(b) Go to the Display menu and set EM Field 6 to Show Grid and Constrain to Grid if theyare not already set. These choices will make the following investigation a bit easier to perform.(c) Under Sources, click on 3D Point Charges. Select the charge labeled �+1� from the availableset by clicking on it. Add four individual charges, arranging them symmetrically within about 1cm of the central point where the �+4� charge was located in Investigation 1 (the previous unit).(d) Prediction: How will the electric �eld be oriented inside the four charges? How the �eld beoriented outside the four charges? How will the �eld depend on r, the distance from the center ofthe four charges at large r?

(e) Click on the Field option under the Field and Potential menu. Click anywhere in the tabletop and you will see an arrow drawn. The size and direction of the arrow represent the magnitudeand direction of the electric �eld at that point due to the four charges. In what direction does thearrow point? Click on the opposite side of the table top. In what direction does this arrow point?How is it related to the �rst arrow? 78



(f) Click on many points so that you get a wide range of magnitudes from large (barely �ts on thetable top) to small (barely bigger than a dot).(g) Print the table top and use a ruler to measure the lengths of each of the arrows on your plot.Enter this data in the table below. Use the scale at the bottom of the table top to convert thelength of each arrow into an electric �eld magnitude. The units of the scale electric �eld vector are
1.0 N/C.Distance from Charge Center (m) Arrow Length (m) Measured E (N/C)
(h) Prediction: From Coulomb's Law, we expect the spatial variation of the �eld strength to obeya power law: |E| = Arn, where A and n are constants. What do you predict the value of n to be?(i) Graph your results. Using the power �tting function, determine the power of the function, nand record it here. Attach the plot to this unit.(j) Does your result agree with your prediction? Explain any discrepancy.Activity 2: The Electric Potential(a) Under the Display menu click on Clean up Screen to erase the electric �eld vectors.(b) Prediction: You will now take measurements of the potential. How do you expect the electricpotential to change with distance from the center of the four charges?(c) Click on the Potential option under the Fields and Potentials menu. Click on the table topand a marker will be placed at that point and labeled with the value of the potential there. Click79



on many spots on the table top from very close to the charges to far away. When you are �nishedprint the table top.(d) Measure and record in the table below the values of the distance from the point charge and thepotential. Distance (m) Measured V (volts)
(e) Prediction: From Coulomb's Law and the de�nition of the electric potential, we expect thespatial variation of the potential to obey a power law: ∆V = Brm, where B and m are constants.What do you predict the value of m to be?(f) Graph your results. Using the power �tting function, determine the power of the function, mand record it here.(g) Does your result agree with your prediction? Explain any discrepancy.(h) How do your results for the power constants, n and m, of the four symmetrically-arrangedcharges compare with the power constants you determined in Investigation 1 (the previous unit)for the single point charge?(i) What can you conclude about the �eld and potential e�ects due to a distribution of charge80



outside the region of the distribution (in relation to a single point charge)?
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16 The Electric Field and the Electric Potential IIIName Section DateObjective
• To investigate the relationship between the electric potential and the electric �eld.Apparatus
• Electric �eld and potential simulation entitled EM Field 6.IntroductionIn the previous units (which we will refer to as Investigation 1 and 2) we studied the dependenceof the electric �eld and the electric potential on r, the distance from a charge distribution. Now wewill study the same ideas for a charge distribution commonly found in physics and chemistry usingthe same methods we used before.Investigation 3: An Electric DipoleActivity 1: The Electric Field(a) Start the program EM Field 6 from the 132 menu or use the options under the Display menuto clear the table top and delete any charges. Go to the Sources menu and select 3D PointCharges. A blank `table top' with a set of menu buttons at the top and bottom will appear.(b) Go to the Display menu and set EM Field 6 to Show Grid and Constrain to Grid if theyare not already set. These choices will make the following investigation a bit easier to perform.(c) Clear the table top and build an electric dipole by placing two magnitude �4� charges of oppositesign a distance 2 cm apart near the left side of the table top.(d) Prediction How will the electric �eld be oriented inside the four charges? How the �eld beoriented outside the four charges? How will the �eld depend on r, the distance from the center ofthe four charges at large r?

(e) Click on the Field option under the Fields and Potentials menu. Click along a line per-pendicular to the midpoint of a line joining the two charges. The size and direction of the arrowrepresent the magnitude and direction of the electric �eld at that point due to the dipole. In whatdirection does the arrow point? 82



(f) Click on many points along the same line so that you get a wide range of magnitudes from large(barely �ts on the table top) to small (barely bigger than a dot).(g) Print the table top and use a ruler to measure the lengths of each of the arrows on your plotand the distance from the midpoint of a line joining the two charges. Enter this data in the tablebelow. Use the scale at the bottom of the table top to convert the length of each arrow into anelectric �eld magnitude. The units of the scale electric �eld vector are 1.0 N/C.Distance from Charge Center (m) Arrow Length (m) Measured E (N/C)
(h) Prediction: From Coulomb's Law, we expect the spatial variation of the �eld strength to obeya power law: |E| = Arr, where A and n are constants. What do you predict the value of n to be?
(i) Graph your results. Using the power �tting function, determine the power of the function, nand record it here. Attach the plot to this unit.
(j) Does your result agree with your prediction? Explain any discrepancy.
(k) How do your results compare with the power law constants you found in Investigations 1 and2? Explain.
Activity 2: The Electric Potential(a) Under the Display menu click on Clean up Screen to erase the electric �eld vectors.83



(b) Prediction: You will now take measurements of the potential. How do you expect the elec-tric potential to change with distance from the electric dipole along the line perpendicular to themidpoint of a line joining the two charges?
(c) Click on the Potential option under the Field and Potential menu. Click on the table topand a marker will be placed at that point and labeled with the value of the potential there. Clickon many spots on the table top along the line perpendicular to the midpoint of the line joining thetwo charges. When you are �nished print the table top.
(d) Measure and record in the table the values of the distance from the point charge and thepotential. Distance (m) Measured ∆V (volts)
(e) Prediction: From Coulomb's Law and the de�nition of the electric potential, we expect thespatial variation of the potential to obey a power law: ∆V = Brm, where B and m are constants.What do you predict the value of m to be?
(f) Graph your results. Using the power �tting function, determine the power of the function, mand record it here.
(g) Does your result agree with your prediction? Explain any discrepancy.84



(h) How do your results compare with the power law constants you found in Investigations 1 and2? Explain.
Activity 3: Equipotential Lines and Field Lines(a) Under the Field and Potential menu, drag down to Equipotentials. Click the mouse on thetable top and a dotted line will be drawn representing the equipotential line with a label representingthe value of the electric potential. [If the curve does not close (i.e., the last point drawn doesn'tmatch up with the starting point), consult the instructor.] Map out the equipotential lines bymoving the cursor across the table top away from each charge and clicking the mouse at regularintervals.(b) What do these curves represent?
(c) Where is the potential attractive and where is it repulsive for a positive charge?
(d) Under the Field and Potential menu, click on Field Lines�Auto. The �eld lines of thecharge distribution will be drawn. [If EM Field 6 takes a long time to draw one of the �eld lines,consult your instructor.] Print the result and attach it to this unit.
(e) How are the �eld lines and the equipotential lines related to one another at the point wherethey cross?
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17 The Electric Field and the Electric Potential IVName Section DateObjective
• To investigate the electric �elds of atoms.Apparatus
• Electric �eld and potential simulation entitled EM Field 6.Investigation 4: An �Atom�Activity 1: The Electric Field(a) Start the program EM Field 6 from the 132 menu or use the options under the Display menuto clear the table top and delete any charges. Go to the Sources menu and select 3D PointCharges. A blank `table top' with a set of menu buttons at the top and bottom will appear.(b) Go to the Display menu and set EM Field 6 to Show Grid and Constrain to Grid if theyare not already set. These choices will make the following investigation a bit easier to perform.(c) Build an �atom� by symmetrically surrounding a �+36� charge with four (4) �-9� charges. Makethe positive �nucleus� by clicking and dragging a �+9� charge to the same spot four times.(d) Prediction How will the electric �eld be oriented inside the atom? How the �eld be orientedoutside the atom? How will the �eld depend on r, the distance from the nucleus of the atom atlarge r?

(e) Click on the Field option under the Field and Potential menu. Next, click along a line tothe right of the positive charge. What direction does the arrow point?
(f) Click on many points on the table top so that you get a wide range of magnitudes from large(barely �ts on the table top) to small (barely bigger than a dot).(g) Print the table top and use a ruler to measure the lengths of each of the arrows on your plotand the distance from the positive nucleus. Enter this data in the table below. Use the scale at thebottom of the table top to convert the length of each arrow into an electric �eld magnitude. Theunits of the scale electric �eld vector are 1.0 N/C.86



Distance from Charge Center (m) Arrow Length (m) Measured E (N/C)
(h) Prediction: From Coulomb's Law, we expect the spatial variation of the �led strength to obeya power law: |E| = Arn, where A and n are constants. What do you predict the value of n to be?
(i) Graph your results. Using the power �tting function, determine the power of the function, nand record it here. Attach the plot to this unit.
(j) Does your result agree with your prediction? Explain any discrepancy.
(k) How do your results compare with the power law constants you found in Investigation 3 for theelectric dipole? Explain.
(l) How do your results compare with the power law constants you found in Investigations 1-2 forthe positive charge distributions? Explain.
Activity 2: The Electric Potential(a) Under the Display menu click on Clean up Screen to erase the electric �eld vectors.(b) Prediction: You will now take measurements of the potential. How do you expect the electricpotential to change with distance from the positive nucleus?87



(c) Click on the Potential option under the Field and Potential menu. Click on the table topand a marker will be placed at that point and labeled with the value of the potential there. Clickon many spots on the table top along the line to the right of the positive charge. When you are�nished print the table top.
(d) Measure and record in the table the values of the distance from the point charge and thepotential. Distance (m) Measured ∆V (volts)
(e) Prediction: From Coulomb's Law and the de�nition of the electric potential, we expect thespatial variation of the potential to obey a power law: ∆V = Brm, where B and m are constants.What do you predict the value of m to be?
(f) Graph your results. Using the power �tting function, determine the power of the function, mand record it here.
(g) Does your result agree with your prediction? Explain any discrepancy.
(h) How do your results compare with the power law constants you found in Investigation 3 for theelectric dipole? Explain.
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(i) How do your results compare with the power law constants you found in Investigations 1-2 forthe positive charge distributions? Explain.
(j) Atoms, and therefore molecules, are composed of equal numbers of positive and negative charges(protons and electrons), each with its own electric �eld. In many circumstances, we can treat thewhole atom as a neutral particle with no electric �eld (recall, for example, our treatment of idealgas particles). How do the electric �elds of di�erent charges �cancel� out to reduce the magnitudeof the electric �eld?
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18 The Electric Field of the Atomic NucleusName Section DateIntroductionIn this exercise you will make a theoretical investigation of the electric �eld associated with theatomic nucleus. Our current understanding of the nucleus is the product of scattering experimentswhere a projectile (e.g. an electron, photon, or even another nucleus) is given an initial kineticenergy and collides with a target nucleus (see �gure below).
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A scattering event.The �nal energies and velocities of the products of the reaction are then measured and the nature ofthe interaction is inferred. There are several important features of the nucleus that can be learnedfrom these experiments:1. The nucleus is small, about 100,000 times smaller than the atom itself.2. Most of the matter and all of the positive charge is located in this tiny object.3. There exists a force, called the strong force, that is attractive, acts only within the volume ofthe nucleus, and is powerful enough to overcome the repulsion between the positive chargesconcentrated in the nucleus.Below you will calculate the electric �eld of the 208Pb nucleus and the force between an incidentproton and 208Pb. You will also calculate the work necessary to penetrate the nucleus.Activity 1: The Electric Field of 208Pb(a) From scattering experiments like those described above one �nds that the positive charge of
208Pb is uniformly distributed throughout the volume of the nucleus, which can be treated as asphere of radius 7.11 x 10−15 m or in units common to nuclear physics, 7.11 fm, where �fm� isknown as a fermi. Calculate the total charge, Q, of the 208Pb nucleus.
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(b) Calculate the volume charge density, ρ, of the 208Pb nucleus.
(c) Starting with Gauss' Law, generate an expression for the electric �eld, E, outside of the 208Pbnucleus as a function of r, the distance from the center of the sphere. Show and explain each stepof the calculation.

(d) Use Gauss' Law to �nd an expression for E inside the nucleus as a function of r. Show andexplain each step of the calculation.

(e) Construct a data table with the column headings r (fm), E (N/C), and F (N) in the spacebelow. Then use the expressions you derived above to calculate the electric �eld for at least tenradial positions between 0 and 20 fm and enter the results in the table. Include 7.11 fm as one ofyour radial positions.
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Activity 2: The force on a Proton(a) Consider a head-on collision between a proton and the 208Pb nucleus. Generate an expressionfor the force on the proton as a function of r outside the lead nucleus.
(b) Calculate an expression for the force on the proton as a function of r inside the lead nucleus.
(c) Use these expressions to calculate the force at the same radial positions you calculated E andenter the results in the table.(d) Graph F (y axis) vs. r and attach a copy to the unit.Activity 3: The Work Done by the Field(a) Recall that the work done by a force is W =

∫ rf

ri

−→
F · d−→s where ri and rf are the initial and�nal positions of the object in motion. Treat the 208Pb nucleus as a �xed target and calculate thework done by the Coulomb force on the proton if the proton approaches from in�nity and reachesthe surface of the lead nucleus. Show all work.

(b) We know that the nuclear force binds particles like neutrons and protons together once theyenter the nucleus. From the graph of the force as a function of position, what is the minimum92



strength of the nuclear force in 208Pb that will bind the proton in the nucleus? Clearly state yourreasoning.
(c) Consider a proton that has just enough initial kinetic energy to move from in�nitely far awayand just reach the surface of the lead nucleus. How is the initial kinetic energy related to the workdone by the �eld?
(d) How would the trajectory of the proton be a�ected if the kinetic energy is less?
(e) How would the trajectory of the proton be a�ected if the kinetic energy is greater?
(f) What minimum kinetic energy is needed for a proton to probe the nucleus? Explain.
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19 The Charge Distribution of the H2O MoleculeName Section DateIntroductionIn this exercise you will make a theoretical investigation of the charge distribution within a watermolecule (H2O). The molecule is electrically neutral and is made of 10 positive electric charges and10 negative electric charges (8 protons and electrons from the oxygen atom and 1 proton and electronfrom each of the two hydrogen atoms). Despite the net electrical neutrality of the molecule it canproduce an electric �eld if the positive and negative charges within it have di�erent con�gurations.If the most probable position of the positive charges in the molecule does not coincide with the mostprobable position of the negative charges as shown in Figure 1a, then we call that con�gurationan electric dipole. Another candidate for the charge distribution of H2O is shown in Figure 1band is called an electric quadrupole. The most probable position of the positive charge is eitherabove or below the x-axis while the negative charge is most likely to be found at the origin. This'probabilistic' view of the location of the charges is the basis of quantum mechanics, the theorydescribing the subatomic world. Below you will calculate the electric potential for these two chargedistributions and you will use your results to �nd the electric �eld for the dipole and quadrupole.You will then consider the design of an experiment to distinguish between the two di�erent chargedistributions.
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a.  Electric dipole b.  Electric quadrupoleActivity 1: The Electric Dipole(a) Calculate the electric potential, V, for the electric dipole for a point along the y-axis, but at a94



position |y|> a1. Your �nal expression should depend on the position, y, the charge, q1, and themost probable location of the charges, a1.
(b) Generate an expression for the potential energy, U, of the charge distribution when anothercharge, qtest, placed somewhere on the y-axis with |y|> a1.
(c) Recall the component of the force on a particle is related to the potential energy of the particleby Fy = -dU

dy
. Calculate the force on the test charge in terms of the position on the y-axis, thecharges, and a1.

(d) Make the approximation that the test charge is far from the molecule, i.e., |y| � a1, to generatea new expression for the force.
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Activity 2: The Electric Quadrupole(a) Calculate the electric potential, V, for the electric quadrupole for a point along the y-axis, butat a position |y| > a2. Your �nal expression should depend on the position, y, the charge, q2, andthe most probable location of the charges, a2.
(b) Generate an expression for the potential energy, U, of the charge distribution when anothercharge, qtest, is placed somewhere on the y-axis with |y| > a2.
(c) Calculate the force on the test charge in terms of the position on the y-axis, the charges, anda2.
(d) Make the approximation that the test charge is far from the molecule, i.e., |y| � a2, to generatea new expression for the force.
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Activity 3: Distinguishing Between the Two Di�erent Charge Distributions(a) Construct a table in the space below with column headings y (angstroms), Dipole Force (arbi-trary units), and Quadrupole Force (arbitrary units). The units of distance known as angstromsare commonly used in atomic physics. One angstrom is equal to 10−10 m.
(b) To calculate the force on the test charge one must know the charges and their positions for eachcharge distribution (q1, q2, a1, a2). These quantities are unknown to us at this point. However, wewant to compare the behavior of the force due to each as a possible probe of the molecule's chargedistribution. In the expressions you generated in step (d) of Activities 1 and 2 for |y| � a1 or |y| �a2 the forces depend on some power of y. For convenience, set the constant in front of this power ofy to unity. Calculate the forces for the dipole and quadrupole at distances between 1.5 angstromsand 5.0 angstroms in 0.5 angstrom steps. Enter your results in the table.(c) Make a graph of the force due to the dipole and due to the quadrupole as a function of y. Inserta copy of the graph into your notebook.(d) In many experiments constants like those in your expressions for the force on the test charge areunknown or poorly known. Suppose, however, that you are able to accurately measure the radialdependence of the force on qtest at distances far from the H2O molecule. If that is the case usethe results from steps (b) and (c) to propose a technique to distinguish between the two candidatesfor the charge distribution of H2O. Support your proposal with a mathematical argument. (Hint:Consider a ratio involving the measured force.)
(e) Experiment has found that water behaves as an electric dipole with the electric dipole moment,q1a1, measured to be 6.2 x 10−30 C-m. If the charge that creates the dipole, q1, is the chargeassociated with the protons and electrons of the molecule calculate the separation of the charges,a1. How does it compare with the size of the H2O molecule of about 1.0 angstroms?97



20 Ohm's LawName Section DateObjectives
• To investigate the most important principle in electronics.
• To determine how resistors in series and parallel add.IntroductionThe rate at which electric charge �ows through a conductor is called the electric current. In orderto have a current, a potential di�erence, or voltage is necessary. We �rst want to determine therelationship between the potential di�erence at two ends of a conductor and the current �owingthrough it.Note: Do not turn on a power supply until you are sure your circuit is correct. If you are atall unsure, please ask your instructor to approve your setup. Ammeters can be instantly andpermanently ruined by an improper connection. Be sure to turn o� the power supply before makingany changes to the circuit.Apparatus
• power supply
• 2 rheostats
• ammeter
• voltmeterActivity 1: Ohm's Law
• Connect two rheostats (or variable resistors) in series as shown in the �gure below. Set R1at about the halfway point and R2 at the maximum. Connect an ammeter as shown. Also,connect a voltmeter across (that is, connect a probe to each side of) R1.
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R1
R2

+ −

power supply
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• When sure of your circuit, turn on the power supply, and turn the voltage up all the way..
• Record the current through the circuit and the voltage across R1.
• Reduce the resistance of R2 and record the current and voltage three more times by turn-ing down the rheostat in approximately equal steps so that for the last time R2 is turnedcompletely down.
• Turn o� the power supply.
• Plot your four pairs of readings with the voltage on the vertical axis and the current on thehorizontal axis.
• Fit a straight line to the points, using the origin as a �fth point.
• Is a straight line a good �t to the data? What does that say about the relationship betweenvoltage and current?
• What are the value and meaning of the slope of this line? Write the equation of the line.
• Remove R1 from the rest of the circuit and use the ohmmeter option on the multimeter tomeasure the resistance of R1. Does it agree with the slope you found? What is the percentdi�erence? Replace R1.
• What is the general relationship between voltage, current, and resistance? This is Ohm'sLaw. 99



• Why is the origin a legitimate point on the curve?
Activity 2: Resistors in Series

• Turn rheostat R2 to its maximum setting. Connect the multimeter across this resistor, beingsure to set it for reading voltages.
• When you are sure the circuit is set, turn on the power supply and record the current andvoltage. Turn o� the power supply.
• Prediction: Based on your measurements, predict the resistance of R2.
• Remove and measure the resistance of R2. Record the percent di�erence between your pre-diction and measurement. Replace R2.
• Was the current this time di�erent from the �rst reading in Activity 1?
• What can you conclude about the current through two resistors in series?
• Connect the multimeter across both resistors, being sure to switch to voltage readout.
• When you are sure the circuit is correct, turn on the power supply and record the currentand voltage. Turn o� the power supply.
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• Has the current changed?
• Has your previous conclusion been substantiated or refuted?
• How is the voltage just measured related to the �rst voltage measurements in Activities 1 and2?
• What can you conclude about the voltage across resistors in series?
• Using your conclusions concerning voltages across and current through resistors in series andyour formulation of Ohm's law, what can you conclude about the total resistance in a circuithaving two resistors in series?

Activity 3: Resistors in Parallel
• Connect the two rheostats in parallel as shown in the �gure below, with the ammeter at thepoint marked A and the voltmeter across the two rheostats. Set the rheostats at about theirhalfway settings.
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• When you are sure the circuit is set up correctly, turn on the power supply and record the totalcurrent through the circuit and the voltage drop across the parallel resistance combination.Turn o� the power supply.
• Connect the ammeter to the point marked A1 without disturbing the rest of the circuit; applypower and record the current through R1 and the voltage reading. Turn o� the power supply.
• Repeat the above measurements for R2, connecting the ammeter at A2 instead of A1.
• Using Ohm's Law, calculate the two resistances of the parallel connection and also the totalresistance of the circuit. Check with the ohmmeter and determine the percent di�erences.
• What is the relationship between the total current and the current in each of the branches ofthe parallel circuit?
• What is the relationship between the total resistance of the parallel circuit and the resistanceof each of the branches (you may want to look up in a reference what the correct relationshipshould be and see if your result agrees with it)?
• Determine, using Ohm's law, what the voltage was in each branch of the parallel circuit. Didit make any di�erence that you didn't reposition the voltmeter during this activity? On thebasis of Ohm's law, does the result make sense?
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• Can the total resistance of a series combination ever be less than the resistance of the largestresistor? Explain.
• Can the total resistance of a parallel combination ever be greater than the resistance of thesmallest resistor? Explain.
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21 Kirchho�'s RulesName Section DateObjective
• To study Kirchho�'s rules for analyzing circuits.IntroductionTwo statements comprise Kirchho�'s rules. The �rst, the so-called junction rule, restates theconservation of charge; the second, the so-called loop rule, restates the conservation of energy:1. The sum of the currents entering any junction (or node) must equal the sum of the currentsleaving that junction.2. The algebraic sum of electrical potential changes across all the elements around any closedloop must be zero.Note: Do not turn on a power supply until you are sure your circuit is correct. Please askyour instructor to approve your setup. Ammeters can be instantly and permanently ruined by animproper connection. Be sure to turn o� the power supply before making any changes to the circuit.Apparatus
• power supply
• three-resistor board
• analog ammeter
• digital voltmeterActivity
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1. Referring to the circuit above, choose a junction and write an equation which satis�es Kirch-ho�'s �rst rule.
2. Identify two closed loops on the circuit which contain at least one element not included in theother. Write an equation for each loop that satis�es Kirchho�'s second rule.
3. You now have three equations that can be solved for the three currents in terms of the suppliedvoltage (emf), ε, and the three resistors, RA, RB , and RC . Carry out the algebra to obtainexpressions for the three currents in terms of these quantities.

4. Now use Ohm's law and the sum rules for resistors in series and in parallel to derive expressionsfor the three currents.

5. Are the results of 3 and 4 the same? They should be.105



6. Set a digital multimeter to measure resistance. Determine and record values for the threeresistors, RA, RB , and RC , which are mounted on the wooden block.
7. Prediction: if the emf, ε, were 5.0 V, what do you predict the three currents would be?
8. Con�gure the circuit as in the �gure above, using the power supply as the source of emf. Withthe power supply o�, set the current control at mid-range and the voltage control all the waydown. Set the digital multimeter to measure voltage and connect it in parallel with the powersupply to measure ε. Connect the analog ammeter in series with resister RA to measure thecurrent IA.9. After checking with your instructor that the circuit is correct, turn on the power supply andset ε to about 5.0 V. Record ε and IA, then turn o� the power supply.
10. Set up the circuit to measure IC . After getting assurance from you instructor that your circuitis correct, turn on the power supply and record ε and IC . Turn o� the power supply.
11. Set up, measure and record IB .
12. Do your results agree with your prediction? How large, in terms of percentage, are thediscrepancies? Speculate on what might cause any di�erences.
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22 Magnetism IName Section DateObjectives
• To investigate the characteristics of magnets.
• To understand how a compass works.IntroductionThe electric interaction, you probably know, is not the only one in which opposites attract and likesrepel. Magnetic interactions have similar characteristics. All simple magnets, regardless of size, arebipolar: there are two magnetic poles. Consider this question, then: Can we talk about like andunlike as we do for electricity?Apparatus
• 2 bar magnets
• 2 cylindrical magnets
• wooden stand
• wool cloth
• rubber rodActivity 1: The Characteristics of Magnets1. Feel the attraction between two magnets when pulled apart after having come together withoute�ort on your part. Describe qualitatively in terms of strength and separation.
2. Feel the repulsion when one of them is turned around and pushed toward the other. Describeas in step 1.
3. Note and describe the di�erence in (strength and direction of) interactions between the endsand the middle.
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Activity 2: How a Compass Works1. Identify geographic north and south.2. Hang one of the cylindrical magnets horizontally from the yoke.3. When it comes to rest, along which geographical line does the magnet lie?
4. Which end (colored or uncolored) is the "north-seeking" end?
5. Remove the cylindrical magnet from the yoke and repeat step 2 with the second cylindricalmagnet. Answer, again, the questions above.
6. What happens when you bring the "north-seeking" end of the �rst magnet near the hangingone's north-seeking end?
7. What happens when you bring the �rst magnet's opposite end near the second's north-seekingend?
8. What about the �rst magnet's north-seeking end near the opposite end of the hanging one?
9. What happens when you bring the opposite ends near one another?
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10. De�ne in your own words like and unlike poles?
11. What always happens between like poles?
12. What always happens between unlike poles?
13. Determine with a labelled bar magnet which end of your hanging magnet should be identi�edas the north pole and which the south.14. Why do we identify one end of a magnet as the north pole and the other as the south?
15. In your own words, explain a compass?
16. In terms of magnetism, what is the earth?
17. Charge a rubber rod with the wool cloth and bring it near the ends of the suspended magnet;describe its e�ect on the magnet.
18. Does a south magnetic pole repel a negative electric charge?
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19. Does a north magnetic pole attract a negative electric charge?
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23 Magnetism IIName Section DateObjective
• To investigate the magnetic �eld around a permanent magnet.IntroductionThe magnetic �eld characterizes magnetic forces in much the same way that the electric �eldcharacterizes electric forces. At a given point in the region around a magnet� the strength ofthe �eld, similar to that of an electric �eld, is the force per unit north pole (one positive unit ofmagnetism), and the direction is indicated by the orientation of the north pole of a compass locatedat the point. On earth, the �eld mapped out around the magnet is actually the resultant of the�eld due to the magnet and the �eld due to the earth.Apparatus
• 2 bar magnets
• small compass
• white paper and tapeActivity 1: A Single Bar Magnet

bar magnetN S

Earth’s North Pole

1. Center and tape a bar magnet on a piece of paper and orient it so that the magnet's south polepoints to the earth's geographic north pole. Indicate the magnet's polarity and the directionof the earth's �eld.2. Place the small compass near the north pole of the magnet and make a dot at each end ofthe needle using a pencil not encased in metal.3. Move the compass forward until its south pole points at the previous north pole dot, andmake a new dot at the north pole. 111



4. Repeat 3 until the series of dots reaches the south pole of the magnet or the edge of the paper.5. In a similar manner, trace enough lines to map the magnetic �eld over the entire paper. Takepoints about 0.5 cm apart near the poles and about 2 cm apart near the middle of the magnet.6. There are two points, called neutral points, near each end of the magnet where the magnet's�eld and the earth's �eld are equal and opposite and so cancel. At these points, the compasswill align in no particular direction. Try to locate these points by tracing very carefully thelines of force in the neighborhood of the poles.7. Do lines of force ever cross?
8. Where are the magnetic forces strongest? Weakest? How do the force lines indicate this?Does a line of force represent a constant force along its entire length?
9. Do the lines intersect the magnet at a particular angle (like the electric �eld lines near aconductor)? What does this imply about the source of a magnetic �eld as opposed to thesurface charge of a conductor as the source of an electric �eld?

Activity 2: Two Bar Magnets�Unlike Poles Facing One Another
Earth’s North Pole

S N Magnet 2Magnet 1

1. Set up two bar magnets on a sheet of paper as shown in the �gure above. The magnets shouldbe 8-10 cm apart.2. Repeat steps 2 through 5 from the previous activity.112



3. What sort of charge con�guration produces an electric �eld that looks similar to the magnetic�eld you just identi�ed?
4. What di�erences can you recognize?

Activity 3: Two Bar Magnets�Like Poles Facing One Another
Earth’s North Pole

N Magnet 2Magnet 1 N

1. Set up two bar magnets on a sheet of paper as shown in the �gure above. The magnets shouldbe 8-10 cm apart.2. Repeat steps 2 through 5 from Activity 1 of this investigation.3. Try to identify on your map a point at which the magnetic �eld is zero. Explain what causesthis e�ect.
4. What sort of electric charge con�guration would produce a similar �eld map?
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24 Magnetism IIIName Section DateObjectivesTo investigate:
• The e�ect of magnetic �elds on moving charges.
• The e�ect of moving charges on magnets.Apparatus
• Bar magnet
• Oscilloscope
• Tangent galvanometer
• Compass
• Power supplyActivity 1: Magnetic Forces on Moving Charges1. Turn on the oscilloscope by pressing the power button. Turn the TIME/DIV knob completelycounterclockwise. Adjust the INTEN (intensity) and FOCUS knobs so that a small brightspot is formed on the oscilloscope screen by the beam of electrons traveling toward you. Adjustthe ILLUM (illumination) knob so that the grid on the screen can be seen clearly. Use thehorizontal and vertical POSITION controls to center the spot on the screen.2. Note: An oscilloscope is built around the principle of the cathode ray tube. It emits electronsfrom its back end. These are accelerated by a series of electrodes and focused to strike a�uorescent screen at its front. The result is a visible trace identifying voltage as a function oftime.3. Predictions: What, if anything, will happen to the spot on the screen if the north pole ofa magnet is brought near the left side of the oscilloscope? What will happen if you do thesame with the south pole? What about when each of the poles are brought near to the top?[Please do not touch the oscilloscope with the magnet.]
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4. Bring the N-pole of a horizontal bar magnet near, but not touching, the left side of theoscilloscope case at the height of the spot. Record the direction of any de�ection. Repeatwith the S-pole.
5. Bring the N-pole of a vertical bar magnet near, but not touching, the top of the oscilloscopecast just above the spot. Record the direction of any de�ection. Repeat with the S-pole.
6. Turn o� the oscilloscope.7. Did the directions of de�ections meet your expectations? Explain.

Activity 2: Moving Charges E�ect on MagnetsIn this investigation we will use a device known as a tangent galvanometer to make a qualitativestudy of the e�ect of current (moving charges) in a coil of wire on a compass. A sketch of thegalvanometer is shown below.
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Figure 1. Tangent galvanometer and compass.1. Connect the positive and negative electrodes on the power supply to the two side screws onthe tangent galvanometer. 115



2. With the power supply o�, place the compass of the platform in the center of the tangentgalvanometer. Align the compass and the plane of the wire coil of the galvanometer with thecontacts of the galvanometer to the right. Turn the power supply on and slowly turn up thevoltage. What do you observe? Make a sketch to show the orientation of the compass andtangent galvanometer with the voltage on and o�.
3. Turn the voltage on the power supply to zero. Rotate the entire setup (galvanometer, compass,wires) 180◦ so it faces in the opposite direction with the electric contacts now on the left side.Make sure the plane of the wire coil and the compass are parallel. Slowly turn the voltageback up. What do you observe? Make another sketch to show the orientation of the compassand tangent galvanometer with the voltage on and o�.
4. The de�ection of the compass when current �ows in the tangent galvanometer implies thecurrent creates a magnetic �eld. From your observations can you tell the direction of themagnetic �eld? Explain.
5. Reverse the wires on the power supply to reverse the direction of the current in the coil of thetangent galvanometer. We will now repeat the observations from above. With the voltageo�, align the compass and the plane of the wire coil of the galvanometer with the contacts ofthe galvanometer to the right. Slowly turn up the voltage. What do you observe? Make asketch to show the orientation of the compass and tangent galvanometer with the voltage onand o�.
6. Rotate the entire setup (galvanometer, compass, wires) 180◦ so it faces in the opposite di-rection with the electric contacts now on the left side. Make sure the plane of the wire coiland the compass are parallel. Slowly turn the voltage back up. What do you observe? Makeanother sketch. 116



7. What happens to the magnetic �eld of the tangent galvanometer when you reverse the direc-tion of the current?
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25 Magnetic Field of the EarthName Section DateObjective
• A measurement of the earth's magnetic �eld.IntroductionThe magnetic �eld lines of a bar magnet, though emanating from its full length, are densest nearthe poles. These lines are typically not perpendicular to the faces of the magnet. The Earth, asyou know, is like a giant bar magnet, with its magnetic south pole near its geographic north pole.The �eld lines of the Earth's magnetic �eld, therefore, tend to point obliquely at any given spot onits surface. The angle (let's call it φ that a line makes with a surface is known as its dip angle (see�gure). Thus, each locality on earth has its characteristic value for φ with regard to the terrestrialmagnetic �eld.

����������� ?

�
Bh

Bv
B

φ�The horizontal component of the Earth's magnetic �eld,
Bh = B cos φ,causes the magnetized needle of a compass to align in the geographic north-south direction.You will use a tangent galvanometer to produce an additional horizontal magnetic �eld perpendic-ular to the Earth's �eld (in other words, one that points east or west). A tangent galvanometerconsists of a vertical, circular coil of wire with N turns, a pedestal compass at the center of the coil,and electrical contacts so that a direct current can be established in the coil. The magnetic �eld atthe center of the galvanometer coil by a current I in the coil is
Bc = N

µ0I

2Rwhere R is the radius of the coil and µ0 is the permeability of free space (1.25664 x 10−6 T·m/A). Bcis perpendicular to the vertical plane of the coil. If the plane of the coil is placed in the north-southdirection (that is, parallel to the compass needle when there is no current in the coil), then, whenthere is current in the coil, the compass will be in�uenced by two perpendicular �elds, Bh and Bc.The compass needle will now point in the direction of the vector sum Bh + Bc.118



Let θ be the angle through which the compass needle turns when the current in the tangent gal-vanometer is turned on. In other words, θ is the angle between Bh and Bh + Bc. Sketch a pictureof these vectors, and use it to convince yourself that
Bh =

Bc

tan θ

By measuring the angle θ, we can determine Bh. If we then measure the dip angle φ, we candetermine the Earth's magnetic �eld by employing the �rst equation above.Apparatus
• tangent galvanometer
• power supply
• ammeter
• switch
• ruler
• dip compass
• wooden stand

Activity1. Measure and record on the accompanying data sheet the diameter D of the coil. Calculateand record the radius R of the coil.2. Count and record the number of turns, N, of the coil.3. The tangent galvanometer is connected through a switch to an ammeter and power supply.The switch is used to change the current direction in the coil. Long wires connect the outsideterminals of the coil to the switch so that the coil may be removed from the magnetic e�ectsof the ammeter and power supply. Be sure no magnetic material other than the compass isin the vicinity of the coil. 119



4. With the power supply o�, align the plane of the coil parallel to the compass needle. Rotatethe compass so that the needle points north and south on the compass.5. Establish a current of about 0.5 A in the coil, as measured with the orange ammeter (besure the switch is closed in one direction or another). Note that the compass needle rotates.It might be a good idea to tap lightly the face of the compass to be sure the needle hasn'tbecome stuck. Record the current and the displacement angles at both the north and southpoles of the needle. Calculate Bc. Average the north and south angles; use this average tocalculate Bh.6. Reverse the current and repeat step 5.7. Repeat steps 5 and 6 for three additional, di�erent currents of between 0.2 A and 0.8 A.8. Taking the dip compass outside of the laboratory room, and preferably outside the building,determine and record the dip angle at four locations. Average these measurements and usethe result for the dip angle, φ.9. Calculate the Earth's magnetic �eld B for each set of data. Calculate an average value for Band a standard deviation. How far o�, in terms of numbers of standard deviations, is yourresult from the accepted value for Richmond, 5.9 × 10−5 T?Data SheetDiameter of Coil, D (m)Radius of Coil, R (m)Number of Turns of Coil, NDip Angle, φ (◦): reading 1 reading 2 reading 3 reading 4Average Dip Angle, φ (◦):Current Coil Field North Angle South Angle Average Angle Horizontal Earth's Field B(A) Bc (T) θN (◦) θS (◦) (◦) Component Bh (T) (T)

Earth's Magnetic Field (measured), <B> (T) 120



Standard Deviation on Measurement, σB (T)Number of Standard Deviations from Accepted Value, |<B>−Baccepted|
σB

:Show important calculations below:
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26 Nuclear Decay and Radiocarbon DatingName Section DateObjectiveTo develop an understanding of the use of the radioactive decay of atomic nuclei to date objectslike the Shroud of Turin.Apparatus
• Radioactive sources.
• Radiation counter.
• Jack.
• Isotope generator.
• Surgical gloves, eye protection, and lab coat for handling radioactive liquids.
• Lead and plastic sheets.IntroductionAtoms can be broken down into light, negatively-charged, electrons, and a small, dense, positively-charged nucleus. These atomic nuclei can spontaneously break apart into smaller nuclei in a processcalled radioactive decay. By measuring the rate of this decay under the appropriate circumstancesone can develop a �clock� that can be used to determine how long ago in the past an event occurred.In this laboratory we will apply this notion to a particular object, the Shroud of Turin which ispurported to be the burial cloth of Jesus Christ.Activity 1: Nuclear TerminologyAtomic nuclei can be constructed from protons and neutrons. The number of protons in a nucleusis called the atomic number and is represented by the letter Z while the number of neutrons isrepresented by the letter N. The protons carry a charge of +e while the neutrons are electricallyneutral. The sum of these two quantities is the mass number A.A = N + ZProtons and neutrons are often referred to as nucleons.Nuclei are represented using their chemical symbol (determined by the atomic number) and themass number. For example, the most common form of carbon has six protons and six neutronsin its nucleus and is written as 12C. If another neutron is added to this nucleus, then one has anisotope of carbon, 13C. Isotopes of a chemical element have the same atomic number(Z), but havea di�erent numbers of neutrons (N) and a di�erent mass number (A). The di�erence is re�ected inthe value of the superscript on the chemical symbol.(a) Consider the following list of the number of protons and neutrons that combine to form aparticular nucleus. In the third column enter the chemical symbol and mass number as shown122



above (e.g., 12C). Use the periodic chart at the end of this unit to determine what to enter in thethird column. Number of Protons Number of Neutrons Nucleus7 879 11826 30(b) Consider the following list of atomic nuclei. In the second and third columns enter the numberof protons and neutrons in each nucleus.Nucleus Number of Protons Number of Neutrons
4He
235U
108AgSome isotopes can spontaneously decay into other nuclei. In many of these decays the number ofnucleons is conserved. This means that the number of protons and neutrons added together in theparent nucleus before the decay must be the same in the �nal products. Electric charge is alwaysconserved.(c) In the table below a nuclear decay is shown in the �rst column. In most cases the originalnucleus (often referred to as the parent) produces two smaller nuclei (called daughters). Only oneof the daughter nuclei is listed. In the adjacent column list the missing nucleus. Notice there aretwo emitted particles that we have not mentioned before. The e− which is an electron and is oftencalled a beta particle. It has almost zero mass compared to a nucleon. The other is γ and is calleda �gamma� particle. This is photon or a particle of light or electromagnetic energy. The gammahas no mass or charge, but does carry energy and momentum.Decay Unknown

190Po → 4He + ?
210Th → 4He + ?

16Ne → p + ?
90Sr → e− + ?
60Co → γ + ?Activity 2: The Properties of RadiationAn essential attribute of radiation is its ability to penetrate matter. Here we will study how threedi�erent types of radiation (alpha, beta, and gamma radiation) penetrate matter. We will do thisby using a radiation counter and samples of three nuclei. The heart of the radiation counter is agas-�lled cylinder with a wire at high voltage running down its center. This cylinder is called aGeiger-Muller or G-M tube. Sub-atomic particles �ying through the counter ionize atoms in thegas which are collected at the center wire producing a voltage pulse that can be measured. NOTE:Before going any further read the appendix on nuclear safety.123



(a) Compare the �gure below with your setup. Familiarize yourself with the di�erent components.DO NOT TOUCH THE FACE OF THE DETECTOR INSIDE THE SNOUT UNDER ANY CIR-CUMSTANCES.
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To power

To computer

Snout

Source

Electronics

G−M tube

JackFigure 1. Schematic drawing of radiation counter and setup.(b) Carefully remove the red, plastic cover on the snout of the radiation counter. DO NOT TOUCHTHE FACE OF THE DETECTOR UNDER ANY CIRCUMSTANCES. This would likely breakthe window and destroy the counter.(c) Obtain a set of radioactive sources from your instructor. Pick one of the sources, place it on thejack, and position the source about 1 cm below the snout of the radiation counter. Plug the powercord into a standard electric outlet and make sure the data cable is plugged into digital channel1 on the DataStudio 750 interface. You should see the power light come on near the base of thecounter (which is actually at the top). Another light near the snout of the counter blinks whenevera particle is detected. If you don't see either light, consult your instructor.(d) Open the Radiation Counter activity in the 132 Workshop menu and click the Start buttonon the DataStudio interface. Nothing will seem to be happening, but after 30 seconds (watch theclock at the top of the DataStudio interface) the number of radioactive decays detected by theradiation counter will appear. Record this result in the appropriate place in the table below.(e) Now carefully place a piece of plastic on top of the source and run the counter for another 30seconds. Record the result below.(f) Remove the plastic and place a small sheet of lead on top of the source. Run the counter andrecord the result.(g) Repeat steps d-f for the other two radioactive sources.
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Radiation Air Plastic Lead
γ
β
α(h) Which type of radiation is most penetrating? Why?

(i) Which type of radiation is least penetrating? Why?
(j) What material provides the best shielding of radioactivity? Why?
Activity 3: Background Radiation(a) Return the radioactive sources to the instructor's table.(b) With no radioactive sources nearby, make several runs with the radiation counter. The countsyou observe in the detector are due to cosmic rays, radioactive decay in the building materialssurrounding you, and even your own body. Record the counts and calculate the average andstandard deviation of this background radiation.
Activity 4: Nuclear DecayTo understand the �clock� we will use to date the Shroud of Turin we will investigate how the clock�ticks�. In this activity you will use a sample of radioactive material and a nuclear to detector tomeasure the behavior of the material as a function of time. We will then build a mathematicalmodel of the time dependence of nuclear decay. We will apply this model to analyze the results of
14C measurements on the Shroud.To obtain the radioactive material we will use a procedure known as �milking the cow�. We startwith a liquid that contains the radioactive isotope 137Cs or cesium-137. This isotope decays very125



slowly; it would take about 30 years for half of a sample to decay (a bit long for an introductoryphysics experiment). However, when 137Cs does decay it usually does so in the following way.
137Cs → e− +137 Ba(0.662)Notice the additional number �0.662� beside the Ba-137. This number means there is still someenergy (0.662 million electron-volts or MeV) stored in the Ba-137 nucleus and it has not yet reachedits lowest-energy or ground state. This �excited� state of Ba-137 then emits a high-energy photonor gamma ray to reach the stable ground state of 137Ba. A diagram of the process is below.

Cs
137

55

Ba
137

56

e−

excited state (0.662)

ground state
γ

Figure 2. Decay scheme of cesium-137.This intermediate state (labeled �0.662�) decays quickly to the ground state and it is the one wewill study.We will prepare a sample of Ba-137 in its excited, 0.662-MeV state by starting with a Cs-137�generator�. The Cs-137 produces Ba-137 at a steady rate. We remove the Ba-137 from the�generator� by passing a hydrochloric-acid-saline solution through the generator (your instructorwill do this). This is called eluting which means separate by washing. The generator is commonlyreferred to as the �cow� and the Ba-137 is �milked� from the cow. The Ba-137 is eluted from thegenerator and can then be used to study its decay.(a) First, make a prediction of the count rate as a function of time. Sketch your prediction in thespace below.
(b) What is the mathematical form of your prediction? Why did you choose it?126



(c) Open the Nuclear Decay application in the 132 Workshop menu. When you click Start itwill plot the count rate in intervals of 10 seconds. Get the radioactive sources from your instructorand try this out with one of them to make sure you know how to use the hardware and software.Return the sources to your instructor when you are �nished with this test.(d) Read the rest of this procedure carefully. If you have to redo the procedure it may take a longtime for the �generator� to produce enough Ba-137 for you to use.(e) You have a small, metal disk called a planchette that sits on the jack which will be positionedclose to the snout of the radiation counter. This will hold the radioactive material. Put the emptyplanchette in place and do a �dry run�.(f) One team member should be responsible for positioning the planchette. That person should puton the surgical gloves, eye protection, and a lab coat. The other team member can run the dataacquisition.(g) When you are ready, alert the instructor. He or she will come over and place a few drops of theeluate containing the Ba-137 on the planchette. Immediately place this under the Geiger counterand click Start on the DataStudio interface.Caution: Care should be taken in handling the sample. If any portion of the sample touches yourskin immediately wash o� in the sink.(h) Let the data acquisition run for about �fteen minutes or so and then click Stop. Dispose ofthe planchette according to the guidance from the instructor.(i) Make a plot of your results using the data in the Counts versus Time Table. Notice that if youclick on the title of the table, all of the data will be selected. You can then paste the data intoExcel. Make sure you subtract the background radiation from your results.(j) Make a �t to your data. What is the best choice of function for �tting your data? How did youmake your choice? Attach a copy of your plot with the �t to this unit. Record the �t equationbelow. Do NOT close your spreadsheet. We may use it later.Activity 5: Analyzing Nuclear DecayObservation of a sample of radioactive material reveals that the decay of the atomic nuclei in thesample is determined by statistical processes. In other words, the number of nuclei Nnuc that decayper unit time is proportional to the number of nuclei in the sample.
dNnuc

dt
∝ NnucThis expression can be turned into an equality by inserting a constant of proportionality λ so

dNnuc

dt
= −λNnucwhere the minus sign is needed because the number of nuclei Nnuc decreases with time. The decayconstant λ is a characteristic of each atomic nucleus.127



(a) In the previous activity, you used a particular function to �t your data. Try to prove that youmade the right choice by taking derivatives and seeing if they will satisfy the original di�erentialequation above. Did it work?
(b) It is claimed the solution of the di�erential equation above describing nuclear decay is thefollowing expression.

Nnuc(t) = N0e
−λtProve this statement by taking the derivative of Nnuc(t) and showing it satis�es the original di�er-ential equation. Make a sketch of the function and describe it in words. How did your �t functiondo?

(c) The decay of atomic nuclei is often characterized by a quantity known as the half-life τ . Thehalf-life is the period of time for one-half of the original sample to disappear via radioactive decay.This statement can be expressed mathematically in the following way.
Nnuc(t = τ) =

N0

2Starting with the above expression show that the decay constant λ and the half-life are related bythe following equation.
τ =

ln 2

λ
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(d) Now return to the results of your experiment. Does your count rate fall o� exponentially? Didyou �t your data with an exponential? If not, go back and do so. Record the decay constant λ.
(e) What is the half-life of Ba-137? Compare this with the accepted value of 2.552 minutes.
(f) Consider the following example as a warm-up. A sample of the isotope of iodine 131I has aninitial decay rate of 1.8 x 105 decays/s. This isotope has a half-life of 8.04 days. It is shipped toa medical diagnostic laboratory where it will be used as a radioactive tracer. When the shipmentarrives at the lab the decay rate has fallen to 1.4 x 105 decays/s. How long did it take for theshipment to reach the laboratory?

Activity 6: Dating the Shroud of TurinThe previous example shows how one can use the measured decay rate of an atomic nucleus as a�clock� to determine the passage of time. The same concept is used in radiocarbon dating. Carbonon the planet Earth consists largely of three isotopes with A = 12, 13, and 14. The most commonform is 12C and only a very small fraction of the carbon is 14C. However, 14C decays via
14C → 14N + β− + νwhere β− is an electron and ν is a particle known as a neutrino. Notice this decay does NOTpreserve the number of protons and neutrons in the original nucleus. The ratio R of 14C to 12Con the Earth is 1.30 x 10−12 and is roughly constant despite the fact that the 14C constantly129



disappears. The ratio is constant because the supply of 14C in the atmosphere is replenished bythe reaction of cosmic rays from outer space with the nitrogen in the upper atmosphere.Living organisms contain large quantities of carbon and are constantly exchanging carbon withtheir surroundings. They contain the same proportion of 14C to 12C as observed in the atmosphere.However, this proportion begins to change after the organism dies. The 12C remains in the deadbody, but the 14C turns into gaseous 14N (see decay above) and leaves the body. Hence, theproportion of 14C decreases with time, and one has a �clock� that can be used to determine whenan organism died.The Shroud of Turin is a piece of cloth that bears the image of a man who appears to have beencruci�ed. It was �rst displayed in France in the fourteenth century and has been kept at the RoyalChapel of Turin Cathedral in a special shrine since 1694. Many believe the image on the Shroudis of Christ and the cloth is his burial wrap. In 1989, three laboratories in Arizona in the USA,Oxford in the UK, and Zurich in Switzerland used advanced methods of radiocarbon dating in anattempt to determine the age of the Shroud[1]. The Shroud is woven of cloth made from plants.Like a living organism that has died, the 14C in the Shroud began to gradually disappear after theplants used to make it were harvested.(a) The half-life of 14C is 5730 years. What is the decay constant λ?
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(b) The three laboratories obtained the following results for the ratio R of 14C to 12C. The ratio of
14C to 12C in the atmosphere is Ri = 1.30 x 10−12. What is the implied age of the Shroud for eachmeasurement? Use the space below for your calculations and enter the results in the table.Laboratory Rf Age (years)Arizona 1.20 x 10−12Oxford 1.18 x 10−12Zurich 1.19 x 10−12

(c) What is the average age of the Shroud?
131



(d) The typical uncertainty in these measurements is a standard deviation of ±40 years. Are theresults of the three laboratories consistent?
(e) Is the age of the Shroud consistent with it being the burial wrap of Christ?
(f) Are there any reasons to doubt these results?
Homework1. The half-life of a particular radioactive isotope is 6.5 h. If there are initially 48 x 1019 atomsof this isotope, how many atoms of this isotope remain after 26 h?2. A radioactive isotope of mercury, 197Hg, decays into gold, 197Au, with a disintegration con-stant of 0.0108 h−1. (a) What is its half-life? (b) What fraction of the original amount willremain after three half-lives? (c) What fraction will remain after 10.0 days?3. The radionuclide 64Cu has a half-life of 12.7 h. How much of an initially pure, 5.50-g sampleof 64Cu will decay during the 2.0-h period beginning 14.0 h later?The Periodic Chart
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27 Electromagnetic Induction IName Section DateObjectivesTo investigate:
• The e�ect of magnetic �elds on moving charges.
• The e�ect of changing magnetic �elds on charge.IntroductionA charged object moving through a magnetic �eld experiences a force which is proportional tothe magnitude of its charge and to its speed perpendicular to the �eld: F = qvB⊥. Changingthe number of magnetic �eld lines�the �ux�through a coil of wire results in a current in the wire.The direction of this current is such that the magnetic �eld it produces opposes the change inthe external �eld. Similarly, varying the current in one coil (the primary) produces a current inanother nearby coil (the secondary). The current in the second coil, too, will �ow in a directionthat creates a magnetic �eld opposing that which is changing in the �rst coil. These relationshipsbetween changing �elds and currents are known collectively as electromagnetic induction.Apparatus
• one small wire coil
• bar magnet
• Pasco 750 InterfaceActivity 1: A Moving Magnet and a Coil1. Turn on the computer and launch EM Induction in the 132 Workshop in the Start menu.2. Place a bar magnet vertically along the axis of the small coil with the N-pole touching thecoil.3. Start recording data and lift the bar magnet quickly straight up.4. At the end of the data taking interval, the computer should display a value for the electro-motive force (emf) induced in the small coil. Several trials may be required to get the correcttiming between starting the data acquisition and removing the magnet. Note and record thesign of the induced emf.
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5. Prediction: If you lower the magnet, N-pole down, quickly toward the coil, what will be thesign of the emf?
6. Carry out the experiment, starting the data acquisition, then lowering the magnet. Recordthe sign of the induced emf.7. Did your result con�rm or refute your prediction?
8. Prediction: What will happen to the emf if you perform the same pair of experiments withthe S-pole toward the coil?
9. Perform the two experiments, lifting and lowering the magnet, with the S-pole down. Recordthe sign of the induced emf in each case.10. How did the results compare with your predictions?
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28 Electromagnetic Induction IIName Section DateObjectivesTo investigate:
• The e�ect of magnetic �elds on moving charges.
• The e�ect of changing magnetic �elds on charge.
• The e�ect of changing currents on magnetic �elds.IntroductionA charged object moving through a magnetic �eld experiences a force which is proportional tothe magnitude of its charge and to its speed perpendicular to the �eld: F = qvB⊥. Changingthe number of magnetic �eld lines�the �ux�through a coil of wire results in a current in the wire.The direction of this current is such that the magnetic �eld it produces opposes the change inthe external �eld. Similarly, varying the current in one coil (the primary) produces a current inanother nearby coil (the secondary). The current in the second coil, too, will �ow in a directionthat creates a magnetic �eld opposing that which is changing in the �rst coil. These relationshipsbetween changing �elds and currents are known collectively as electromagnetic induction.Apparatus
• signal generator
• two coils, one large, one small
• bar magnet
• oscilloscope
• Pasco 750 InterfaceActivity 1: Magnetic Forces on Moving Charges1. Turn on the oscilloscope by pressing the power button. Turn the TIME/DIV knob completelycounterclockwise. Adjust the INTEN (intensity) and FOCUS knobs so that a small brightspot is formed on the oscilloscope screen by the beam of electrons traveling toward you. Adjustthe ILLUM (illumination) knob so that the grid on the screen can be seen clearly. Use thehorizontal and vertical POSITION controls to center the spot on the screen.2. Note: An oscilloscope is built around the principle of the cathode ray tube. It emits electronsfrom its back end. These are accelerated by a series of electrodes and focussed to strike a�uorescent screen at its front. The result is a visible trace identifying voltage as a function oftime. 136



3. Predictions: What, if anything, will happen to the spot on the screen if the north pole ofa magnet is brought near the left side of the oscilloscope? What will happen if you do thesame with the south pole? What about when each of the poles are brought near to the top?[Please do not touch the oscilloscope with the magnet.]
4. Bring the N-pole of a horizontal bar magnet near, but not touching, the left side of theoscilloscope case at the height of the spot. Record the direction of any de�ection. Repeatwith the S-pole.
5. Bring the N-pole of a vertical bar magnet near, but not touching, the top of the oscilloscopecast just above the spot. Record the direction of any de�ection. Repeat with the S-pole.
6. Turn o� the oscilloscope.7. Did the directions of de�ections meet your expectations? Explain.

Activity 2: A Moving Magnet and a Coil1. Turn on the computer and launch EM Induction in the 132 Workshop in the Start menu.2. Move the large coil as far as possible away from the small one.3. Place a bar magnet vertically along the axis of the small coil with the N-pole touching thecoil.4. Start recording data and lift the bar magnet quickly straight up.137



5. At the end of the data taking interval, the computer should display a value for the electro-motive force (emf) induced in the small coil. Several trials may be required to get the correcttiming between starting the data acquisition and removing the magnet. Note and record thesign of the induced emf.6. Prediction: If you lower the magnet, N-pole down, quickly toward the coil, what will be thesign of the emf?
7. Carry out the experiment, starting the data acquisition, then lowering the magnet. Recordthe sign of the induced emf.8. Did your result con�rm or refute your prediction?
9. Prediction: What will happen to the emf if you perform the same pair of experiments withthe S-pole toward the coil?
10. Perform the two experiments, lifting and lowering the magnet, with the S-pole down. Recordthe sign of the induced emf in each case.11. How did the results compare with your predictions?

Activity 3: Two Coils and a Varying Current1. With the large coil laying �at on the table, place the small coil at its center so that the axesof the coils coincide. Be sure no magnets are near either coil.138



2. Set the signal generator FREQUENCY knob to the 2K-20K position and the frequency dialto 40. In other words, set the frequency to 4 kHz. Set the function switch to SINE, theOUTPUT (VOLT P-P) RANGE knob at 10 and the LEVEL knob at mid-range. Turn on thegenerator3. Run the VI. Two sine curves will be displayed: the red one is the voltage signal being suppliedto the large coil by the generator. The blue curve is the emf induced in the small coil by thevarying current in the large coil. Note the amplitude of the induced current and the phaserelationship between the two curves. Ypu may have to adjust the number of scans and scanrate to get good traces of the signals.4. Tilt the small coil to 45◦ with the vertical, keeping the coil at the center of the large coil.While holding the small coil in this position, run the VI and note the amplitude of the inducedcurrent and the phase relationship between the curves.5. Repeat for rotations of 90◦ and 180◦, again noting the amplitude and phase relationship.6. What can you conclude about the orientation of the secondary relative to the primary interms of the response of the secondary to a varying current in the primary? Can you explainthis?
7. Move the coil to di�erent positions inside and outside the large coil. Run the VI for eachposition and note changes in amplitude and phase of the induced emf in the small coil.
8. Do your results support your explanation given in the previous question? Justify your re-sponse.
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29 The GeneratorName Section DateObjectives
• To understand Faraday's Law of Induction.
• To discover how an electric generator works.IntroductionThe amount of magnetic �eld that passes (or the number of magnetic �eld lines that pass) perpendic-ularly through a bounded region is known as the magnetic �ux through that area. Mathematically,the �ux is given by

Φ = B⊥A = BA cos θwhere the symbol ⊥ indicates the perpendicular component and θ is the angle between the directionof the magnetic �eld and the normal to the surface of the area (see �gure below).
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When the boundary of the region is a loop of wire, and the amount of �ux through it changes, anelectromagnetic force (emf) is induced in the loop. Faraday's law states that the magnitude of theemf in a single loop is proportional to the amount of �ux change in one unit of time: ε = −∆Φ/∆t,where the minus sign indicates that the polarity of the coil voltage opposes the �ux change (Lenz'sLaw). That is, if the �ux decreases, the emf will cause current to �ow in the coil in such a way(using the right-hand rule) as to create a magnetic �eld that compensates for the loss. If the �uxincreases, the emf will cause the current to �ow in the opposite direction.
• Faraday's law was given for a single loop coil; what is Faraday's law for a coil of N turns?
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• Assume the coil is rotating clockwise around the axis OO′ (see �gure below). In what direction(towards O or towards O′) does the induced current �ow when the coil has rotated throughan angle of 90◦ from the position shown?
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A generator converts mechanical power into electrical power. It generally consists of magnets, acoil (also called the armature), and a device (like a pair of slip rings and brushes) to connect thecoil to terminals.
• What happens to the potential di�erence across the terminals as the armature rotates? Ex-plain.
• Recalling that magnetic �eld lines run from north pole to south pole, what will be the mag-nitude of the emf as it passes through the position shown in the drawing above.
• At what angle, θ, will the current be a maximum?

The change in �ux through a single loop is determined by taking the derivative of the �rst equation:
∆Φ = ∆(BA cos θ) = −BA∆θ sin θ.Then the emf is ε = BAω sin θ, since ε = −∆Φ/∆t and ∆θ/∆t = ω. So, the induced emf isproportional to sin θ. 141



• What is the induced emf in terms of sin θ for a coil with N turns?
• Prediction: Sketch a graph of the induced emf you expect in the multiple-loop armature ofa generator as a function of angle, θ. Make your prediction for angles: 0◦ < θ < 360◦. Underthe reasonable assumption that the resistance is constant as the coil rotates, what do youexpect a graph of the current in the coil as a function of θ to look like?

Note: The model generator you will use in this experiment consists of a coil which rotates in anearly uniform �eld produced by two sets of permanent horseshoe magnets. A spring-and-ratchetmechanism rotates the coil in equal steps: the spring providing a torque and a ratchet wheel turning10◦ each time the ratchet is released. The spring is loaded by pushing down on a catch arm, andthe ratchet is released by tipping it to one side or the other.Apparatus
• model generator
• galvanometerActivity1. Connect the armature terminals of the model generator to the galvanometer, which in thiscon�guration measures current.2. Rotate the coil through a 10◦ interval. Observe and record (under the De�ection (I) columnof the table below) the maximum de�ection of the galvanometer. The maximum value willbe reached instantaneously, so observe carefully along with at least one lab partner. It getseasier with practice.3. Repeat the procedure for each 10◦ rotation of the coil over one complete revolution. Thenumbers on the wheel are 1/10 the angles of the coil with respect to the vertical. Reload thespring after every second rotation to ensure the spring tension, and therefore, the speed ofrotation remains the same. Hold the wheel while reloading to prevent it from moving. Notethat the de�ection of the galvanometer corresponds to the position of the coil at the middleof its movement.4. Take another set of data and record it under De�ection (II).5. Average the two readings for each angle and record in the appropriate column.6. Plot Average De�ection (y-axis) vs. angle (x-axis) and draw a smooth curve as best you canthrough the points. 142



7. How do the curves compare to your prediction? Explain.
8. If the resistance of the model generator coil were doubled, while the size, shape and numberof turns remained the same, what would be the e�ect on the e.m.f. produced in the coil?
9. If the coil resistance were doubled, what would be the e�ect on the galvanometer de�ection?
10. What e�ect would changing the speed of rotation have on the galvanometer de�ection?
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Coil Setting De�ection De�ection Average sin θ Avg. De�ection(θ) [degrees] (I) (II) De�ection × sin θ
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30 The LR CircuitName Section DateObjectiveTo investigate the relationships among the voltages in a series LR circuit.Apparatus
• DataStudio 750 Interface
• AC/DC Electronics Laboratory
• Resistor (5Ω)
• Inductor and iron core
• LRC Circuit activity
• Wires to complete the circuitIntroductionIn this exercise you will study a series LR circuit. If a sinusoidally varying source of emf with afrequency f is placed in series with a resistor and a pure inductor, the current I will vary with thesame frequency as the generator, but it will be shifted in phase by an angle φ relative to the voltageof the generator. The voltage across each of the circuit elements has its own characteristic phaserelationship with the current. The voltage across the resistor VR is in phase with the current I, thevoltage across the inductor VL leads the current by 90◦, and the voltage across the generator leadsthe current by the phase angle φ whose value is dependent on the circuit parameters. Measurementsof the voltage across each element in a series circuit containing an inductor, a resistor, and a sinewave generator will be used to perform a detailed study of the LR circuit.
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VL

φ

V

I

Let's begin by considering the circuit obtained by placing a pure inductance L and a resistor R inseries with a sine wave generator with a voltage amplitude V as shown in the �gure above. Also145



shown in the �gure is a phasor diagram for the circuit. Note that the voltage across the resistorVR is in phase with the current I, the voltage across the inductor VL is 90◦ ahead of I, and thegenerator voltage V is angle φ ahead of I. From the phasor diagram we can write
V =

√

V 2
L + V 2

Rand
tan φ =

VL

VR

=
IωL

IR
=

ωL

Rwhere ω =2πf is the angular frequency of the generator and we have used the inductive reactanceand Ohm's Law.Real inductors have both an inductance L and an internal resistance r. A real inductor can berepresented by a pure inductance L in series with a resistance r. In the �gure below a real inductoris shown in series with a resistor R and a generator of voltage amplitude V. Also shown in the �gureis a phasor diagram for the circuit. The voltage across the real inductor is referred to as Vind. Thereis, of course, some voltage VL across L alone, and some voltage Vr across r alone. However, therecan be no direct measurement of VL or Vr since they are from the same length of wire. The onlyquantity which can be measured is Vind which is the vector sum of VL and Vr. Applying the lawof cosines to the triangle formed by V, VR, and Vind leads to the following equation.
V 2

ind = V 2 + V 2
R − 2V VR cos φSolving this equation for cos φ we get

cos φ =
V 2 + V 2

R − V 2
ind

2V VRFurther examination of the phasor diagram shows that the unknown voltages VL and Vr can bedetermined from V, VR, and φ by the following:
VL = V sinφ

Vr = V cos φ − VRThe current I can be related to the voltage across each element by the following equations:
VL = IωL

VR = IROnce VL and Vr have been determined, the equations above can be used to solve for ωL byeliminating I to get 146
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Activity 1: Voltage in the LRC CircuitIn this laboratory you will be using a voltage source that varies sinusoidally in time. What will thevoltage from this source look like as a function of time? In the space below sketch your answer.What is the phase relationship between the source voltage and the voltage drop across an inductor?Sketch that relationship on the same graph below. Label your curve Vind. What is the phaserelationship between the voltage drop across a resistor in the LRC circuit and the source voltage?Sketch it below and label it VR.
time

voltage

Activity 2: Measuring Voltages(a) Construct a data table with 2 columns and nine rows in the space below. In the �rst column,label the rows R (Ω), r (Ω), V (V), VR (V), Vind (V), φ (deg), VL (V), Vr (V), and L (H).
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(b) Open the LR Circuit activity in the 132 Workshop folder in the Apple menu. Go to the `SignalGenerator' window and set the frequency to 50 Hz, the amplitude to 3.0 V, and the wave form to`Sine Wave'. If you can't �nd the `Signal Generator' window, click the `setup' button at the top ofthe DataStudio menu. You will see an image of the Pasco 750 interface with several connectionsmarked. Double click on the one called `Output'. The `Signal Generator' window should pop up.Set the values on it and return to the original `Voltage Scope' window.(c) Check the circuit on the AC/DC Electronics Laboratory to make sure that it corresponds tothe one shown in the second �gure. The computer is setup to measure the voltages across thegenerator and the resistor. The iron core (a long metal cylinder) should be inserted in the inductor.The inductor is the large open, cylinder in the upper-right-hand part of of the AC/DC ElectronicsLaboratory. The computer is setup to measure the voltage across each of the circuit elements. Theresistor in the circuit has a value R ≈ 5Ω.Check this value with the DMM and record it as R onyour data sheet. Measure and record the value for r with the DMM.(d) Take data. The computer will display three sinusoidal voltage signals. The color scheme toidentify each voltage measurement is shown on the right of the `Voltage Scope' window. Determinewhich trace corresponds to V (the source signal), VR (the resistor voltage), VC (the capacitorvoltage), and Vind (the inductor voltage). Do the phase di�erences agree with the phasor diagramsin the �gures above? Explain.
(e) Measure the amplitude of each of the signals and record these quantities in your data table.This can be done using the SmartTool (see Appendix B).Activity 3: Analyzing the Circuit(a) Calculate the remaining quantities necessary to complete your data table. Show the calculationsin the space below.
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(b) Determine and record the value of L for your inductor. Make careful note of the particularinductor and AC/DC Electronics Laboratory which you have used. You may need to identify itand use it again in another laboratory exercise.
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(c) Construct to scale a phasor diagram like the one shown in the second �gure in the space below.

(d) If your inductor was used in a series circuit with a 10-kΩ resistor and a generator with f = 20kHz, what would be the phase angle φ?
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31 The LRC CircuitName Section DateObjectiveTo investigate the relationships among the voltages in a series LRC circuit.Apparatus
• DataStudio 750 Interface
• AC/DC Electronics Laboratory
• Resistor (10Ω)
• Inductor and iron core
• Capacitor (100µF )
• LRC Circuit activity
• Wires to complete the circuitIntroductionIn this exercise you will investigate a series LRC circuit through measurements of the voltage acrossthe generator, the resistor, the capacitor, and the inductor in the circuit. The computer will beused as a storage oscilloscope to make these measurements and to illustrate the phase relationshipsamong the voltages across the circuit elements.Consider the series LRC circuit shown in the �gure below with a generator of voltage amplitude V,a resistor R, a capacitor C, and an inductor having inductance L and resistance r. Note that thecapacitor is assumed to have no resistance. Also shown in the �gure is the phasor diagram for thevoltages V, VR, VC , VL, and Vr. From the phasor diagram, we can write the following expressions:

V =
√

(VL − VC)2 + (VR + Vr)2

tan φ =
VL − VC

VR + Vr
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It is not possible to measure either VL or Vr directly. The only voltage associated with the inductorthat can be measured experimentally is the voltage across the inductor Vind which is the vectorsum of VL and Vr.
V 2

ind = V 2
L + V 2

rThe voltages VL and Vr can be expressed in terms of the current I as
VL = IωL

Vr = IrIf the above expressions for V 2
ind, VL, and Vr are combined, and the current I is eliminated it canbe shown that

VL = Vind

ωL
√

(ωL)2 + r2

Vr = Vind

r
√

(ωL)2 + r2Assuming that ω, L, and r are known, VL and Vr can be determined from the two expressionsabove if Vind is measured. These values of VL and Vr combined with measured values of VC andVR can be used in the expression for V to verify the relationship between these quantities and themeasured generator voltage V.Activity 1: Voltage in the LRC CircuitIn this laboratory you will be using a voltage source that varies sinusoidally in time. What will thevoltage from this source look like as a function of time? In the space below sketch your answer.What is the phase relationship between the source voltage and the voltage drop across an inductor?Sketch that relationship on the same graph below. Label your curve Vind. What is the phaserelationship between the source voltage and the voltage drop across a capacitor? Again, sketch152



your answer on the graph below and label it VC . Finally, what is the phase relationship betweenthe voltage drop across a resistor in the LRC circuit and the source voltage? Sketch it below andlabel it VR.
time

voltage
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Activity 2: Analysis of the LRC Circuit(a) Construct a data table with 2 columns and 10 rows. In the �rst column, label the rows C (µF),V (V), VR (V), Vind (V), VC (V), VL (V), Vr (V), φ (deg), √(VL − VC)2 + (VR + Vr)2 (V), and% Di�.

(b) Open the LRC Circuit activity in the 132 Workshop folder in the Apple menu. Go to the `SignalGenerator' window and set the frequency to 30 Hz, the amplitude to 3.0 V, and the wave form to`Sine Wave'. If you can't �nd the `Signal Generator' window, click the `setup' button at the top ofthe DataStudio menu. You will see an image of the Pasco 750 interface with several connectionsmarked. Double click on the one called `Output'. The `Signal Generator' window should pop up.Set the values on it and return to the original `Voltage Scope' window.(c) Check the circuit to make sure that it corresponds to the one shown in the �rst �gure above.The iron core (a long metal cylinder) should be inserted in the inductor. The inductor is the largeopen, cylinder in the upper-right-hand part of of the AC/DC Electronics Laboratory. The computerand the circuit are setup to measure the voltage across each of the circuit elements. The resistorin the circuit has a value R = 10Ω. Record this value as R on your data sheet. In the last lab you154



determined the inductance L and resistance r of your inductor. Record these values in the spacebelow. Use the value for r measured with the DMM. Record the value of the capacitor (100 µF) inyour data table.
(d) Take data! The computer will display four sinusoidal voltage signals. The color scheme toidentify each voltage measurement is shown on the right of the `Voltage Scope' window. Determinewhich trace corresponds to V (the source signal), VR (the resistor voltage), VC (the capacitorvoltage), and Vind (the inductor voltage). Examine the phase relationships between the signals.Do these relationships agree with the phasor diagram in the above �gure? Explain. Do they agreewith the predictions you made in Activity 1? Explain any di�erences.
(e) Measure the amplitude of each of the signals and record these quantities in your data table.This can be done using the SmartTool graph accessory (see Appendix B).(f) Calculate the remaining quantities necessary to complete the data table. The % Di� should bedetermined between the measured value for the generator voltage V and√(VL − VC)2 + (VR + Vr)2.Show the calculations in the space below. Do your results con�rm the phasor diagram shown inthe �gure above as a correct model for the addition of voltages in an LRC circuit? Explain.
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(g) Construct to scale a phasor diagram like the one shown in the �gure above. Choose some scale(for example 1.00 V/cm) so that the diagrams are as large as possible, but so that they both �t inthe space below. Are the phase relationships consistent with what was observed on the computerscreen? Are the phase angles φ consistent with the calculated values?

Activity 3: Resonance in the LRC Circuit(a) Construct a data table with the column headings f (Hz), VR (V), and IR (A) in the space below.
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(b) Set the frequency the generator to 30 Hz and record this frequency in your data table. Takedata for a few seconds and stop. You may have to adjust the horizontal scale to see at least twocomplete cycles of the signals. Use the button on the horizontal axis. Measure VR and record it inyour data table. (Note: If the peaks of the curves appear to be cut o�, reduce the input amplitudeand repeat the measurements.)(c) Repeat step (b) for frequencies of 50, 70, 80, 90, 100, 110, 130, 150, 170, 200, 250, 300, and 350Hz. The horizontal scale should be adjusted so that at least two cycles of the signals can be viewed.Examine the change in the phase relationship between the signals as the frequency is changed.(d) Record VR for each frequency in the second data table. What is resonating in the circuit?Calculate IR for each entry in your table. Construct a graph of IR (y axis) versus frequency andinsert it into your notebook. Calculate the resonant frequency that you would expect from thevalues of L and C in the circuit. Does the calculated value for the resonant frequency agree withthe graph? Explain.
(e) Set the frequency of the generator to the resonant frequency and use the LRC Circuit activityto display the four voltage signals. Describe and explain the phase relationships between the signalsat resonance. Compare them with the predictions you made earlier.
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32 Refraction of LightName Section DateObjectiveTo investigate the path traveled by light through a plate of plexiglass (a transparent solid material).IntroductionThe speed of light depends on the medium in which it travels. In passing from one medium, atleast some light energy is re�ected. If the second medium is transparent, most of the light will passinto and through it. If the beam is not perpendicular to the boundary between the two media, itwill bend as it enters, an e�ect known as refraction. The direction a single ray of light travels whenrefracted is given by Snell's law:
sin i

sin r
=

v1

v2
=

n2

n1wherei = incident angler = refracted anglev1 = light speed in medium 1v2 = light speed in medium 1n1 = index of refraction of medium 1n2 = index of refraction of medium 2Note: All angles are measured from the normal to the boundary at the point the ray enters themedium. The index of refraction is the ratio of light's speed in a vacuum, c, to its speed in themedium, v: n = c/v. It is worth remembering that nair ≈ 1.00.
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Apparatus
• light fence
• plexiglass block
• white paper, pins, and wood board
• protractorActivity1. Put a plexiglass plate at the center of a piece of paper. Outline its position. Identify a normal,

N1, perpendicular to an edge of the plate.2. Arrange the light source apparatus so that the parallel rays of light cross the paper and areincident at a 30◦-35◦ angle to the normal. Trace one of these rays.3. Sight the corresponding ray as it emerges from the other side of the plexiglass. Trace this ray.4. Construct the normal, N2. 159



5. Measure and record i, r, i′, and r′. Compute and record nplexiglass.
6. Repeat the above procedure for di�erent incident angles of between 25◦ and 40◦.7. Calculate and record an average nplexiglass.
8. Does i = i′? Explain.
9. Does r = r′? Explain.
10. Are the incident and exit rays parallel? Explain.
11. What is the speed of light in the plexiglass?
12. Under what conditions would a refraction angle be greater than an incident angle?
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33 Refraction at Spherical Surfaces: Thin LensesName Section DateObjective
• To investigate thin lenses.IntroductionA lens converges or diverges light rays. It is a transparent material bounded, in the case of thinlenses, by spherical edges. The line between the centers of curvature of these edges is referred toas the principal axis. The principal focus is the point on the principal axis where parallel incidentrays converge. The distance from the lens to this point is known as the focal length. The relationbetween the focal distance, f , the object distance, p, and the image distance, q, is:

1

p
+

1

q
=

1

f
.Apparatus

• light fence
• converging and diverging lenses (1 each)
• optical bench
• light bulb
• white �le cardInvestigation 1: The Converging LensActivity 1
• Arrange the light source apparatus so that the parallel rays of light cross a piece of paper.
• Place a convex lens on the paper perpendicular to the central ray. Outline its position andthe path of the rays. Pay particular attention to the condition near the principal focus.
• What is the focal length of this lens?

Activity 2 161



• A light bulb�in particular, the lettering on a light bulb�at one end of the optical bench willbe the object in this investigation. Choose a particularly clear letter or number on the bulb.Measure and record its height, h0.
• Place a converging lens in its holder, turn on the light bulb, and position it and the lens sothat a sharp image of the lettering on the bulb appears on the card.

p q hi
hi

h0

q
p

f

• Make and record �ve measurements of image distance, q, for �ve di�erent values of the objectdistance, p: two with p > q, two with p < q, and one with p ≈ q. For each observation,measure the height of the image of the same letter or number you measured earlier, hi.Calculate and record the ratios of the image and object heights, hi/h0, and the image andobject distances, q/p.
• Calculate and record the focal length, f , for each observation and determine an average focallength, fave.
• What is the relationship between the ratio of the image to object heights and the ratio ofimage and object distances? The �rst ratio is called the magni�cation.
• Replace the converging lens with a diverging one. Try to obtain a real image on the card.
• Why can you not form a real image with a diverging lens?

Investigation 2: Lenses in CombinationActivity 162



• Place a converging lens and a diverging lens together into the lens holder. Check to see thatyou can get a real image with this combination.
p q hi

hi

h0

q
p

f

• Repeat the �ve sets of observations of Investigation 1, Activity 2, to get an equivalent focallength feq
ave.

Investigation 3: The Diverging LensActivity 1
• Using the relation:

1

feq
=

1

f1
+

1

f2
,determine the focal length of the diverging lens, f2. Use feq

ave for feq and fave for f1.
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Activity 2
• Repeat the procedure of Investigation 1, Activity 1, with a concave lens. Locate the principalfocus by extending the refracted rays backwards.
• What is the focal length of this lens?
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34 The Di�raction GratingName Section DateObjective
• To determine the wavelength of laser light using a di�raction grating.IntroductionLight bends (a bit) around corners. This phenomenon is called di�raction. Interference, or theoverlap of waves, is the basis for di�raction. In a transmission grating, lines, about 4,000 to8,000 per centimeter, are ruled onto glass. The unruled portions of the glass act as slits. Theinterference, and thus di�raction, which results from shining a beam of light through the gratingpermit the measurement of the wavelength of the light. The relevant relationship, known as thegrating equation is:

nλ = d sin θwhere n is the order of the spectrum (the number of bright spots from the center), λ is the wavelengthin nanometers (10−9 meters), d is the separation in nanometers between grating lines, and θ isthe angle of deviation from the light beam's original direction through the grating (the angle ofdi�raction).Activity1. Record the separation between grating lines: d =2. Turn on the laser, being careful to avoid looking directly into the beam or shining it at anyone.Aim the light beam through the di�raction grating so that a horizontal series of dots appearson the wall. Adjust the positions of the laser and grating until you easily see at least two dotson either side of the brightest (central) dot.3. Are the dots of the interference/di�raction pattern the same intensity? Describe the patternyou observe.
4. Measure and record the distance from the grating to the wall, L, as well as the distances fromthe central dot to the �rst dot to the right, x, and the �rst dot to the left, x′. Compute theaverage of these x values and record it as xave.5. Compute and record a value for θ by using the appropriate trigonometric relation between Land xave. Then, compute sin θ. Finally, compute the wavelength using equation above.6. Repeat the procedure for three additional values of L.165



7. Compute the average of your four determinations of the laser light's wavelength and compareit to the expected value of 632.8 nm. What is the percentage di�erence?
L (cm) x (cm) x′ (cm) xave (cm) θ (rad) sin θ λ (nm)
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35 The Interference of LightName Section DateObjective
• To investigate the interference of light waves as they pass through a set of slits.Apparatus
• Laser.
• Phototransistor for measuring light intensity.
• Set of narrow slits.
• DataStudio 750 Interface.
• Plumb line.IntroductionIn this laboratory you will investigate the interference of light produced by a laser beam passingthrough a set of narrow, adjacent slits. When light passes the slits each opening acts as an inde-pendent source of waves that can overlap one another to produce a distinctive pattern of bright anddark spots on a screen. The position of the bright spots depends on the separation of the adjacentslits and the wavelength of the incident light.You can measure this interference pattern with the setup shown below. A phototransistor is seatedbehind the narrow opening on top of the large, metal mount sitting on a rail. The phototransistorcan translate the intensity of the light falling on it into a voltage signal that can be read by thecomputer. In addition, the phototransistor can be moved back and forth on a rotary motion sensorthat measures the position of the mount. These two signals can be combined to make a graph ofthe intensity as a function of position.
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In this unit you will pass light from the laser through slits of known separation and use the inter-ference pattern to determine the wavelength of the light.Activity 1: An Alternative ViewIsaac Newton believed that light was made up of small, unseen particles that obeyed (surprisinglyenough!) Newton s Laws. This view is known as the corpuscular theory. We want to consider howthis model of light predicts di�erent behavior from the wave theory.
(a) Consider a laser beam shining on a circular hole. If a beam of light consisted of small, unseenparticles that behaved as tiny billiard balls what would see on a screen that is downstream fromthe circular hole? A sketch might be useful here.
(b) Now consider the same laser beam shining on a pair of narrow slits. What would you see on ascreen downstream from the slits if light wire made of corpuscles?
For the questions above you should have predicted that the laser would form a single bright spot(for part a) or a double spot (for part b). The experiment you are about to perform providedcompelling evidence that Newton s corpuscular theory was wrong.Activity 2: The Interference of Light(a) You are now ready to turn on the laser. DO NOT LOOK DIRECTLY INTO THE BEAM ORPOINT THE LASER CARELESSLY ABOUT THE ROOM. Turn on the laser and you should seethe bright red spot of the beam striking the wall. You should have a glass plate with a green borderand several di�erent slit arrangements on it. Place the opening in the center of the plate in the168



path of the laser beam. The adjacent slits in the center hole are 0.03295 mm apart. What do yousee?
(b) Position the glass plate about 30-40 cm from the phototransistor mount with the central maxi-mum (the brightest spot) striking the center hole. Measure and record this distance. You may �ndit useful to use the plumb line to measure this distance. The phototransistor sits about 25.4 mmbehind the opening.
(c) Position the phototransistor mount so the interference pattern is at the same height as theopening in the center of the phototransistor mount. The phototransistor is mounted behind thishole. To make accurate measurements it is important to carefully determine the geometry of yoursetup. Check to see if the slits and the phototransistor mount are perpendicular to the incidentlaser beam. You want to make sure the phototransistor can �see� as many bright spots as possible.Carefully slide the phototransistor mount back and forth to make sure the it stays centered on theinterference pattern. Start the �Interference� activity in the 132 Workshop folder. When you areready, click Start and slowly push the phototransistor from one side of the slide to the other. Movecarefully and take about 4-5 seconds to complete the motion. Click Stop. When data acquisitionis complete you will see a graph representing the intensity reading versus the position reading. Youshould see several distinct peaks. This graph is the interference pattern. If you do not see thispattern consult your instructor. Make a hardcopy of this graph and attach it to the unit.(d) Is the spacing between the intensity peaks constant? Is the intensity of each peak the same?Does it appear that any peaks are missing? The more peaks you see the more (and hopefully better)data you can collect. There is a button on top of the phototransistor labeled �Gain� which changesthe size of the intensity signal. Trying changing this setting to see if you can get more peaks inyour spectrum.
(e) When you are satis�ed with the quality of your spectrum record the position of each peak inthe table below. Use the Smart Tool to accurately read o� the peak positions by clicking on theappropriate button along the top of the graph. A set of cross-hairs will appear on the plot. Grabthe cross-hairs by clicking on them and dragging them to the point you want to measure. Thecoordinates will be printed by the cross-hairs. Turn o� the laser when you are �nished.
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Position Reading (m) Change in Reading (m)
Activity 3: Determining the Wavelength of the Laser(a) For the data you recorded in the previous activity calculate the di�erence between each pair ofadjacent readings and record it in your data table.(b) Calculate the average and standard deviation of the separation between adjacent peaks.
(c) The position of the interference maxima can be described by

ym =
λD

d
mwhere ym is the distance of a bright spot from the central maximum (the distance along the slidein this experiment) and D is the distance from the slits to the phototransistor. The quantity d isthe slit separation, λ is the wavelength of the light, and m is the order of the bright spot. Generatean expression for the distance between adjacent bright spots.

(d) Use the expression you calculated above and the average separation between bright spots tocalculate the wavelength of the laser light. Compare your result with the expected value of 6328angstroms. Are the peaks of the interference pattern the same intensity? Describe the pattern youobserve.
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(e) Collect the results for the wavelength from the other teams in class and calculate the averageand standard deviation. Record the result here. Are you results consistent with the class results?Why or why not?
(f) Recall the earlier discussion of Newton's corpuscular theory of light. Does your data supportNewton's theory or the wave theory? Why?
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36 Di�raction of LightName Section DateObjectiveTo investigate how the interference and di�raction of light waves combine to form a distinctivepattern and how that pattern can be used to measure the size of an object.IntroductionIn this laboratory you will investigate the interference and di�raction of light produced by a laserbeam passing through a set of narrow, adjacent slits. When light passes through a set of slits,each opening acts as an independent source of waves that can overlap one another to produce adistinctive pattern of bright and dark spots on a screen. The position of the bright spots depends onthe separation of the adjacent slits and the wavelength of the incident light. In addition, di�ractionproduced by the individual slits modi�es the intensity of each spot. To perform the followingactivities you will need:
• Laser.
• Phototransistor for measuring light intensity.
• Set of narrow slits.
• DataStudio 750 Interface.
• Plumb line.You can measure this interference/di�raction pattern with the setup shown below. A phototran-sistor is seated behind the narrow opening on top of the metal mount. The phototransistor cantranslate the intensity of the light falling on it into a voltage signal that can be read by the com-puter. In addition, the phototransistor can be moved back and forth on a rotary motion sensorthat measures the position of the mount. These two signals can be combined to make a graph ofthe intensity as a function of position.
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Fig. 1. View of di�raction apparatus from above.In this unit you will pass light of known wavelength through slits and use the di�raction pattern todetermine the size of the individual slit through which the light passed.Intensity of InterferenceFor light that passes through two very narrow slits one can calculate a theoretical expression forthe interference pattern that would be produced in such a situation. The expression is
Iint = 4I0cos

2(
πd

λ
sin θ)where Iint is the intensity of the light at the phototransistor, I0 is the maximum intensity of theincident light, d is the slit separation, θ is the angular position of the scattered light relative tothe incident beam, and λ is the wavelength of the light. This expression has a characteristic shapeshown below. We will compare this prediction of �pure� interference (without di�raction e�ects)with the measured pattern in the next activity.
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Fig. 2. Intensity distribution of pure interference.Activity 1: The Interference and Di�raction of Light(a) You are now ready to turn on the laser. DO NOT LOOK DIRECTLY INTO THE BEAM ORPOINT THE LASER CARELESSLY ABOUT THE ROOM. Turn on the laser and you should seethe bright red spot of the beam striking the wall. You should have a glass plate with a green borderand several di�erent slit arrangements on it. Place the opening in the center of the plate in thepath of the laser beam. The adjacent slits in the center hole are 0.03295 mm apart.What do yousee?
(b) Position the glass plate about 30-40 cm from the phototransistor apparatus with the beam173



striking the center opening. Place the apparatus so the intensity pattern is at the same height asthe opening in the center of the device mounted on a movable slide. The phototransistor is mountedbehind this opening. To make accurate measurements it is important to carefully determine thegeometry of your setup. Check to see if the slits and the phototransistor mount are perpendicularto the incident laser beam. You also want the phototransistor to �see� as many bright spots aspossible. Gently slide the mount back and forth to make sure the phototransistor stays centeredon the interference pattern. You need to know the perpendicular distance from the center hole tothe position of the phototransistor. Place the phototransistor mount at the position of the centralmaximum (the brightest spot) and measure the distance from the center hole of the slits to thefront face of the phototransistor mount. You may �nd it useful to use the plumb line to measurethis distance. Record your result. The phototransistor itself sits 25.4 mm behind the opening onthe front face of the phototransistor mount.
(c) Start the �Interference� activity in the 132 Workshop folder. When you are ready, click Startand slowly push the phototransistor from one side of the to the other. Move carefully and takeabout 4-5 seconds to complete the motion. When data acquisition is complete, click Stop andyou will see a graph representing the intensity reading versus the position reading. You should seeseveral distinct peaks. This graph is the interference pattern. If you do not see this pattern, consultyour instructor. Make a hardcopy of this graph and attach it to this unit.(d) Is the spacing between the intensity peaks constant? Is the intensity of each peak the same?Does it appear that any peaks are missing? How does the measured intensity spectrum comparewith the one predicted for �pure� interference discussed above? What is di�erent? What is thesame?
(e) Measure and record the Position Reading and Intensity Reading of each peak in the table below.Use the Smart Tool to accurately read o� the peak positions by clicking on the appropriate buttonalong the top of the graph. A set of cross-hairs will appear on the plot. Grab the cross-hairs byclicking on them and dragging them to the point you want to measure. The coordinates will beprinted by the cross-hairs. Turn o� the laser when you are �nished.
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Position Reading (m) Intensity Reading (%)
Activity 2: Intensity of Di�ractionApplying the same theoretical techniques that were applied to interference (see equation above)one can derive a prediction for the intensity pattern due to di�raction of light passing through asingle slit. The result is

Idiff = Im(
sin(πa

λ
sin θ)

πa
λ

sin θ
)2where a is the size of the single slit, θ is the angular position of the phototransistor relative to theincident beam, Im is the maximum intensity at the center of the di�raction pattern, and λ is thewavelength of the light. The shape of this intensity distribution is shown in Figure 3.
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Fig. 3. Intensity distribution of di�raction from a single slit.(a) The �gure above shows the di�raction pattern has a central maximum with a series of pointswhere the intensity goes to zero at positive and negative angles. When is the expression for theintensity in the equation above equal to zero? 175



(b) Using the result of part (a), what is the angular position of the minima on either side of thecentral maximum?
(c) Finally, generate an expression for the angular width of the central maximum in terms of a, λ,and any other constants you need.
Combining Interference and Di�ractionBy now you should have realized that your measured intensity distribution does not completelyagree with distribution predicted by �pure� di�raction and represented by the �rst equation andFigure 2. When light passes through a pair of slits di�raction occurs at each individual slit and caststhe characteristic pattern described by the second equation. At the same time there is interferencebetween the light from di�erent slits that creates an interference pattern described by the �rstequation. The net e�ect is a multiplication of these two equations to yield

Itotal = Im cos2(
πd

λ
sin θ)(

sin(πa
λ

sin θ)
πa
λ

sin θ
)2where Im is the intensity of the central maximum, θ is the position of the phototransistor, d is theseparation of the slits, a is the size of an individual slit, and λ is the wavelength of the light. Theshape of this distribution is shown by the solid curve in Figure 4.
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Fig. 4. Intensity distribution of light passing through a pair of slits.The intensity of the interference peaks is no longer constant, but is modulated by the di�ractionenvelope represented by the dashed curve. This dashed curve is a plot of the second equationnormalized to the maximum intensity at zero degrees. The intensity of each peak in the distributionrepresents the intensity due to the di�raction e�ects. If more slits are added, then the widths of theindividual peaks in Figure 4 become narrower, but their intensity remains the same. In the nextActivity you will use your data to determine the di�raction pattern and the angular width of thecentral di�raction envelope. This width can be used to measure the size of the individual slits thatproduced the distribution.Activity 4: Measuring the Size of the Slit with the Di�raction Pattern(a) Does the intensity distribution you measured with the phototransistor resemble the patternshown in Figure 4? If not, consult your instructor.(b) In Activity 1 you recorded the position and intensity of the interference peaks you measuredwith the phototransistor. How would you calculate the angular position of each peak relative tothe central maximum? A sketch might be helpful here.
(c) Use your expression to calculate the angular position of each interference peak that you recordedand enter your results in the table below. Plot intensity versus angular position. Does your plotresemble the shape of the di�raction pattern shown in Figure 3? If not, consult your instructor.Print the plot and attach it to this unit.Angular Position (radians) Intensity Reading (V)
(d) What is the angular width of the central maximum in your data? Use the expression frompart 3(c) to calculate the size of the slit. The expected result is 0.015 mm. What is your percent177



di�erence? Use the wavelength for the laser light that you found in the unit on interference of light.
(e) Collect the results for the slit width from the other teams in class and calculate the average andstandard deviation. Record the result here. Are you results consistent with the class results? Whyor why not?
(f) Can you think of any other methods for measuring small separations like this accurately?
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37 Galilean RelativityName Section DateObjectiveTo investigate the relationship between di�erent inertial reference frames and develop the equationsof Galilean relativity.OverviewBefore we begin our study of Einstein's special theory of relativity we will �rst investigate thee�ects of observing a phenomenon in two di�erent inertial frames of reference. A spring-launchedprojectile will be ��red� from a moving platform and we will discover how the description of thisphenomenon changes(or doesn't change) in a frame that moves along with the platform. Youwill use the video analysis software and mathematical modeling tools to �nd the equations thatdescribe the horizontal motion (x vs. t) and the vertical motion (y vs. t) of the projectile in astationary frame and then in an inertial frame moving at constant speed with the launcher. The setof relationships between the inertial reference frames forms Galilean relativity. These relationshipsprovide an intuitive, �common sense� picture of the world that works well at low velocities, but failsin many surprising ways at high velocities. At high velocities we must resort to Einstein's specialtheory of relativity that we will discuss later. To do the activities in this unit you will need:
• A video analysis system (VideoPoint).
• The �lm Moving Launcher.
• Graphing and curve �tting software.Activity 1: Observing Projectile Motion From a Moving Launcher(a) Use the VideoPoint package to analyze the �lm Moving Launcher and determine the position ofthe projectile in each frame with a �xed origin. To do this task follow the instructions of AppendixD: Video Analysis for calibrating the �lm and analyzing the data. When you are analyzing themovie, place the �xed origin in the �rst frame of the movie at the dark spot on the cart the launcherrides. This makes the comparison with the activities below easier. Change the origin by performingthe following steps.1. Click on the arrow icon near the top of the menu bar to the left. The cursor will be shapedlike an arrow when you place it on the movie frame.2. Click at the origin (where the axes cross) and drag the origin to the desired location.3. Click on the circle at the top of the menu bar to the left to return to the standard cursor formarking points on the �lm.(b) Collect the data for analysis by following the instructions in Appendix D. The data tableshould contain three columns with the values of time, x-position, and y-position. Print the datatable and attach it to the unit. 179



(c) Determine the position of the launcher at the �rst and last frames of the movie. Using theseresults, what is the horizontal and vertical speed of the launcher during the movie?x0= x1= ∆t= vxlauncher =x1= y1= vylauncher =(d) Plot and �t the position versus time data for the horizontal and vertical positions of theprojectile. Print each plot and attach it to this unit. Record the equation of each �t here. Be sureto properly label the units of each coe�cient.x(t) =y(t) =What is the horizontal speed of the projectile? How did you determine this?

Activity 2: Changing Reference Frames(a) We now want to consider how the phenomenon we just observed would appear to an observerthat was riding along on the launcher at a constant speed. Assume the moving observer places herorigin at the same place you put your origin on the �rst frame of the movie. Predict how eachgraph will change for the moving observer.Horizontal position versus time:Vertical position versus time:(b) Use the VideoPoint package to analyze the �lm Moving Launcher again and determine theposition of the projectile in each frame. However, this time you will use a moving origin that isplaced at the same point on the cart on each frame. Use the same point on the launcher that you180



used to de�ne the origin in the �rst frame during the previous activity. To change the origin fromframe to frame follow these instructions.1. Open the movie as usual and enter one object to record. First you must select the existingorigin and change it from a �xed one to a moving one. Click on the arrow near to top of themenu bar to the left. The cursor will have the shape of an arrow when you place it on themovie frame. Click on the existing origin (where the axes cross) and it will be highlighted.2. Under the Edit menu drag down and highlight Edit Selected Series. A dialog box willappear. Click on the box labelledData Type and change the selection to Frame-by-Frame.Click OK.3. Click on the circle at the top of the menu bar to the left to change the cursor back to theusual one for marking points. Go to the �rst frame of interest. When the cursor is placed inthe movie frame it will be labelled with �Point S1�. Click on the object of interest. The �lmwill NOT advance and the label on the cursor will now be �Origin 1�. Click on the desiredlocation of the origin in that frame. The �lm will advance as usual. Repeat this procedure toaccumulate the x- and y-positions relative to the origin you've de�ned in each frame.(c) Collect the data for analysis. The data table should contain three columns with the values oftime, x-position, and y-position. Print the data table and attach it to the unit.(d) Plot and �t the position versus time data for the horizontal and vertical positions. When youhave found a good �t to the data, record your result below, print the graph, and attach a copy tothis unit. Be sure to properly label the units of each coe�cient in your equation.x(t) =y(t) =What is the horizontal speed of the projectile? How did you determine this?

Activity 3: Relating Di�erent Reference Frames181



(a) Compare the two plots for the vertical position as a function of time. How do they di�er inappearance? Are the coe�cients of the �t for each set of data di�erent? Do these results agreewith your predictions above? If not, record a corrected �prediction� here.
(b) Compare the two plots for the horizontal position as a function of time. How do they di�erin appearance? Are the coe�cients of the �t for each set of data di�erent? Do these results agreewith your predictions above? If not, record a corrected �prediction� here.
(c) What is the di�erence between the horizontal velocities in the two reference frames? Howdoes this di�erence compare with the horizontal velocity of the launcher? How are the horizontalvelocities of the projectile in each inertial reference frame and the velocity of the launcher that youdetermined above related to one another? Does this relationship make sense? Why or why not?
(d) Consider a point r = xi + yj on the ball's trajectory in the stationary observer's referenceframe. If the moving observer's time frame is moving at the speed vxlauncher then what would themoving observer measure for x? Call this horizontal position of the moving observer x'.
(e) What would the moving observer measure for y? Call this horizontal position of the movingobserver y '.
(f) The relationships you found above from Galilean relativity. You should have obtained thefollowing results.

x′ = x − vxlaunchert

y′ = y

vx = v′
x + vxlauncherThe primes refer to measurements made in the moving frame of reference in this case. If you didnot get these expressions consult your instructor.182



Activity 4: Testing Galilean Relativity(a) You can test your mathematical relationships with the spreadsheet capabilities of Excel. Useyour data for the stationary observer and the relationship you derived to calculate what the observermoving with the launcher would measure. As an example of Excel 's spreadsheet functions, considergraphing a function like f(x) = 2x − 1 where the values of x are entered as data in column 1 inExcel. To calculate f(x) and place the result for each value of x in column 2, double click on thebox at the top of column 2 that has the lone �2� in it. The cursor will now appear in the box atthe top of the Data window. In that window use the following syntax to calculate f(x) = 2x − 1=(2.0*C1)-1where �C1� refers to the data in column 1 and the �*� implies multiplication. Hit the �Enter� keywhen you are �nished. You should see the proper series of numbers appear in column 2. If you donot, consult your instructor.(b) Once you know how to make spreadsheet calculations use the data in Moving Launcher Data tocalculate the horizontal position versus time for the moving observer. Make a plot of the calculatedtime for the moving observer and �t the result.For the transformed stationary observer data:x'(t) =For the moving observer data (see Activity 3.c):x(t) =(c) Your �transformed� data for the stationary observer should closely resemble the results for themoving observer. Is this what you observe? If not, consult your instructor. Print and attach a copyof your plot to this unit.
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38 The Twins ParadoxName Section DateObjectiveTo investigate some of the unusual implications of Einstein's special theory of relativity.OverviewEinstein's theory of special relativity leads to a variety of apparent paradoxes that depart radicallyfrom our everyday expectations. One of the most celebrated is the twins paradox, in which anidentical twin makes a long interstellar journey while the other twin remains on the (roughly)stationary Earth. When the space-faring twin returns she �nds her partner has aged considerablymore than she has. In this unit you will explore the quantitative aspects of the paradox and someof the surprising consequences.Activity 1: Setting Things UpProblems in special relativity are often very counterintuitive, so it is instructive to consider thesituation non-relativistically �rst. Investigate this problem without applying any of the new ideasyou have learned about the theory of special relativity.One member of a pair of identical twins has decided to embark on a long space voyage. The twotwins have lived their lives in close proximity to one another and are very similar in appearance.The adventurous twin boards a fast spacecraft and leaves the Earth behind at a speed of 0.99c or99% of the speed of light. The space-faring twin's itinerary is rather monotonous, and she simplytravels at this constant speed for a time, turns around, and returns to the Earth at the same speed.She measures the time of her trip to be ∆tp. In the meantime the Earth-bound twin has seentwenty years pass by. We will refer to this time as ∆t.(a) In mathematical terms, what is the relationship between the times ∆tp and ∆t?
(b) Which time is associated with which twin?
(c) When the twins are reunited will their appearances di�er?
Activity 2: Applying Special Relativity(a) Now we want to apply the lessons of special relativity. Time dilation implies that moving clocksrun more slowly when observed by someone in a di�erent inertial frame. For the twins paradoxwhat does this imply about the time interval the space-faring twin measures during her trip? Will184



it be less than, equal to, or greater than the interval measured by the Earth-bound twin? Will thespace-faring twin age more, less, or the same amount as the Earth-bound twin?
(b) What is the mathematical relationship between ∆tp and ∆t according to the special theory ofrelativity?
(c) How much time has passed on the Earth-bound twin's clock?
(d) How much time has passed on the space-faring twin's clock?
(e) If this result is inconsistent with your prediction above how should you resolve the contradiction?
(f) How will the two twins' appearances di�er, if at all? Is the di�erence only in the measurementof the time intervals or are there real physiological di�erences between the twins after the trip?
(g) If the average speed of the space-faring twin was more like the typical orbital speed of the spaceshuttle (about 7.4 km/s) what would the time di�erence between the twins' clocks be?
Activity 3: Graphical Analysis 185



(a) Find a mathematical relationship for the ratio of the time interval measured by the space-faringtwin to the time interval measured by the Earth-bound twin. Show your work and record yourresult here.
(b) We want to use the plotting capabilities of Excel to graph the ratio you derived above as afunction of β, the speed of the space-faring twin's spaceship as a fraction of the speed of light. Asan example, to graph a function like f(x) = √

x we �rst have to prepare a list of values of x wherewe want to calculate f(x). To do this in column 1 of the Excel data window click in cell A1, the�rst row and �rst column of the spreadsheet. In that cell use the following syntax to calculate β insteps of 0.05. =0.05*row()where �row()� is a function in Excel that enables you to use the row number in the spreadsheet forcalculations. Hit the �Enter� key when you are �nished. You should see zero in that top cell. Nowclick on the bottom, right-hand, corner of the cell and drag down as many cells as you need. Youshould see a series of numbers 0.0, 0.05, 0.10, 0.15, ... appear in column 1. If you do not, consultyour instructor. Now we can generate the values of the function in column 2. Follow a proceduresimilar to the one you just performed. Click on the top cell in column 2 and use the followingsyntax to calculate √
x. =sqrt(A1)where �A1� refers to the data in column 1 that will be used to calculate f(x). Now you can make aline plot of column 2 versus column 1 in the usual fashion.(c) Make a plot of the ratio of the time interval measured by the space-faring twin to the timeinterval measured by the Earth-bound twin. Restrict the range of β to 0-1. At what average speeddoes the e�ect of time dilation become signi�cant? Is there a limit to the ratio? Is there any reasonto restrict the range of β to 0-1? Clearly state your reasoning. Print your plot and attach a copyto this unit.(d) Consider the following scenario. As the space-faring twin's craft recedes from the Earth it ismoving at a constant speed. Since no inertial frame can be considered �better� than any otherthere is nothing physically inconsistent with the view that the space-faring twin is observing theEarth recede from her at a constant velocity. Hence, the space-faring twin will observe clocks onthe Earth to move slowly and the Earth-bound twin will age at a slower rate than the space-faringone. Is this reasoning �awed? How? 186



(e) If the scenario is not �awed how can it be that the space-faring twin was found to have agedless in the original problem?
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39 The Optical Spectrum of HydrogenName Section DateObjective
• To determine the wavelengths of the visible lines in the hydrogen spectrum using a spectrom-eter and a di�raction grating.
• To determine the value of Rydberg's constant.
• To compare the predicted energy levels with the measured ones.IntroductionThe spectral lines of the hydrogen spectrum that fall in the visible region are designated as the

Hα, Hβ , Hγ , and Hδ lines. All (there happen to be four of them) belong to the Balmer series. Ingeneral, the spectrum of hydrogen can be represented by Rydberg's formula:
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) (1)where nf can be any positive integer and ni takes on the values of nf + 1, nf + 2, nf + 3, and soon and RH is the Rydberg constant for hydrogen and equals 1.097 × 107m−1.If one writes equation 1 twice�once, say for the Hα wavelength λα, and once for the Hβ wavelength,
λβ , then one can eliminate RH :
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) (2)Thus, once one �nds λα and λβ so through trial and error one can determine the value of the three
n's in equation 2 (recall they all must be integers and (nf < nα < nβ).Activity 1: Measuring Spectral LinesUse the spectrometer to measure the angle (once on each side) for each line and get an averageangle for each line. Calculate the wavelength of each line using the relation:

λ = d sin θ (3)where d is the di�raction grating spacing.Di�raction grating spacing d = Å
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Line θleft θright θaverage Wavelength n(degrees, minutes) (degrees, minutes) (decimal degrees) (Å)
Hα

Hβ

Hγ

Activity 2: Calculating the Rydberg ConstantUsing pairs of measured wavelengths and guesses for nf and one of the ni's, calculate the other niin equation 2. When this calculated number is close to an integer you may have the correct valuefor the other n's. Once you have determined the proper n's, calculate a value of RH for each lineand compare the average of these with the accepted value. Use your results to predict the value ofthe next line in the series Hδ. It's measured value is 4101.2Å. How does your prediction compare?
Rα =

Rβ =

Rγ =

Raverage = % di�erence =
Hδ = % di�erence =Activity 3: The Hydrogen Level DiagramMake an energy level diagram showing the transitions you believe you have measured. How do yourmeasured transition energies compare with the predicted ones?
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A Treatment of Experimental DataRecording DataWhen performing an experiment, record all required original observations as soon as they are made.By "original observations" is meant what you actually see, not quantities found by calculation. Forexample, suppose you want to know the stretch of a coiled spring as caused by an added weight.You must read a scale both before and after the weight is added and then subtract one readingfrom the other to get the desired result. The proper scienti�c procedure is to record both readingsas seen. Errors in calculations can be checked only if the original readings are on record.All data should be recorded with units. If several measurements are made of the same physicalquantity, the data should be recorded in a table with the units reported in the column heading.Signi�cant FiguresA laboratory worker must learn to determine how many �gures in any measurement or calculationare reliable, or "signi�cant" (that is, have physical meaning), and should avoid making long cal-culations using �gures which he/she could not possibly claim to know. All sure �gures plus oneestimated �gure are considered signi�cant.The measured diameter of a circle, for example, might be recorded to four signi�cant �gures,the fourth �gure being in doubt, since it is an estimated fraction of the smallest division on themeasuring apparatus. How this doubtful fourth �gure a�ects the accuracy of the computed areacan be seen from the following example.Assume for example that the diameter of the circle has been measured as .5264 cm, with the lastdigit being in doubt as indicated by the line under it. When this number is squared the result willcontain eight digits, of which the last �ve are doubtful. Only one of the �ve doubtful digits shouldbe retained, yielding a four-digit number as the �nal result.In the sample calculation shown below, each doubtful �gure has a short line under it. Of course,each �gure obtained from the use of a doubtful �gure will itself be doubtful. The result of thiscalculation should be recorded as 0.2771 cm2, including the doubtful fourth �gure. (The zero to theleft of the decimal point is often used to emphasize that no signi�cant �gures precede the decimalpoint. This zero is not itself a signi�cant �gure.)(.5264 cm)2 = .27709696 cm2 = 0.2771 cm2In multiplication and division, the rule is that a calculated result should contain the same numberof signi�cant �gures as the least that were used in the calculation.In addition and subtraction, do not carry a result beyond the �rst column that contains a doubtful�gure.Statistical AnalysisAny measurement is an intelligent estimation of the true value of the quantity being measured.To arrive at a "best value" we usually make several measurements of the same quantity and thenanalyze these measurements statistically. The results of such an analysis can be represented inseveral ways. Those in which we are most interested in this course are the following:190



Mean - The mean is the sum of a number of measurements of a quantity divided by the number ofsuch measurements, which is just the arithmetic mean or the so-called average. It represents themost probable value of the measurement.Standard Deviation - The standard deviation (σ) is a measure of the range on either side of themean within which approximately two-thirds of the measured values fall. For example, if themean is 9.75 m/s2 and the standard deviation is 0.10 m/s2, then approximately two-thirds of themeasured values lie within the range 9.65 m/s2 to 9.85 m/s2. A customary way of expressing anexperimentally determined value is: Mean±σ, or (9.75± 0.10) m/s2. Thus, the standard deviationis an indicator of the spread in the individual measurements, and a small σ implies high precision.Also, it means that the probability of any future measurement falling in this range is approximatelytwo to one. The equation for calculating the standard deviation is
σ =

√

Σ(xi − 〈x〉)2
N − 1where xi are the individual measurements, 〈x〉 is the mean, and N is the total number of measure-ments.% Di�erence - Often one wishes to compare the value of a quantity determined in the laboratorywith the best known or "accepted value" of the quantity obtained through repeated determinationsby a number of investigators. The % di�erence is calculated by subtracting the accepted value fromyour value, dividing by the accepted value, and multiplying by 100. If your value is greater than theaccepted value, the % di�erence will be positive. If your value is less than the accepted value, the% di�erence will be negative. The % di�erence between two values in a case where neither is anaccepted value can be calculated by choosing one as the accepted value.
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B Introduction to DataStudioQuick Reference GuideShown below is the quick reference guide for DataStudio.

Selecting a Section of Data1. To select a data section, hold the mouse button down and move the cursor to draw a rectanglearound the data of interest. The data in the region of interest will be highlighted.2. To unselect the data, click anywhere in the graph window.192



Fitting a Section of Data1. Select the section of data to be �tted.2. Click on the Fit button on the Graph Toolbar and select a mathematical model. The resultsof the �t will be displayed on the graph.3. To remove the �t, click the Fit button and select the checked function type.Finding the Area Under a Curve1. Use the Zoom Select button on the Graph Toolbar to zoom in around the region of interestin the graph. See the quick reference guide above for instructions.2. Select the section of data that you want to integrate under.3. Click the Statistics button on the Graph Toolbar and select Area. The results of theintegration will be displayed on the graph.4. To undo the integration, click on the Statistics button and select Area.
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C Video AnalysisMaking a MovieTo make a movie, perform the following steps:1. Start up Videopoint Capture by going to Start → Programs → Physics Applications → Video-Point → VP Capture. The program will �rst ask you to choose a �le name and location forthe video you are going to make. You should choose to put the �le on the Desktop.2. Before you start making a movie, click on the Capture rate box and set the capture rate to30 frames per second. Also, go to the Size & Colors under the Capture Options menu, andchoose the largest available size for the video.3. Go to Preferences under the Edit menu. Check the box that says Convert Captured FileBefore Editing. A dialog box will pop up; select the Intel Indeo Video 4.5 option and clickOK. Click OK again to close the Preferences box. (If you forget to do this step, youwon't be able to analyze the video.)4. You should always have the camera about 1 m or more from the object you will be viewing.This constraint is required to reduce the e�ect of perspective for objects viewed near the edgeof the �eld of view. Point the camera so that its �eld of view is centered on the expectedregion where you will perform the experiment.5. Make sure the camera is focused by rotating the barrel on the outside of the lens until youhave a clear picture.6. During the analysis of the movie (see next section) we need to determine the size and positionof objects in the movie. Place a ruler or some object of known size in the �eld of view whereit won't interfere with the experiment. The object should be the same distance away fromthe camera as the motion so the horizontal and vertical scales will be accurately determined.It should also be parallel to one of the sides of the movie frame.7. One member of your group should perform the computer tasks while the others do the exper-iment.8. To start recording your video, click Record. When you're done, click Stop.9. The next step is to decide how much of the movie to save. Use the slider to step through themovie frame by frame. When you �nd the �rst frame you want to save, click First. Whenyou �nd the last frame you want to save, click Last. (You may want to save the entire movie,in which case First and Last really will be the �rst and last frames. Often, though, there willbe �dead� time either at the beginning or the end of the movie, which you might as well cutout before saving.)10. After you've selected the range of frames you want to save, the button at the lower rightshould say Keep. Make sure that the box next to this button says All. (If it says Double,change it to All.) Then click Keep and Save. You will see a quick replay of the movie asVideopoint converts and saves it. 194



11. Quit Videopoint Capture.Analyzing the MovieTo determine the position of an object at di�erent times during the motion, perform the followingsteps:1. Start up VideoPoint 2.5. (Start → Programs → Physics Applications → VideoPoint →VideoPoint 2.5.)2. Close the �About Videopoint� window, and click Open Movie. Select the desired �le, whichyou should have saved on the desktop. (The �le name be something like Today's Date.mov.)3. VideoPoint will request the number of objects you want to track in the movie. Carefully readthe instructions for the unit you are working on to �nd this number. Enter it in the spaceprovided. You will now see several windows. (Note: You may have to move the movie windowout of the way to see the other windows.) One contains the movie and has control buttonsand a slider along the bottom of the frame to control the motion of the �lm. Experimentwith these controls to learn their function. Another window below the movie frame (labeledTable) contains position and time data and a third window to the right of the frame (labeledCoordinate Systems) describes the coordinate system in use.4. This is a good time to calibrate the scale. Go to a frame where an object of known size isclearly visible (see item 6 in the previous section). Under the Movie menu highlight ScaleMovie. A dialog box will appear. Enter the length of the object and set Scale Type toFixed. Click Continue. Move the cursor over the frame and click on the ends of scalingobject.5. You are now ready to record the position and time data. Go to the �rst frame of interest.Move the cursor over the frame and it will change into a small circle with an attached label.Place the circle over the object of interest in the frame and click. The x and y positions willbe stored and the �lm advanced one frame. Move the circle over the position of the objectin the frame and repeat. Continue this process until you have mapped out the motion of theobject. If you entered more than one object to keep track of when you opened the movie,then you will click on all those objects in each frame before the �lm advances.6. When you have entered all the points you want, go to the File menu and select Export data.This will allow you to save your data table as an Excel �le. Save this �le on the desktop (byclicking on the �Open� button, which actually doesn't open anything), and double-click onthe saved �le to start up Excel. You will now be able to continue your data analysis in Excel.7. Once you have looked at your data in Excel and made sure everything looks OK, you can quitVideopoint Analysis. If you are sure you have exported your data correctly to Excel, there isno need to save in Videopoint.Changing the OriginTo change the position of the origin take the following steps.195



1. Click on the arrow icon near the top of the menu bar to the left. The cursor will be shapedlike an arrow when you place it on the movie frame.2. Click at the origin (where the axes cross) and drag the origin to the desired location.3. Click on the circle at the top of the menu bar to the left to return to the standard cursor formarking points on the �lm.Using a Moving Coordinate SystemTo record the position of an object and to change the coordinate system from frame to frame takethe following steps.1. Open the movie as usual and enter one object to record. First we have to select the existingorigin and change it from a �xed one to a moving one. Click on the arrow near the top of themenu bar to the left. The cursor will have the shape of an arrow when you place it on themovie frame. Click on the existing origin (where the axes cross) and it will be highlighted.2. Under the Edit menu drag down and highlight Edit Selected Series. A dialog box willappear. Click on the box labeled Data Type and highlight the selection Frame-by-Frame.Click OK.3. Click on the circle at the top of the menu bar to the left to change the cursor back to theusual one for marking points. Go to the �rst frame of interest. When the cursor is placed inthe movie frame it will be labeled with �Point S1.� Click on the object of interest. The �lmwill NOT advance and the label on the cursor will change to �Origin 1.� Click on the desiredlocation of the origin in that frame. The �lm will advance as usual. Repeat the procedure toaccumulate the x- and y-positions relative to the origin you've de�ned in each frame.
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D InstrumentationIntroductionBeing both quantitative and experimental, physics is basically a science of measurement. A greatdeal of e�ort has been expended over the centuries improving the accuracy with which the funda-mental quantities of length, mass, time, and charge can be measured.It is important that the appropriate instrument be used when measuring. Ordinarily, a roughcomparison with a numerical scale, taken at a glance and given in round numbers, is adequate.Increasing precision, though, requires a more accurate scale read to a fraction of its smallest division.The �least count� of an instrument is the smallest division that is marked on the scale. This is thesmallest quantity that can be read directly without estimating fractions of a division.Even at the limit of an instrument's precision, however, accidental errors� which cannot beeliminated�still occur. These errors result in a distribution of results when a series of seem-ingly identical measurements are made. The best value, known as the most probable value, is thearithmetic mean or average of the measurements.Other errors, characteristic of all instruments, are known as systematic errors. These can beminimized by improving the equipment and by taking precautions when using it.Length MeasurementThree instruments will be available in this class for length measurements: a ruler (one- or two-meter sticks, for example), the vernier caliper, and the micrometer caliper.The Meter StickA meter stick, by de�nition, is 1 meter (m) long. Its scaled is divided, and numbered, into 100centimeters (cm). Each centimeter, in turn, is divided into 10 millimeters. Thus 1 cm = 10−2 m,and 1 mm = 10−1 cm = 10−3 m.When measuring a length with a meter stick, di�erent regions along the scale should be used forthe series of measurements resulting in an average value. This way, non-uniformities resulting fromthe meter stick manufacturing process will tend to cancel out and so reduce systematic errors. Theends of the stick, too, should be avoided, because these may be worn down and not give a truereading. Another error which arises in the reading of the scale is introduced by the positioning ofthe eyes, an e�ect known as parallax. Uncertainty due to this e�ect can be reduced by arrangingthe scale on the stick as close to the object being measured as possible.The Vernier CaliperA vernier is a small auxiliary scale that slides along the main scale. It allows more accurate estimatesof fractional parts of the smallest division on the main scale.On a vernier caliper, the main scale, divided into centimeters and millimeters, is engraved on the�xed part of the instrument. The vernier scale, engraved on the movable jaw, has ten divisions thatcover the same spatial interval as nine divisions on the main scale: each vernier division is 9
10 thelength of a main scale division. In the case of a vernier caliper, the vernier division length is 0.9mm. [See �gures below.] 197



0 10.00 0 10.051 21.23Examples of vernier caliper readingsTo measure length with a vernier caliper, close the jaws on the object and read the main scale atthe position indicated by the zero-line of the vernier. The fractional part of a main-scale divisionis obtained from the �rst vernier division to coincide with a main scale line. [See examples above.]If the zero-lines of the main and vernier scales do not coincide when the jaws are closed, all mea-surements will be systematically shifted. The magnitude of this shift, called the zero reading orzero correction, should be noted and recorded, so that length measurements made with the verniercaliper can be corrected, thereby removing the systematic error.The Micrometer CaliperA micrometer caliper is an instrument that allows direct readings to one hundredth of a millimeterand estimations to one thousandth of a millimeter or one millionth of a meter (and, hence, itsname). It is essentially a carefully machined screw housed in a strong frame. To measure objects,place them between the end of the screw and the projecting end of the frame (the anvil). Thescrew is advanced or retracting by rotating a thimble on which is engraved a circular scale. Thethimble thus moves along the barrel of the frame which contains the screw and on which is engraveda longitudinal scale divided in millimeters. The pitch of the screw is 0.5 mm, so that a completerevolution of the thimble moves the screw 0.5 mm. The scale on the thimble has 50 divisions, sothat a turn of one division is 1
50 of 0.5 mm, or 0.01 mm.Advance the screw until the object is gripped gently. Do not force the screw. A micrometer caliperis a delicate instrument.To read a micrometer caliper, note the position of the edge of the thimble along the longitudinalscale and the position of the axial line on the circular scale. The �rst scale gives the measurementto the nearest whole division; the second scale gives the fractional part. It takes two revolutionsto advance one full millimeter, so note carefully whether you are on the �rst or second half of amillimeter. The result is the sum of the two scales. (See examples below).
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5As with the vernier caliper, the zero reading may not be exactly zero. A zero error should bechecked for and recorded, and measurements should be appropriately corrected.Mass MeasurementThree kinds of instruments will be available to determine mass: a digital scale and two types ofbalances. The operation of the �rst instrument is trivial, and so will not be explained here.Please understand that with each of these instruments we are really comparing weights, not masses,but the proportionality of weight and mass allows the instruments to be calibrated for mass.The Equal-Arm BalanceThe equal-arm balance has two trays on opposite sides of a pivot. The total mass placed on onetray required to balance the object on the other gives the mass of the object. Most equal-armbalances have a slider, as well, that can move along a scale and allow for greater precision than thesmallest calibrated mass available. Typically, this scale has 0.5 g divisions.The Triple-Beam BalanceThe triple-beam balance, so-called because of its three slider scales, can be read to 0.1 g andestimated to half that. With an object on the tray, the masses of the di�erent scales are slid tonotches until balanced. Get close with the larger masses �rst and then �ne-adjust with the smallestslider.Time MeasurementTime measurements in this course will be made either with a computer or with a stop watch. This�rst is out of your control. 199



The Stop WatchThe stop watches you will use in class have a time range of from hours to hundredths of a second.There are two buttons at the top: a stop/start button and a reset button. The operation of theseshould be evident, although once the watch is reset, the reset button also starts the watch (butdoesn't stop it). Please be aware of this feature.Charge MeasurementsThe magnitude of charge is among the most di�cult measurements to make. Instead a number ofindirect measurements are undertaken to understand electric phenomena. These measurements aremost often carried out with a digital multimeterThe Digital MultimeterThe digital multimeters available for laboratory exercises have pushbutton control to select �veac and dc voltage ranges, �ve ac and dc current ranges, and six resistance ranges. The ranges ofaccuracy are 100 microvolts to 1200 volts ac and dc, 100 nanoamperes to 1.999 amperes ac and dc,and 100 milliohms to 19.99 megaohms.To perform a DC voltage measurement, select the DCV function and choose a range maximum fromone of 200 millivolts or 2, 20, 200, or 1200 volts. Be sure the input connections used are V-Ω andCOMMON. The same is true for AC voltage, regarding range and inputs, but the ACV functionbutton should be selected.For DC current choose DC MA (for DC milliamperes), while for AC current choose AC MA. Yourchoices for largest current are 200 microamperes or 2, 20, 200, or 2000 milliamperes. Check thatthe input are connected to MA and COMMON.There are two choices for resistance measurement: Kilohms (KΩ) and Megohms (20MΩ). Theinput connectors are the same as when measuring voltage, namely V-Ω and COMMON. The rangeswitches do not function with the Megohm function, but one of the range buttons must be set. Themaximum settings for Kilohm readings are 200Ω or 2, 20, 200, or 2000kΩ.
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E Introduction to ExcelMicrosoft Excel is the spreadsheet program we will use for much of our data analysis and graphing.It is a powerful and easy-to-use application for graphing, �tting, and manipulating data. In thisappendix, we will brie�y describe how to use Excel to do some useful tasks.E.1 Data and formulaeThe �gure below shows a sample Excel spreadsheet containing data from a made-up experiment.The experimenter was trying to measure the density of a certain material by taking a set of cubesmade of the material and measuring their masses and the lengths of the sides of the cubes. The�rst two columns contain her measured results. Note that the top of each column containsboth a description of the quantity contained in that column and its units. You shouldmake sure that all of the columns of your data tables do as well. You should also make sure thatthe whole spreadsheet has a descriptive title and your names at the top.In the third column, the experimenter has �gured out the volume of each of the cubes, by taking thecube of the length of a side. To avoid repetitious calculations, she had Excel do this automatically.She entered the formula �=B3∧3� (without the quotes) into cell C3. Note the equals sign, whichindicates to Excel that a formula is coming. The ∧ sign stands for raising to a power. After enteringa formula into a cell, you can grab the square in the lower right corner of the cell with the mouseand drag it down the column. This will copy the cell, making the appropriate changes, into therest of the column. For instance, in this case, cell C4 contains the formula �=B4∧3,� and so forth.Column D was similarly produced with a formula that divides the mass in column A by the volumein column C.At the bottom of the spreadsheet we �nd the mean and standard deviation of the calculateddensities (that is, of the numbers in cells D3 through D6). Those are computed using the formulae�=average(D3:D6)� and �=stdev(D3:D6)�.
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E.2 GraphsMaking graphs in Excel is relatively easy. First, use the mouse to select the columns of numbersyou want to graph. (If the two columns aren't next to each other, select the �rst one, then holddown the control key while selecting the second one.) Then click on the �chart wizard� button(which looks like this ).There are a number of di�erent styles of graphs that the chart wizard can generate. In nearlyevery case, you will want to select an �XY (scatter)� graph. Click �Next� to proceed to customizeyour graph. The most useful customization options come in step 3 of the process. Under �Title,�you can put appropriate labels on the x and y axes of your graphs and give the overall graph adescriptive title. All graphs must have correctly labeled axes (including units). If thegraph contains only one set of data points, you may wish to uncheck the box that says �Showlegend�: the information in the legend is probably already contained in the title and axis labels, sothe legend just takes up space.Sometimes, you may want to make a graph in Excel where the x column is to the right of the ycolumn in your worksheet. In these cases, Excel will make the graph with the x and y axes reversed.There are at least two ways to �x this problem. The simplest way is to make a copy of the y columnin the worksheet and paste it so that it's to the right of the x column. If you don't want to do that,here's another way. In step 2 of the chart wizard, look under the �Series� tab. Click on this icon202



next to the place where it says �X values.� You can now select which column of data you wantto go on the x axis. Do the same thing to select the correct y column.E.3 Fitting lines and curvesAfter you've made a graph, you can have Excel draw a straight line or curve that is a best �t tothe data. Under the �chart� menu, select �Add trendline.� The most common sort of trendline youwill add is a linear �t, but you can also have Excel draw other sorts of best-�t curves. Under the�options� tab, you can check a box that causes Excel to display the equation for the line or curveit has drawn. Excel will not put the correct units on the numbers in this equation, butyou should.
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F Nuclear SafetyAll of the radioactive sources we will use in class are very low-level isotopes referred to as �license-free� sources. The following guidelines should be followed for handling radioactive materials in theclassroom.1. Eating, drinking, and application of cosmetics in the laboratory are not permitted.2. Pipetting by mouth is never permitted. Use suction devices such as pipette �lters.3. Gloves and lab coats should be worn when working with all liquid isotopes.4. Before leaving the lab, wash your hands thoroughly and check for possible contamination witha survey instrument.5. All radioactive liquid wastes are to be poured into the liquid waste container, NEVER into asink.6. Report all spills, wounds, or other emergencies to your instructor.7. Maintain good housekeeping at all times in the lab.8. Store radioactive material only in the designated storage area. Do not remove sources fromthe lab.
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